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Preface

Among various renewable energy sources, biodiesel is a potential alternative to fossil-based

diesel, useful for transportation as well as industrial applications. Among various biofuels, biodiesel

is on the verge of commercialization because of the availability of technology for its large-scale

demand-based production and distribution. Intense research and development activity has gone

into the development of biodiesel as a substitute to conventional fossil-based diesel. Various facets

of this new energy source include the following: sustainable feedstock (i.e., edible oil, non-edible

oil, animal fats, and algal biomass); selective and effective extraction of lipids from algal biomass;

unconventional fields of activation (i.e., microwave irradiation, sonochemical irradiation, fast stirring,

microbubble technology, hydrodynamic cavitation, and special reactor design); use of enzymes, solid

bases, solid acids, and nanomaterials as catalysts; use of unconventional solvents (i.e., deep eutectic

solvents); methods of effective preheating of the raw materials; separation of the unreacted alcohol;

and effective utilization of the by-product, glycerol. The advanced technology mentioned above is the

use of microwave irradiation in the presence of solid-base catalysts, which has remarkably reduced

the reaction times to a few seconds. Such a technology can indeed cater to the demands of the current

century. Ever since the launch of the Special Issue titled “Acceleration of Biodiesel Production” on

10 January 2022, researchers across the globe have contributed enthusiastically, resulting in the

publication of six research papers and five review articles. The editors place on record their grateful

thanks to each of the research groups that have contributed to the advancement of knowledge in this

field. Indebtedness is due to Mr. Adonis Tao, the managing editor of the journal Bioengineering, for

his steadfast support. We do hope the collection of eleven state-of-the-art papers on the single subject,

namely, “Acceleration of Biodiesel Production”, and making the same freely accessible to the research

fraternity will accelerate the use of biodiesel in the day-to-day life in the service of mankind for the

next few decades.

Dedicated to “My LORD and my God, Jesus Christ.” John 20:28. “My grace is sufficient for thee.

2 Corinthians 12:9”.

Indra Neel Pulidindi and Aharon Gedanken

Editors
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Kinetics of Biodiesel Production from Microalgae Using
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Abstract: As an alternative to fossil fuels, biodiesel can be a source of clean and environmentally
friendly energy source. However, its commercial application is limited by expensive feedstock and
the slow nature of the pretreatment step-acid catalysis. The conventional approach to carry out this
reaction uses stirred tank reactors. Recently, the lab-scale experiments using microbubble mediated
mass transfer technology have demonstrated its potential use at commercial scale. However, all the
studies conducted so far have been at a lab scale~100 mL of feedstock. To analyze the feasibility
of microbubble technology, a larger pilot scale study is required. In this context, a kinetic study of
microbubble technology at an intermediate scale is conducted (3 L of oil). Owing to the target for
industrial application of the process, a commercial feedstock (Spirulina), microalgae oil (MO) and
a commercial catalyst para-toluene sulfonic acid (PTSA) are used. Experiments to characterize the
kinetics space (response surface, RSM) required for up-scaling are designed to develop a robust
model. The model is compared with that developed by the gated recurrent unit (GRU) method.
The maximum biodiesel conversion of 99.45 ± 1.3% is achieved by using these conditions: the
molar ratio of MO to MeOH of 1:23.73 ratio, time of 60 min, and a catalyst loading of 3.3 wt% MO
with an MO volume of 3 L. Furthermore, predicted models of RSM and GRU show proper fits to
the experimental result. It was found that GRU produced a more accurate and robust model with
correlation coefficient R2 = 0.9999 and root-mean-squared error (RSME) = 0.0515 in comparison with
RSM model with R2 = 0.9844 and RMSE = 3.0832, respectively. Although RSM and GRU are fully
empirical representations, they can be used for reactor up-scaling horizontally with microbubbles if
the liquid layer height is held constant while the microbubble injection replicates along the floor of
the reactor vessel—maintaining the tessellation pattern of the smaller vessel. This scaling approach
maintains the local mixing profile, which is the major uncontrolled variable in conventional stirred
tank reactor up-scaling.

Keywords: biodiesel; kinetics; esterification; RSM; microbubble technology

1. Introduction

The renewable energy generation is an important factor in reducing harmful effects
on the environment caused by the excess use of conventional fuels. Biodiesel derived from
inexpensive feedstocks, such as microalgae, can be a suitable alternative for replacing fossil
fuel. Biodiesel is generally produced from various resources, such as waste cooking oil,
animal fats, energy corps, yeast lipids, and microalgae [1,2]. Biodiesel consists of long
chains of carboxylic acids of alkyl ester produced from esterification and transesterification
of lipids or oils [3,4].
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For sustainable production of biodiesel, feedstock cost is the key parameter affecting
overall economics of the process. Since biodiesel production through refined oils feedstocks
(soybean oil or sunflower oil) is expensive, low-cost unrefined oil (animal or microalgae
oil) can be utilized as a cheaper substitute for biodiesel production [5–7]. However, the
unrefined feedstock’s generally consists of a large quantity of FFA. The presence of these
FFA in feedstock are not suitable for transesterification using base catalysts due to the
soap formation [8,9]. Therefore, acid catalyzed esterification is employed to reduce FFA
content by converting them into FAMEs [10,11]. The acid-catalysis is significantly slower
than transesterification due to the low-miscibility of MeOH with oil reducing overall mass
transfer; as a result reaction rate decreases. The slower reaction rate directly affects the
overall economics of the process [12–14]. However, the development of an economical
method for commercial biodiesel production would be a revolutionary milestone for the
fuel industry. Large scale biodiesel production could address many global challenges,
such as waste management, energy supply, and environmental pollution. The major
challenges that hinder commercialization of biodiesel include (1) cost-intensive methods of
acid catalyzed esterification of biodiesel feedstock, (2) inability of the present technologies
to scale-up, (3) expensive two stage production process, i.e., acid catalysis followed by base
catalysis, and (4) expensiveness of various feedstocks [15–17].

Recently, microbubble mediated mass transfer technology has proven to increase the
reaction rate by injecting one of the reactants in the vapor phase [18–20]. Microbubbles
provide a large interfacial area, low buoyancy force, and high contact time on the bubble
surface, which facilitate the rate of reaction of the system [21,22]. Furthermore, a smaller
radius causes the increase of pressure inside the microbubble, as stated by Young–Laplace’s
law. Hence, the temperature inside the bubble could be predicted to be higher as compared
with the boiling point of the alcohol. This also increases the surface energy of the bubble.
All of these factors have yielded an unprecedented higher rate and conversion of the
esterification reaction [18,20,23]. For example, Fahed et al. (2019) investigated the effect
of microbubble on the esterification reaction by producing ethyl acetate and achieved
79.95% in 35 min compared with the conventional method, which achieved 64% conversion
of esterification reaction in 350 min for ethyl acetate production [23]. In another study,
Naveed et al. (2019) reported a 97% conversion of oleic acid into biodiesel in 30 min
using microbubble technology which is a higher conversion than the conventional method,
which achieved 80% conversion in 312 min using H2SO4 as a catalyst [20]. The major
focus of these studies was to develop microbubble technology for esterification reaction
using single component feedstock. In this context, Fahed et al. (2021) validated the
effectiveness of microbubble technology in an unrefined feedstock (chicken fat oil) and
showed an overall process conversion of 89.90% in 30 min [18]. To further investigate the
effect of microbubble technology, Fahed et al. (2022) investigated the effect of microbubble
technology by integrating microbubble technology with heterogeneous catalyst using
waste cooking oil to further increase the rate of reaction and achieved an 85% conversion in
20 min [24]. The higher conversion was achieved for both chicken fat oil and waste cooking
oil in a shorter period of time, indicating that microbubble technology is an economical
method for biodiesel production.

However, all previous studies on microbubble technology mainly focused on lab-
scale experiments~100 mL of oil and without significant control over vapor pressure of
MeOH. The major focus of this study is to scale-up the microbubble mediated mass transfer
technology from lab-scale to semi-pilot scale with up to 3 L volume of oil. The experiments
were design using response surface methodology (RSM) and compared with gated recurrent
unit (GRU). There are many studies in the literature that use RSM for optimization for
biodiesel production [25,26]. However, the current study is the first study that implemented
both RSM and GRU using microbubble technology. Furthermore, several technologies have
been developed to manipulate the reaction equilibrium to achieve a higher conversion.
These reactions are usually slow and limited by reaction kinetics and mass transfer, which
are key constraints, such as esterification reactions. However, an entirely different technique

2
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has been developed using microbubble mediated mass transfer technology: an inherent
liquid–liquid reaction is converted into liquid–vapor reaction, which entirely changes the
reaction kinetics. The kinetics of a reaction are entirely based on two hypotheses, i.e., (1) by
increasing interfacial area, mass transfer of the process increases to which rate of reaction
is also enhanced. (2) Simultaneous removal of a reactant could also increase the reaction
kinetics in the forward direction. Moreover, this study also investigated reaction kinetics
on the semi-pilot scale the first time to understand the feasibility and compatibility of
microbubble technology for further scale-up.

Keeping the semi-pilot scale nature of the study, a commercial feedstock (biomass of
Spirulina) and a commercial catalyst p-Toluenesulfonic acid (p-TSA) is chosen to investigate
microbubble mediated mass transfer. Oil from Spirulina was derived using solvent extrac-
tion method. Experiments were designed using response surface methodology (RSM), a
robust model derived from RSM compared with another model developed using gated
recurrent unit (GRU). This is the first study that demonstrated the potential scale-up of mi-
crobubble technology and compared both RSM and GRU models to increase the commercial
feasibility of the process.

2. Material and Methods
2.1. Materials

Spirulina-biomass was purchased from Sentron Asia Company in Lahore, Pakistan.
p-Toluenesulfonic acid (p-TSA) was purchased from Sigma Aldrich, St. Louis, MO, USA.
MeOH of 99% analytical grade and 99% analytical grade n-Hexane were purchased from
DAEJUNG chemicals, Siheung-si, South Korea.

2.2. Lipids Extraction from Spirulina Biomass

Microalgae oil/lipids (MO) were extracted from dry biomass using hexane and MeOH
in a ratio of 7:3 by vol %. The biomass of Spirulina and solvent were stirred at 1000 rpm for
6 h at room temperature. Afterward, biomass was separated through filtration (whatman
filter paper 42), and oil was recovered by evaporating solvent using vacuum evaporation
(Buchi R-210, BUCHI Corporation, New Castle, DE, USA) at 60 ◦C [27]. The gravimetric
method determined the oil yield [27]. Physiochemical properties and lipid composition of
derived MO are presented in Table 1.

Table 1. Physicochemical properties of microalgae oil.

Parameters Units Value

FFA content % 32.5 ± 2
Density (25 ◦C) Kg m3 920 ± 5

Kinematic viscosity (40 ◦C) mm2 s−1 30.06 ± 3

MO composition

Mystic acid (C14:0) % 1.90 ± 0.5
Palmitic acid (C16:0) % 35.67 ± 3

Palmitoleic acid (C16:1) % 6.11 ± 2
Linoleic acid (C18:2) % 48.55 ± 2

Linolenic acid (C18:3) % 2.17 ± 0.5
Stearic acid (C18:0) % 5.60 ± 2

2.3. Pilot-Scale Experimental Setup for Biodiesel Production

The esterification reaction between MO and MeOH was performed using p-TSA as a
catalyst. The schematic diagram of the pilot scale process was shown in Figure 1. In the
current pilot-scale process, MeOH vapors were formed using a local fabricated digitally
controlled vaporizer purchased from EES Technologies, Lahore, Pakistan. The vaporizer
provided MeOH vapor at control/desired vapor flowrate, pressure, and temperature. A
customized bubble reactor was fabricated using grade 3 sintered borosilicate glass diffuser.

3
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The total volume of the bubble reactor was 3.5 L (radius = 43.18 mm and height = 609 mm),
and the working volume was up to 3 L. The experiments were designed using RSM (Design
Expert 11). The details of the RSM model are given in the next section. The bubble
reactor was filled with different volumes of microalgae MO according to the response
surface methodology RSM model. The MeOH vapors were produced in a vaporizer then
passed through a borosilicate glass diffuser to form microbubbles. The temperature of
the reactor was measured through a thermocouple (Digital thermometer, Jiangsu, China).
The sample was collected continuously at a regular interval of 10 min. Once, the reaction
had been run for the given time, the samples were filtered (whatman filter paper 42) and
washed with deionized water. The samples were dried using a vacuum evaporator (Buchi
R-210, BUCHI Corporation, New Castle, DE, USA) and stored for further analysis. All the
experiments were performed in triplicate, and their average values with standard deviation
was reported.
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Figure 1. Process flow diagram of scale-up microbubble reactor.

2.4. Modeling and Experimental Design through Response Surface Methodology

RSM is a statistical and mathematical tool that uses multiple variables to design exper-
iments for optimization [28]. In the current study, BBD was used to design experiments.
BBD was used to design a process with more than two factors; this method provides fewer
experiments than factorial design. Furthermore, BBD follows a cubical design edge using a
midpoint with three levels each (−1, 0, +1) [29].

BBD was used with three factors and five center points in the current study. Three
factors used in this study are: A (molar ratio of oil to MeOH = 1:5 to 1:25), B (catalyst
dosage = 0 to 5 g wt% of MO), and C (TIme-10 to 90 min). According to this design, a
total of 17 runs were conducted to evaluate the current process feasibility. The designed
experiments and their response with predicted values of RSM and GRU are shown in Table
S-I (Supplementary Information) and the RSM final conversion equation with coded value
was given in Equation (1) [30,31]. The goodness-of-fit summary provided by RSM shows
that quadric model is best suited for current experimental design Table S-II. The suggested
model is best suited for current experimental responses, and the current suggested model
is also assessed through analysis of variance (ANOVA) as shown in Table S-III.

Conversion = 88.68 + 3.27A + 26.13B + 7.97C + 3.24AB + 3.49AC + 3.98BC− 1.74A2 − 29.76B2 − 5.81C2 (1)
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2.5. Modeling through Gated Recurrent Unit (GRU)

Commonly used artificial neural networks (ANN) involve three main layers, such as
(1) input layer, (2) hidden layer (3) output layer and are indicated as x, h, and y. Recurrent
neural network, a variant of ANN, was proposed for modeling time series and sequential
data [32]. However, the vanishing gradient issue with large sequential data limits the
application of RNNs. To solve the vanishing gradient problem, long short-term memory
(LSTM), a variant of RNN, was introduced by Hochreiter and Schmidhuber [33]. This new
variant of RNN, LSTM, was incorporated with four gates to replace the original hidden
state in the memory cell. In 2014, GRU was introduced by adding a gated mechanism to
the recurrent neural network [34]. Unlike LSTM, GRU merged the input gate and the forget
gate into the update gate, as shown in Figure 2.
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Hidden unit activation (rt) is processed at a time step using Equation (2):

rt = σ(Wrht−1 + Urxt) (2)

Here, σ depicts logistic sigmoid function, Wr and Ur represents weight matrices. After
that, by using tanh type layer h̃t is calculated using rt:

h̃t = tan h(W(rt × ht−1) + Uxt) (3)

Equation (4) is the equation that distinguishes GRU from the LSTM. Here, zt combined
the remember gate along with forget gate in LSTM. zt is calculated as follows:

zt = σ(Wzht−1 + Uzxt) (4)

Lastly, the hidden state (ht) in GRU is calculated using Equation (5):

ht = (1− zt)(ht−1) + (zt)(h̃t) (5)
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This study incorporated artificial intelligence modeling for the prediction of response
surface, conversion in this case. Gated recurrent unit (GRU) was utilized as a sequence
learning deep learning technique that requires suitable value of its hyper-parameters.
Suitable architecture of the GRU model was obtained by varying hyper-parameters values
(Table 2). To study the comparison between GRU and RSM, different parameters were
considered, such as R2, RMSE, MAPE, and mean absolute error MAE.

Table 2. Hyperparameters for gated recurrent unit model.

Hyperparameters Bounds Set Values

Number of hidden units Positive integers 50
Gradient threshold 0–1 0.1
Initial learning rate 0–1 0.01

Learn rate drop factor 0–1 0.2
Learn rate drop period Positive integers 100

Training Epochs Positive integers 150

2.6. Biodiesel Analysis

Biodiesel analysis was performed using gas chromatography (GC) and ASTM method
of FFA analysis. Briefly, in GC (Shimadzu GC-2014, Shimadzu Europa, Duisburg, Ger-
many) the system was equipped with a flame ionization detector with column EN14103
(30 m × 0.32 mm id. × 0.25 µm film thickness). Nitrogen was introduced as a carrier with
an initial temperature of 523 K and a split ratio of 50:1 [20]. For FFA analysis, the AOCS
standard titration method was used [36,37]. To determine the FFA of the solution, the
following Equations (6) and (7) were used [27]:

Acid value
(

mgKOH
g biodiesel

)
=

(FA − FB)× N × 56.11
W

(6)

Free fatty acid (FFA) (%) =
1
2
×AV (7)

3. Results and Discussion
3.1. Effect of Different Parameters on Free Fatty Acid Conversion
3.1.1. Effect of Catalyst Loading and Molar Ratio on Free Fatty Acid Conversion

The simultaneous effect of the molar ratio of oil: MeOH and catalyst loading are
shown in Figure 3. The graph indicates that increasing catalyst loading from 0 to 5 wt% of
MO significantly increases the conversion of the process. Increasing the catalyst loading
enhances the protonation of FFA in MO. As the degree of protonation increases, the
conversion of FFA and the reaction rate also increases. A further increase in catalyst loading
after a certain point conversion of FFA was not increased due to insufficient active sites
of MO. Furthermore, Perturbation plot of RSM indicate that most dominate factor in the
current study is catalyst loading as show in Figure S-II.

On the other hand, by increasing the molar ratio of oil and MeOH, the FFA conversion
also increases due to the contact time of FFA with MeOH vapors increasing. At a lower
molar ratio, less volume of MeOH passes through the MO and leaves the system and vice
versa. However, increasing the molar ratio after a certain limit, a small amount of MeOH
can start to accumulate in the reactor, slightly reducing the reaction rate, as indicated by
the results. RSM’s optimized condition was molar ratio: 1:23.73 Oil: (MeOH) and catalyst
loading 3.3 wt% of MO.
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3.1.2. Effect of Reaction Time and Molar Ratio on Free Fatty Acid Conversion

The effect of both time and molar ratio was investigated and are shown in Figure 4.
Time is another important parameter to study the rate of reaction. The results indicate that
increasing time conversion and the rate of reaction increase due to an increase in reaction
time increases the contact time of oil molecules with MeOH. As a result, conversion of FFA
increases. However, a higher molar ratio and less reaction time decrease the reaction rate
due to the bubble having less contact time with MeOH, as the flowrate of MeOH vapors is
too high. As a result, the result MeOH vapors leave the system unreacted [18,20,23].
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Furthermore, an increase in MeOH flowrate also increases the formation of macrobub-
bles at higher flow rates and tends to produce larger bubbles [38]. Macrobubbles have
a large buoyancy-force and less residence time compared to microbubbles. As they rise
significantly faster, MeOH does not come into contact with FFA and, as a result, MeOH
leaves the system unreacted. Both optimize reaction time and molar ratio can also provide
an optimized flow rate to increase FFA conversion. The optimized time and molar ratio
according to RSM were molar ratios: 1:23.73 Oil: (MeOH) and Time = 59.79~60 min.

3.1.3. Effect of Reaction Time and Catalyst Loading on Free Fatty Acid Conversion

The simultaneous effect of catalyst loading and reaction time were important parame-
ters for scaling up of biodiesel process. These parameters greatly affect the cost and energy
of the biodiesel process. The interactive effect of catalyst loading and reaction time on
response surface are shown in Figure 5. FFA conversion tends to increase with the reaction
time. However, the effect of reaction time is masked by the effect of catalyst loading. The 3D
plot also shows that catalyst loading directly relates to FFA conversion due to an increase
in catalyst loading increasing the number of available reaction sides; as a result, higher
conversion of FFA was achieved.
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3.2. Scale-Up of Microbubble Reactor

The main goal of this work is to investigate the scale-up capacity of microbubble
technology at optimized conditions provided by RSM and GRU and verify that provided
conditions are suitable for converting FFA into biodiesel. For scale-up of microbubble
reactor, different experiments were performed at different volumes of reactor varying from
1 to 3 L (Conversion: 1 L = 99.12%, 2 L = 99.55%, 3 L = 99.45%), as shown in Figure 6.
It was observed that an increase in the volume in the reactor has negligible effect on the
FFA conversion. An increase in the volume of oil also increased the pressure head of
the microbubble reactor. By increasing the volume of oil, microbubbles stay in contact
with the oil for a longer period of time. However, it is observed that an equilibrium is
achieved at 200 mm and does not change if it is increased any further. This could be
explained on the basis of mass transfer occurring across the bubble interface and kinetics
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of the reaction. At 200 mm, a boundary layer would have formed at the bubble interface
stopping the mass transfer of MeOH from inside the bubble to the oil working as a “solid
sphere”. Several studies in hot microbubble distillation/stripping show that increasing the
liquid layer heat can decrease separation efficiency because the non-equilibrium driving
force diminishes [39]. Thus, further upscaling of the reactor should be horizontal by
maintaining the microbubble tessellation pattern in the reactor. However, this scaling
approach maintains the local mixing profile, which is the major uncontrolled variable in
conventional stirred tank reactor upscaling.
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Conventionally, biodiesel is produced by mixing both reactants in liquid phase in a
batch reactor. The mass transfer is limited by low miscibility of reactants, apart from castor
oil/MeOH, which has an OH at C-12, reducing the overall conversion. However, the current
process MeOH was injected in the form of vapors (bubbles) and as a result a vapor–liquid
system is formed. In vapor–liquid system, conversion of MO is also increased as diffusion of
vapor–liquid is higher than the liquid–liquid reaction. Furthermore, microbubbles exhibit
less buoyancy force, increasing the residence time of MeOH bubble. FFA is premixed with
the catalyst and is already protonated. As the microbubbles of MeOH rise, the reaction
between MeOH and protonated MO starts instantaneously. The amount of alcohol available
in the interface is in excess as compared to the available MO pushing the reaction in a
forward direction. As the bubble rises, the alcohol is transferred into the MO. As the
temperature of the reactor is maintained higher than the boiling point of MeOH, it does not
condenses in the reactor and leaves as vapor [24]. The vapors of MeOH can be collected,
condensed and recycled to improve the process economics. Figure 7 clearly exhibits three
different slopes. The highest rate is achieved in the first 10 min of the process. Afterword,
the rate slightly slows down and an overall conversion of 97% is achieved in the next
30 min (overall 40 min). Since almost all of the MO has already reacted, only 2% conversion
is achieved in the last 20 min. To enhance feasibility and hence the economics, the reaction
could be stopped at 10 min and product could be separated using a suitable separation
technique, such as distillation or else 99% pure product could be obtained in 60 min.
Comparison of current MO study with other conventional acid catalyst based biodiesel
production is shown in Table 3.
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Table 3. The comparison of current up-scaling study with other conventional catalyst based biodiesel
production.

Feedstock Catalyst Reaction Time
(min)

Conversion
(%) Reference

Conventional method H2SO4 120 78 [40]
Microbubble Technology H2SO4 30 98 [20]
Microbubble Technology p-TSA 30 97 [20]
Microbubble Technology p-TSA 30 89.90 [18]
Microbubble Technology Sr/ZrO2 20 85 [24]

Microbubble Technology (semi pilot-scale) p-TSA 60 99.45 ± 1.3 This study

3.3. Reaction Kinetics of Biodiesel Conversion

Scale-up results already show that by increasing the liquid layer height, the conversion
does not change and has been identified; the reaction kinetics for a microbubble mediated
esterification system can be upscaled via scaling out the reactor horizontally, maintaining
the same aerator pattern along the reactor bottom surface. This is a logical conclusion from
the seminal paper of Al-Mashhadani et al. (2015) [41]. In their paper, the geometry of
the placement of the internal baffle in an airlift loop reactor is systematically varied, yet
the hydrodynamics of the phase distribution is invariant to the baffles position, basically
demonstrating that it is insignificant. Only the height above the aerator injection point is
shown to matter. This follows logically from the fact that microbubbles that are injected in
laminar flow and maintain laminar flow only rise vertically. By tessellating the aerators to
provide downcomer regions in between, this configuration replicates the micromixing and
bulk mixing profiles. This horizontal tessellation/upscaling approach has been found in
all pilot scale studies for microbubble distillation/hot microbubble stripping [39]. Rees-
Zimmerman and Chaffin (2021) [42] found that in modeling the hydrodynamics of tall
bioreactors with variable bubble size, there is no mass transfer limitation with microbubbles,

10



Bioengineering 2022, 9, 739

but the reactor height above a fixed level is immaterial. Hence, studying the kinetics for
this critical layer height is sufficient for upscaling horizontally.

The kinetics of this study were investigated under optimized condition of RSM,
i.e., the molar ratio of MO to MeOH of 1:23.73 ratio, time of 60 min, and a catalyst loading of
3.3 wt% MO. The results show that the difference between predicted value of RSM (99.10%
as shown in Figure S-I) and actual value (99.45%) was less than 0.5% which indicate the
validation of the current RSM model. To evaluate the reaction behavior of vapor–liquid, Ha
was calculated using Equation (8) to assess the whether a reaction occurs on the bubble’s
bulk or surface [43,44].

Ha =

√
(Mg/l)T k Cb

kbl
(8)

(Mg/l)25°C = 6.02× 10−5

(
V0.36

l
µ0.61

l V0.64
g

)
(9)

(Mg/l)T = 4.996× 103(Mg/l)25°C exp
(−2539

T

)
(10)

Mg/l was calculated at 25 and 70 ◦C by Equations (9) and (10) [45]. For a bubble size
less than 2 mm, Equation (11) was used to calculate kbl [46].

kbl = 0.31

(
(Dg/l)

2ρl g
µl

) 1
3

(11)

The calculated value of Ha is greater than 1, which indicates that the reaction occurs on
the bubble surface, due to which bubble size is a crucial parameter of controlling reaction
kinetics. The order of reaction was calculated using E by Equation (12) [43].

E = Ha
(

1− Ha− 1
2Ei

)
(12)

Ei was determined by using Equation (13) [43]

Ei = 1 + (Mg/l)T

(
CbH
b Pg

)
(13)

The value of Ha and E show that the current reaction is pseudo first order due to
the value of both of them I almost equal. The rate of reaction was calculated by using
Equation (14).

− rA =
1

1
kgσ + H

a
√

(Dg/l)TkCb

Pg (14)

The values used to calculate for kg σ, kbl, and H are 5.32 × 10−3 kmol s−1 m−3,
1.24 × 10−4 ms−1 and 43.05 kmol s−1.m−3 Pa, respectively. The final reaction rate was
determine using Equation (15);

− rA =
(

1.32× 10−5
)
(PA × 101, 325)

(√
Cb

)
(15)

To determine the current activation energy (EA) in the scale-up reactor, the Arrhenius
equation was used. The experiments were conducted by varying the reaction temperature
(70–90 ◦C) [43]. The Arrhenius equation was used to develop the relations with rate
constants to develop the equation to determine EA using Equation (16) [47]. An Arrhenius
plot between ln (k) and 1/T is shown in Figure 8.

ln k = − EA
RT

+ ln A
◦

(16)
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Figure 8. Arrhenius plot for microalgae oil based biodiesel reaction.

The EA of the esterification reaction in the current scale-up microbubble reactor is cal-
culated to be 10.01 ± 0.3 kJ mol−1. The current EA was significantly less than conventional
processes, as shown in Table 4. This low EA indicates that reactions occur on the surface of
bubbles [20]. It also shows that less energy is needed for MO to pass the barrier to form
a product. In addition, the latent heat of MeOH was also freely available as free energy,
making the reaction nature more exergonic, enhancing the rate of reaction and reducing the
EA. The current reaction kinetics and reduced EA successfully show the implementation of
current scale-up reactor to industrial level.

Table 4. Comparison of activation energy with different biodiesel feedstocks.

Feedstock Method Scale of
Experiments Catalyst EA

(kJ mol−1) Reference

Jatropha Conventional method Lab-scale 1% H2SO4
and 1% NaOH 87.808 [48]

Microalgae Supercritical method Lab-scale No catalyst 105 [49]
Chlorella Conventional method Lab-scale HCl 38.892 [50]

Spirulina platensis
Single stage extraction–

transesterification
process

Lab-scale H2SO4 14.518 [51]

Oleic acid Microbubble technology Lab-scale 7% H2SO4 26.37 [20]
Chicken fat oil Microbubble technology Lab-scale 7% PTSA 24.9 [18]

Spirulina Microbubble technology Semi pilot scale 3.3% PTSA 10.01 ± 0.3 This study

3.4. Gated Recurrent Unit and Response Surface Methodology Comparison

RSM model has reported 0.9844 correlation coefficient R2 that shows good fitting
efficiency, as shown in Figure 9. However, GRU has shown superior efficiency (Figure 10)
and reported 0.9999 R2. The values of mean absolute percentage error (MAPE), root mean
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square error (RMSE) and mean absolute error (MAE) for RSM model and GRU model have
been reported in Table 5.
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Figure 10. Gated recurrent unit model prediction.

Table 5. Performance criteria comparison (response surface methodology vs. gated recurrent unit).

Criteria
Conversion % Prediction Performance

RSM Model GRU Model

R2 0.9844 0.9999
MAPE 0.0465 0.00083
RMSE 3.0832 0.0515
MAE 2.6847 0.045
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Table 5 confirms the superiority of the GRU model over RSM as its predicted values
are in good agreement with actual values, as shown in Figure 10. It can also be confirmed
that GRU reported performance criterions used, such as MAPE, RMSE, and MAE, lesser
than that of the RSM model. From Figure 9, deviating RSM model prediction values from
actual values are clearly visible, causing lower R2 (0.9844) compared to that of GRU (0.9999),
as well as a reported larger MAPE, RMSE and MAE compared to that of the GRU model, as
show in Figure 10. The MAE for the RSM model is 2.6847, which is approximately 60 times
higher compared to that of the GRU model (0.045). Furthermore, MAPE for the GRU model
(0.00083) confirms its superiority over the RSM model (0.0465). Furthermore, in terms of
RMSE, GRU reported an RMSE of 0.0515 and RSM reported 3.0832.

Furthermore, a 45-degree perfect line was added to the plot to better understand the
prediction accuracy of the models. The prediction performance increases as the scatter
points approach toward a 45-degree perfect line and hence decreases the error. The plot
depicted that the GRU model prediction of conversion% were following the 45-degree
perfect line more strictly than that of the RSM model and hence reported lesser RMSE,
MAPE, and MAE. Furthermore, a higher R2 value for the GRU model (0.9999) depicts
outperforming performance compared to the R2 value for the RSM model (0.9844). This
scatter plot comparison also pointed out that the GRU model has performed much better
than the RSM model to predict conversion.

4. Conclusions

The current study successfully developed a robust model which shows a high feasi-
bility of microalgae-based biodiesel on a semi-pilot scale. Both models were in line with
experimental observation. In addition, the comparison of both RSM and GRU showed
that GRU was more accurate than RSM to predict the conversion. Furthermore, predicted
models of RSM and GRU show a proper fit to the experimental result. It was found that
GRU produced a more accurate and robust model with correlation coefficient R2 = 0.9999
and root-mean-squared error (RSME) = 0.0515 in comparison with the RSM model with
R2 = 0.9844 and RMSE = 3.0832, respectively. Furthermore, the kinetics of the pilot scale
microbubble reactor revealed that more than 99.45 ± 1.3% conversion of FFA into biodiesel
was achieved in 60 min, and the current reaction follows pseudo first order kinetics with
respect to MO. Additionally, a lower EA of 10.01 ± 0.3 kJ mol−1 indicates that less energy
was required for reactant to jump the barrier to form product. Although RSM and GRU
are fully empirical representations, they can be used for reactor upscaling horizontally
with microbubbles. Horizontal out-scaling maintains the liquid layer height, while the mi-
crobubble injection replicates along the floor of the reactor vessel—keeping the tessellation
pattern of the smaller vessel with the same bubble flux per unit area. This scaling approach
maintains the local mixing profile, which is the major uncontrolled variable in conventional
stirred tank reactor upscaling. This study should prove to be a milestone in future studies
for further scale-up of microbubble mass transfer technology. Further research needs to be
carried out in terms of reactor development and finding new material for reactor formation,
keeping the process cost to a minimum. Additionally, life cycle analysis should be carried
out to calculate the environmental impact of the microbubble technology. Life cycle analysis
will provide overall insight toward sustainability of the developed approach to analyze
manufacturing, ecological effect, and energy expenditures of current technology.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/bioengineering9120739/s1, Table S-I: The designed experiments
and their response with predicted values of RSM and GRU; Table S-II: Goodness-of-Fit summary
generated through RSM; Table S-III: Statistical ANOVA analysis of current RSM model; Figure S-I:
Predicted values from RSM; Figure S-II: Perturbation plot of experimental parameters.

14



Bioengineering 2022, 9, 739

Author Contributions: Conceptualization, F.R. and N.R.; methodology, F.J.; validation, F.R., A.H.
and W.B.Z.; formal analysis, F.A.; data curation, M.W.S.-u.-A.; writing—original draft preparation,
F.J.; writing—review and editing, F.J.; supervision, F.R.; funding acquisition, F.R. and W.B.Z. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Higher Education Commission Pakistan (HEC), grant number
20-7924/17, 20-7924/17 and Engineering and Physical Sciences Research Council (EPSRC) grant
number EP/S031421/1 and EP/N011511/1.The APC was funded by Engineering and Physical
Sciences Research Council (EPSRC) grant number EP/S031421/1 and EP/N011511/1.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to confidentiality of work.

Acknowledgments: FJ and FR want to acknowledge National Research Program for Universities
(NRPU) provided by higher education commission project number 20-7924/17 and project number
20-3982/14. In addition, WZ would like to acknowledge EPSRC grant numbers EP/S031421/1 and
EP/N011511/1.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

Words Abbreviations
Activation energy EA
Absolute percentage error MAPE
Acid value AV
Box–Behnken design BBD
Concentration of MO Cb
Enhancement factor E
Free Fatty Acid FFA
Fatty Acid Methyl Esters FAMEs
Gas constant R
Gated recurrent unit GRU
Gas diffusion coefficient Mg/l
Henry constant H
Hatta number Ha
Interfacial area σ

Infinite enhancement factor Ei
Liquid film coefficient kbl
Mass of biodiesel (g) W
Microalgae oil MO
Methanol MeOH
Molar volume of MO vl
Molar volume of MeOH vg
Mean absolute error MAE
Normality of KOH N
Partial pressure of MeOH pg
Pressure of MeOH (bar) PA
Pre-exponential factor A◦

Rate constant K
Rate of reaction ra
Root mean square error RMSE
Response surface methodology RSM
Volume of KOH used for titration (mL) FA
Volume of KOH used for blank titration (mL) FB
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Abstract: Waste resources are an attractive option for economical the production of biodiesel; however,
oil derived from waste resource contains free fatty acids (FFA). The concentration of FFAs must be
reduced to below 1 wt.% before it can be converted to biodiesel using transesterification. FFAs are
converted to fatty acid methyl esters (FAMEs) using acid catalysis, which is the rate-limiting reaction
(~4000 times slower than transesterification), with a low conversion as well, in the over biodiesel
production process. The study is focused on synthesizing and using a bifunctional catalyst (7%
Sr/ZrO2) to carry out esterification and transesterification simultaneously to convert waste cooking
oil (WCO) into biodiesel using microbubble-mediated mass transfer technology. The results reveal
that a higher conversion of 85% is achieved in 20 min using 7% Sr/ZrO2 for biodiesel production.
A comprehensive kinetic model is developed for the conversion of WCO in the presence of a 7%
Sr/ZrO2 catalyst. The model indicates that the current reaction is pseudo-first-order, controlled by
the vapor–liquid interface, which also indicates the complex role of microbubble interfaces due to
the presence of the bifunctional catalyst. The catalyst could be recycled seven times, indicating its
high stability during biodiesel production. The heterogeneous bifunctional catalyst is integrated with
microbubble-mediated mass transfer technology for the first time. The results are unprecedented;
furthermore, this study might be the first to use microbubble interfaces to “host” bifunctional metallic
catalysts. The resulting one-step process of esterification and transesterification makes the process
less energy-intensive and more cost-efficient, while also reducing process complexity.

Keywords: biodiesel; waste cooking oil; transesterification; bifunctional catalyst; microbubble technology

1. Introduction

The current standard of living is substantially dependent on energy. Its generation is a
measure of progress for a developing country. Energy is consumed in domestic and indus-
trial sectors generated primarily by fossil fuels and other sources. Biodiesel production is
considered a potential alternative to fossil fuels due to its numerous advantages, such as
nontoxicity and biodegradability, with low harmful emissions during combustion. Gener-
ally, biodiesel is produced via two routes: (1) esterification reaction of free fatty acids (FFA),
and (2) transesterification of triglycerides, both with alcohol [1,2]. Homogeneous catalysts
such as NaOH, KOH, H3PO4, H2SO4, and HCL are usually preferred due to their higher
degree of interaction because of superior miscibility [3,4]. However, homogenous cata-
lysts dissolved in the reaction mixture cause numerous challenges during the downstream
separation and purification stages [5,6]. Biodiesel production through heterogeneous cat-
alysts is an advantageous alternative to homogeneous catalysts as it provides numerous
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advantages, including reduced unit operation requirement, non-corrosiveness, low waste
generated, reusability, recyclability, and ease of product separation [7,8]. Basic catalysts are
generally used for converting triglycerides into biodiesel, but they also saponify FFAs in the
feedstock, resulting in emulsions that add steps for purification, while reducing yield [9,10].
Acidic catalysts are generally used to convert FFA through esterification and transform
triglycerides via hydrolysis into diglycerides, which can further convert them into FFA and
cause catalyst deactivation through leaching [11,12]. To overcome the drawbacks related
to the individual acidic and basic heterogeneous catalysts, bifunctional catalysts were
introduced. Bifunctional catalysts can combine the characteristics of both acidic catalysts
that can transform FFAs and basic catalysts that tackle triglycerides in the feedstock [13,14].
Furthermore, saponification generated by FFAs and water can be completely avoided using
a bifunctional catalyst. An effective bifunctional catalyst with amphoteric base material
on which acidic or basic promotors can further be modified is required. Zirconium oxide
(ZrO2) is amphoteric in nature. It has been reported to be an efficient base for heteroge-
neous catalysts due to its mechanical strength, corrosion resistance, chemical stability, and
high water retention [6,15]. Recently, ZrO2 has been modified to yield acidic forms, i.e.,
tungstate zirconia alumina (Al2O3/ZrO2, TiO2/ZrO2) and basic forms such as CaO, and
La2O3 [16,17]. Thus, ZrO2 can be modified and improved to design specific catalysts with
desired properties.

The use of solid heterogeneous catalysts enhances the ability of biodiesel production
from WCO without additional treatment [18,19]. However, a long reaction time is still
a major challenge in biodiesel production. Jitputti et al. investigated the comparison of
zirconia and sulfated zirconia and achieved conversion of 49.3% and 86.3% of crude palm
kernel oil, respectively, in almost 4 h [20]. Jamil et al. investigated the Mn@MgOZrO2
bifunctional catalyst for waste Phoenix dactylifera L. oil and achieved 96.4% biodiesel con-
version in 4 h [21]. Current results collectively indicate that bifunctional catalysts have
enhanced performance, but an efficient process method is needed that reduces reaction
time and increases the reaction rate [22,23].

Microbubble technology was recently introduced for biodiesel production, yielding
improved results by enhancing the mass transfer and rate of reaction via alcohol injec-
tion within the microbubble phase [24,25]. Microbubbles have less buoyancy force, high
surface energy, high temperature, and high residence time due to their smaller size than
macrobubbles. When the bubble rises in the laminar regime due to its smaller size and
provides internal mixing at the bubble and oil interface, homogeneity is achieved within
a millisecond. Microbubble formation at a low flow rate is more favorable for smaller
bubble formation, reduced coalescence, and higher surface energy as a result mass transfer
increases, which directly increase the conversion of the process [2,26]. Ahmed et al. re-
ported an increase in the reaction rate and reduced reaction time of oleic acid and methanol
(MeOH) using microbubbles and achieved approximately 96% conversion of biodiesel in
just 0.5 h [27]. Javed et al. studied acid esterification using chicken fat oil and MeOH and
achieved 89% conversion in 0.5 h [28]. These results illustrate that microbubble technology
promises an increasing rate of reaction by converting the liquid–liquid bulk reaction into
a gas–liquid interfacial reaction. All these studies provide sufficient evidence that the
reaction occurs at the MeOH/oil interface. However, the current work emphasizes another
amphoteric characteristic (bifunctional catalyst) present on the bubble interface. The com-
petition of microbubbles and particles at interfaces is a well-known industrial process due
to dissolved air flotation, which is also intensified by fluidic oscillated microbubbles [29,30].
The current study is based on synthesizing a heterogeneous bifunctional catalyst and inte-
grating it with microbubble-mediated mass transfer technology to enhance the reaction
rate and overall process conversion. To the best of the authors’ knowledge, this is the
first work that uses microbubble interfaces to “host” bifunctional metallic catalysts. The
closest work used bimetallic catalysts to enhance the hydroxyl radical production from
ozone microbubbles, but illustrated the mechanism as bubble–pellet transient collisions,
where the pellets are much larger than the microbubbles [31]. There is only one similar

19



Bioengineering 2022, 9, 533

study for single-metal catalysis, which implemented ozone microbubble dissociation into
hydroxyl radicals for oxidation reactions [32]. Here, the traditional two-step bio-diesel
production process was converted into a single-step process by carrying out esterification
and transesterification simultaneously, making the process more energy- and cost-efficient,
while also reducing process complexity. It should be noted that esterification reactions are,
in general, equilibrium reactions that achieve 60–80% conversion without reactive sepa-
ration. The high conversions demonstrated in this paper give credence to the suggestion
that the microbubble interface, populated by bimetallic catalyst particles, serves as the
heterogeneous catalyst interface, while the vapor-phase product (water) is simultaneously
extracted.

In the current study, efforts are made to present a sustainable approach of generating
energy in the form of biodiesel from waste. Strontium zirconium oxide (7% Sr/ZrO2)
was synthesized and integrated with rapidly developing microbubble technology from
WCO. The synthesized heterogeneous catalyst was characterized using various analytical
techniques. To increase its applicability on a commercial scale and to optimize the process,
additional parameters were studied. Furthermore, a detailed analysis of the reaction
kinetics, catalytic mechanism, and process economics was also conducted. Hence, this
study can contribute additional insight into the integration of heterogeneous catalysts
with acidic and basic active sites using microbubble technology to produce high-quality
biodiesel.

2. Materials and Methods
2.1. Materials

Analytical-grade FAMEs, hexane, zirconium(IV) butoxide, strontium nitrate, and
poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) ((EO)20-
(PO)70(EO)20) triblock copolymer (TBC) were purchased from Sigma Aldrich. Analytical-
grade MeOH (99%) and butanol were procured from DAEJUNG chemicals, Siheung-si,
South Korea. WCO was collected from the university cafeteria in Lahore, Pakistan. All
other chemicals used for catalyst preparation were purchased from Sigma Aldrich, St.
Louis, MO, USA.

2.2. Oil Purification

WCO was filtered and then washed five times with distilled water at 60 ◦C until
neutral pH was achieved. Afterward, WCO was dried over an anhydrous sodium sulfate
bed to remove traces of water. The dried WCO was then stored in a sealed bottle, and its
composition was characterized using GC–MS analysis. The properties of WCO and its oil
composition are presented in Table 1.

Table 1. WCO properties and its oil composition.

Parameters Units Values

Viscosity mPa·s 31.16
Density kg·m−3 919

FFA % 9

Oil composition

Linoleic acid wt.% 9
Linolenic acid wt.% 62
Palmitic acid wt.% 12

Lignoceric acid wt.% 17

2.3. Catalyst Preparation

Zirconium(IV) butoxide and strontium nitrate (Sr(NO3)2) were used as the precursors to
synthesize the mesoporous specimen. Approximately 5.0 g of TBC was dissolved in 50.0 mL
of ethanol and left to stir for 4 h at room temperature. Then, 80 mmol of zirconium(IV)
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n-butoxide (80 wt.% solution in 1-butanol) was dissolved in 20 mL of 68–70 wt.% nitric acid
and 50.0 mL of ethanol. Once dissolved, a calculated amount of strontium metal solution
(1.0 M) was added to a flask and stirred for 2 h. The pH was carefully maintained at
12 using 2 M NaOH solution. The solution was heated under continuous slow stirring at
room temperature for 4 h. Subsequently, the two solutions were combined, and 30.0 mL of
distilled water for complete transfer of the solutions. The combined solution was stirred for
5 h at room temperature. The solvent was removed at 100 ◦C for 24 h in the oven. Lastly, the
catalyst was calcined under air in the furnace at 550 ◦C for 5 h. The maximum conversion
of biodiesel was achieved using 7% Sr loading during the preliminary experiments, due to
which 7% Sr was used throughout the study to optimize the amount to impregnate ZrO2.

2.4. Characterization of Catalyst

Fourier-transform infrared spectroscopy (FTIR) analysis with a Thermo-Nicolet 6700P
Spectrometer, Thermo Fisher Scientific, Waltham, MA, USA, was used to detect the func-
tional groups of 7% Sr/ZrO2. The wavelength of FTIR was set in the range of 800 to
4000 cm−1. To study the surface morphology of the catalyst, scanning electron microscopy
(SEM) (FEI Nova 450 NanoSEM, Thermo Fisher Scientific, Waltham MA, USA,) was used.
To identify the effect of strontium on the crystallinity of ZrO2, X-ray diffraction (XRD) was
used. For XRD (Equinox 2000, Thermo Fisher Scientific, USA), the range of 2θ = 2◦–116◦

was selected using Cu-Kα radiation (λ = 0.145 nm). For surface area and porosity analysis,
a Micromeritics TriStar II-3020 analyzer (Micromeritics, Norcross, GA, USA) was used
to obtain N2 adsorption/desorption isotherms of the catalyst at 77.3 K. The Brunauer–
Emmett–Teller (BET) adsorption approach was used to infer the surface area. The pore
surface area and volume were determined using the t-plot method.

2.5. Experimental Procedure

Biodiesel was produced through both esterification and transesterification, during
which WCO reacted with MeOH in the presence of 7% Sr/ZrO2. Initially, MeOH was
heated using a heating mantle around its boiling point in a round-bottom flask. Meanwhile,
WCO and 7% Sr/ZrO2 were premixed in a separate beaker for a specific time interval.
The pre-mixed solution was then transferred to the microbubble reactor. The microbubble
reactor consisted of sintered-borosilicate diffuser (40 to 16 µm pore size) with a total reactor
volume of 500 mL. MeOH was injected from the bottom of the reactor in the form of vapor.
The temperature of the reactor was maintained at 70 ◦C using a brisk heater. The reaction
was terminated when the desired quantity of MeOH passed through the reactor.

Afterward, biodiesel samples were centrifuged at 3500 rpm for 10 min to separate the
catalyst from biodiesel, and the samples were washed with deionized water to remove
impurities. For complete water removal, samples were dried using a rotary evaporator
(Buchi R-210, BUCHI Corporation, New Castle, DE, USA). For parametric study, the molar
ratio of WCO and MeOH was varied from 1:5 to 1:25. Catalyst loading ranged from 0 to
3 wt.% WCO. The temperature was varied from 70 to 90 ◦C to study the effect of biodiesel
production and activation energy. All experiments were carried out three times to calculate
the standard error. A diagram of the process is given in Figure 1.
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Figure 1. Systematic diagram of microbubble technology for biodiesel production.

2.6. Biodiesel Analysis

The analysis process of biodiesel using GC was taken from the literature [27,28]. Briefly,
a Shimadzu GC-2014, Shimadzu Europa, Duisburg, Germany, was used to analyze the
biodiesel with a GC-FID and column Agilent J&W EN14103 Column, Agilent Technologies,
Santa Clara, CA, USA, with 30 m length, 0.32 mm id, and 0.25 µm film thickness. Nitrogen
gas with a flowrate of 1.5 mL/min was used as the carrier gas. The conditions were kept
constant for every sample to achieve comparable readings. The sample was injected at
523 K and a split ratio of 50:1 [27,28].

3. Results and Discussion
3.1. Catalyst Analysis

The characterization of 7% Sr/ZrO2 is shown in Figure 2a–c,e. The FTIR spectrum of
zirconia shows a broad peak band in the region of 3700–3400 cm−1, which was attributed to
asymmetric stretching of –OH groups. The band at 900 cm−1 was associated with ZrO. The
peak at 1623 cm−1 corresponded to the C=O group due to SrO2 in the catalyst. The weak
absorption bands at 1603 cm−1 and 1318 cm−1 were attributed to the bending vibration of
C–H bands. Pore size and surface area analyses showed that the catalyst formation was
mesoporous, ranging from 3 to 11 nm. The XRD diffractograms of synthesized Sr/ZrO2
revealed the crystal structure of pure ZrO2 to be monoclinic. The structure of ZrO2 was
sustained after calcination at 550 ◦C for 5 h, with no peak broadening observed. The pattern
of Sr/ZrO2 predominantly showed peaks of ZrO2 as the parent peak, with an additional
peak at 31.750◦ for Sr/ZrO2. The pore size distribution of the catalyst is shown in Figure 2b,
and the pore size and surface area data estimated via BET analysis are shown in Table 2.
The catalyst pore size demonstrated mesopores ranging between 3 and 11 nm.
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Table 2. Structural properties of catalyst.

Catalyst Surface Area
(m2/g)

BJH Area
(m2/g)

BJH Volume
(cm3/g)

BET Pore
Diameter

(nm)

BJH Pore
Diameter

(nm)

7% Sr/ZrO2 119.80 117.34 0.2154 8.97 8.21

Figure 2e-1–3 show the 7% Sr/ZrO2 surface morphology at different magnitudes using
SEM. The modified ZrO2 showed well-shaped crystalline particles after impregnation of
Sr particles. The analysis revealed that the addition of Sr metal to ZrO2 increased the
amphoteric behavior of ZrO2, which increased both the basic and the acidic active sites
of the catalyst. The presence of both acidic and basic sites in 7% Sr/ZrO2 facilitated both
esterification and transesterification.

3.2. Parameter Optimization for Biodiesel Production
3.2.1. Effect of Molar Ratio on Biodiesel Production

To study the effect of molar ratio on WCO and MeOH for biodiesel production,
different experiments were performed by changing the molar ratio (WCO/MeOH = 1:5 to
1:25), as shown in Figure 3. Initially, the results indicated that, by increasing the molar ratio
from 1:5 to 1:15, the reaction conversion increased from 59% to 85%, before decreasing to
68% at a higher molar ratio of 1:25. Increasing the molar ratio also increased the process
conversion. By increasing the MeOH quantity, the reaction time of the system also increased,
due to which the reaction moved further in the forward direction. Furthermore, the system
operated at a temperature higher than the boiling point of MeOH, which resulted in
unreacted MeOH leaving via the top of reactor. However, the MeOH volume could be
increased by changing the molar ratio to an extent that a limited amount of MeOH stayed
in the reactor, as reported by Javed et al. (2021) [28]. The presence of unreacted MeOH
in the system diminished the active catalyst sites due to oil dilution, which reduced the
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catalyst activity [33,34]. Hence, the process efficiency decreased at higher molar ratios, as
observed from the current result. The optimal molar ratio was found to be 1:15.

Bioengineering 2021, 8, x FOR PEER REVIEW 7 of 17 
 

reduced the catalyst activity [33,34]. Hence, the process efficiency decreased at higher mo-

lar ratios, as observed from the current result. The optimal molar ratio was found to be 

1:15. 

 

Figure 3. Effect of molar ratio (WCO/MeOH = 1:5 to 1:25) on biodiesel production. 

3.2.2. Influence of Catalyst on the Conversion of WCO 

The effect of catalytic activity using 7% Sr/ZrO2 is shown in Figure 4. The microbub-

ble process yielded a low conversion of 34% in the absence of catalyst during the trans-

esterification reaction. The conversion of the transesterification reaction was related to the 

active sites of the 7% Sr/ZrO2 catalyst. The conversion of the process increased from 64% 

to 90% upon increasing catalyst loading. Increasing the catalyst loading seemingly en-

hanced the entanglement of WCO and 7% Sr/ZrO2 catalyst. The degree of entanglement 

of WCO and 7% Sr/ZrO2 affected the conversion of WCO, whereby a higher degree of 

entanglement led to a higher conversion of WCO and a higher rate of reaction, and vice 

versa. However, the results illustrate that, beyond 1% catalyst loading, only a 5% increase 

in conversion was obtained upon doubling catalyst loading. One possible reason is that 

increasing the catalyst loading increased the number of active sites, whereas the reactive 

side of WCO remained constant during entanglement, such that excess loading of 7% 

Sr/ZrO2 did not drastically enhance the conversion of the transesterification reaction. Fur-

thermore, the results demonstrate that 1% catalyst loading was optimal for the current 

study. 

Figure 3. Effect of molar ratio (WCO/MeOH = 1:5 to 1:25) on biodiesel production.

3.2.2. Influence of Catalyst on the Conversion of WCO

The effect of catalytic activity using 7% Sr/ZrO2 is shown in Figure 4. The microbubble
process yielded a low conversion of 34% in the absence of catalyst during the transesterifi-
cation reaction. The conversion of the transesterification reaction was related to the active
sites of the 7% Sr/ZrO2 catalyst. The conversion of the process increased from 64% to 90%
upon increasing catalyst loading. Increasing the catalyst loading seemingly enhanced the
entanglement of WCO and 7% Sr/ZrO2 catalyst. The degree of entanglement of WCO and
7% Sr/ZrO2 affected the conversion of WCO, whereby a higher degree of entanglement
led to a higher conversion of WCO and a higher rate of reaction, and vice versa. However,
the results illustrate that, beyond 1% catalyst loading, only a 5% increase in conversion
was obtained upon doubling catalyst loading. One possible reason is that increasing the
catalyst loading increased the number of active sites, whereas the reactive side of WCO
remained constant during entanglement, such that excess loading of 7% Sr/ZrO2 did not
drastically enhance the conversion of the transesterification reaction. Furthermore, the
results demonstrate that 1% catalyst loading was optimal for the current study.

3.2.3. Effect of Temperature on Biodiesel Production

The effect of temperature is a vital parameter controlling the reaction rate of the
process. However, raising the temperature also increases the processing costs and renders
the process unviable for commercial scale. The temperature was varied from 70 to 90 ◦C
to study the impact of temperature on the process (Figure 5). The results indicate that the
conversion of WCO was not significantly affected by the change in temperature, as the
initial temperature of the reactor was above the boiling point of MeOH. When bubbles rose,
they reacted with WCO, while unreacted MeOH left the system, thereby not affecting the
overall conversion of the process. However, at the start of the reaction, the high-temperature
system showed a higher conversion of 58% in 5 min at 90 ◦C than that achieved at 70 ◦C
(42%). A possible explanation for this behavior is that, at high temperature, the viscosity
of oil decreased, due to which the miscibility of 7% Sr/ZrO2 and MeOH increased with
WCO. Furthermore, by increasing the temperature, the collision frequency of bubbles with
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WCO also increased, which also enhanced the rate of reaction. Hence, the optimal and
most economical temperature for this study was 70 ◦C.
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3.2.4. Effect of Reaction Time on Biodiesel Production

The biodiesel production was monitored in a reaction using WCO and MeOH as
the model system. Before measuring biodiesel production using heterogeneous catalysts
in the microbubble system, it was necessary to perform a control experiment using 7%
Sr/ZrO2 under the same conditions by mimicking the conventional process with a beaker
and magnetic stirring. For both processes, 100 g of WCO, 72 mL of MeOH, and 1 wt.% of
7% Sr/ZrO2 were used. Only 8% conversion was achieved in 20 min, eventually reaching
93% in 240 min. However, in the current microbubble system, MeOH was introduced
in the microbubble phase, enhancing the diffusion rate of both reactants, in addition to
increasing the system mass transfer efficiency [27,28]. As indicated from the microbubble
results (Figure 6), a higher conversion of 85% was achieved in 20 min.
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The first 8 min of the reaction occurred spontaneously, as illustrated from the steep
curve, achieving 65% conversion, before gradually increasing to 85% in 20 min. The possible
reason for this is that, at the start of the reaction, the WCO and catalyst had readily available
active sites for reaction as time increased, and the concentration of WCO was reduced by
more than 65% via conversion into biodiesel; accordingly, bubbles had a lower chance of
interaction with the freshly available biodiesel. Consequently, the rate of reaction slowed
down during the last 12 min. A comparison of the study with other heterogeneous catalysts
is shown in Table 3. The current study clearly achieved a higher reaction rate in a shorter
period than previously reported studies.
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Table 3. Comparison of the current study with other heterogeneous catalysts used for biodiesel
production.

Catalyst Temperature
(◦C)

Time
(min)

Catalyst Loading
(wt.%)

Conversion
(%) Reference

Li-Al HTA 65 60 3 83 [35]
KI/SiO 70 480 5 91 [36]

KF/Al2O3 60 480 3 90 [37]
3% La2O3–ZrO2 65 300 6 56 [38]

ZrO2/SiO2 120 120 10 48.6 [6]
Li/ZrO2 65 180 3 98.2 [39]

21% La2O3/ZrO2 200 480 5 84.9 [40]
7% Sr/ZrO2 70 20 1 85 This study

3.3. Reaction Kinetics and Mechanism of WCO-Based Biodiesel
3.3.1. Proposal of a Reaction Mechanism for Biodiesel Production Using 7% SR/ZRO2

The current study proposes that 7% Sr/ZrO2 performed both esterification and trans-
esterification simultaneously to produce biodiesel. ZrO2 is amphoteric and possesses both
basic and acidic active sites. The active side was further strengthened by modifying it with
Sr, which further improved the catalyst activity. The proposed reaction mechanism for this
study is shown in Figure 7, which further elaborates how esterification and transesterifi-
cation occurred on the acidic and basic active sites of the catalyst. The chemical reaction
proposed through the heterogeneous catalyst is based on three basic steps: adsorption of
the reactant on active sites of the catalyst, reaction between active sites of the catalyst, and
desorption of product from active sites of the catalyst.
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In biodiesel production, both FFA and MeOH molecules get absorbed onto the acidic
and basic catalyst sites. The FFA molecules change to carbocations, with oxygen anions
from MeOH. In the second step, a nucleophilic attack of the carbocation and oxygen anion
is directed toward the molecules of triglycerides and FFA, thereby supporting both esterifi-
cation and transesterification. Furthermore, tetrahedral intermediates are also formed due
to nucleophilic attacks. In the last step, –OH and –C–O– bonds break. As a result, hydroxyl
group and alkyl triglycerides are desorbed. Desorption of these molecules provides us
with a final product known as biodiesel (mono-alkyl ester). After desorption of biodiesel,
both acidic and basic sites of the catalyst are again available for another cycle. This process
continues until the reaction is completed; moreover, water and glycerol are produced as
byproducts of this process.

3.3.2. Kinetics Analysis and Activation Energy of WCO-Based Biodiesel

To investigate the reaction kinetics of the vapor–liquid system using heterogeneous
catalysts, different parameters were optimized in the above experiments, and the kinetics
were determined in optimal conditions. To validate the current hypothesis of the catalyst
facilitating the reaction on the bubble surface while moving the bubble upward, the Hatta
number (Ha) was calculated using Equation (1) [41,42]. Ha signifies whether the reaction
occurred on the surface of the bubble or in bulk. If the value of Ha is greater than 1, then the
reaction occurred on the surface of the bubble, and the controlling factor was the reaction
kinetics. If the reaction occurred in bulk, then mass transfer was the controlling factor, with
intense mixing becoming the dominant factor.

Ha =

√
(Do)T k Cb

kbl
, (1)

where k is the rate constant, kbl is a liquid film coefficient, and Do is a coefficient of diffusion
of MeOH in WCO at different temperatures (see Equations (2) and (3) [43], where vl and vg
are molar volumes of WCO and MeOH, and µl is the viscosity of WCO).

(Do)25◦C = 6.02× 10−5

(
V0.36

l
µ0.61

l V0.64
g

)
. (2)

(Do)T = 4.996× 103(Do)25◦C exp
(−2539

T

)
. (3)

The value of kbl was calculated using Equation (4) for bubble sizes less than 2 mm [44].

kbl = 0.31

(
(Dg/l)

2ρl g
µl

) 1
3

. (4)

In the current study, a calculated value of Ha > 1 implied that the reaction occurred
on the surface of the bubble and that the catalyst active site was induced by the MeOH
bubble. To calculate the order of reaction of the vapor–liquid system, the enhancement
factor (E) was determined using Equation (5) [41], where Ei is the infinite enhancement
factor, calculated using Equation (6).

E = Ha
(

1− Ha− 1
2Ei

)
. (5)

Ei = 1 + (Do)T

(
Cl H
b Pg

)
, (6)
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where Cl is the WCO concentration (kmol·m−3), Pg is the partial pressure of vapors, and H
is Henry’s constant. The values of E and Ha indicate that the reaction is pseudo-first-order
due to the similarity of both values. The rate was determined using Equation (7).

− rA =
1

1
kaσ + H

a
√

(Do)TkCb

Pa, (7)

where ka is the gas film coefficient, and Pa (bar) is the pressure of the system. The cal-
culated values of ka with the interfacial area (ka σ), kbl, and H were 0.011 kmol·s−1·m−3,
1.04 × 10−4 ms−1, and 3.72 kmol·m−3·Pa−1, respectively. The overall rate of reaction is
shown in Equation (8).

− rA =
(

8.730× 10−5
)
(Pa × 101325)

(√
Cb

)
. (8)

The current kinetics show that the order of the reaction was pseudo-first-order, and
that the reaction occurred on the microbubble surface, with the concentration gradient of
WCO and MeOH remaining high throughout the reaction. The high concentration gradient
and high surface area of catalyst facilitated biodiesel production in a shorter time.

To further investigate the kinetics of the vapor–liquid system, the activation energy
(EA) was determined using the Arrhenius equation as a function of the effect of temperature
on the rate of reaction [28,41]. Numerous studies determined the EA of processes using the
Arrhenius equation [27,45]. The relationship of k as a function of pre-exponential factor is
used to calculate EA using Equation (9) [46], where A◦ is the pre-exponential factor and R is
the gas constant (8.314 J·mol−1·K−1) (Figure 8).

ln k = − EA
RT

+ ln A
◦
. (9)
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The EA of the 7% Sr/ZrO2-based biodiesel production process using microbubble
technology was estimated as 7.4 kJ·mol−1. The achieved EA is lower than that of other

29



Bioengineering 2022, 9, 533

biodiesel processes with different catalysts (Table 4). The low EA also implies that 7%
Sr/ZrO2 in the system facilitated the vapor–liquid system and enhanced the overall reaction
rate. Furthermore, the low EA indicates that less energy was needed for the reactant to pass
the activation barrier.

Furthermore, 7% Sr/ZrO2 has a high surface area and microbubbles have high surface
energy, which collectively facilitated the rate of reaction and reduced the EA of the system.
Moreover, MeOH was injected in the form of vapor, indicating that the latent heat of
MeOH was also available in the form of free energy, making the nature of the reaction
more exergonic. The high reaction rate and reduced EA demonstrate the potential for
implementation of both the heterogeneous catalyst and the vapor–liquid system on a
commercial level.

Table 4. The comparison of EA different biodiesel processes.

Feedstock Type of
Transesterification Catalyst Activation Energy

(kJ.mol−1) Reference

Waste cooking oil Ultra-Sonication Calcium diglyceroxide 119.23 [34]
Waste cooking oil Supercritical method No catalyst 50.5 [47]
Waste cooking oil Microwave technology Calcium diglyceroxide 26.56 [48]
Waste cooking oil Conventional method CaO/SiO2 66.27 [49]
Waste cooking oil Conventional method Cs2.5H0.5PW12O40 36 [50]

Stearic acid Conventional method ZrO2/SiO2 47 [51]
Rapeseed oil Solvent-free method Sulfated zirconia 22.5 [52]

Levulinic acid Conventional method SO4
2−/ZrO2 14.61 [53]

Oleic acid Microbubble process H2SO4 26.37 [27]
Chicken fat oil Microbubble process PTSA 24.9 [28]

Waste cooking oil Microbubble process 7% Sr/ZrO2 7.4 This study

3.4. Reusability and Reactivation of the Sr/ZrO2

The reusability of the catalyst was evaluated under the optimized conditions obtained
in the current study. The 7% Sr/ZrO2 catalyst was evaluated for five cycles, with the
conversion dropping after each cycle, as shown in Figure 9. After each cycle, the catalyst
was centrifuged and washed with MeOH and acetone before reintroducing it into a new
cycle. The results show that, after the third cycle, the conversion decreased by less than
10%, whereas, after the seventh cycle, the conversion reached 48%. A possible reason for
this behavior is the leaching of Sr ions into the reaction medium, reducing the catalyst
activity [54,55]. However, the catalyst can be regenerated after four cycles by loading a
certain amount of Sr ions, followed by calcination of the catalyst. Hence, the catalyst can
be used for up to four cycles in the current system, after which catalyst reactivation is
required.
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4. Conclusions

A ZrO2-based bifunctional heterogeneous catalyst was successfully prepared using
strontium nitrate. The physicochemical properties of the catalyst enabled the interaction
between ZrO2 and strontium nitrate. Moreover, the bifunctional heterogeneous catalyst
improved catalytic activity when combined with microbubble technology. The results
achieved 85% conversion in 20 min, which is higher than previously reported bifunctional
catalysts. The activation energy of the current process was 7.4 kJ·mol−1, highlighting
the effect of the catalyst on increasing the process efficiency. The catalyst also showed
substantial chemical and thermal stability, as it could be reused at least four times without
losing biodiesel production activity. The current study provides sufficient evidence for the
presence of bifunctional metallic catalysts on the interface of microbubbles in the form of
biodiesel processing with a high reaction rate and low activation energy. This study again
supports that the use of microbubble technology is a viable alternative for the production
of low-cost biodiesel for sustainable energy production.
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Abstract: Improving the efficiency of using energy and decreasing impacts on the environment will be
an inevitable choice for future development. Based on this direction, three kinds of medium (modified
anaerobic digestion wastewater, anaerobic digestion wastewater and a standard growth medium
BG11) were used to culture microalgae towards achieving high-quality biodiesel products. The results
showed that microalgae culturing with anaerobic digestate wastewater could increase lipid content
(21.8%); however, the modified anaerobic digestion wastewater can boost the microalgal biomass
production to 0.78 ± 0.01 g/L when compared with (0.35–0.54 g/L) the other two groups. Besides the
first step lipid extraction, the elemental composition, thermogravimetric and pyrolysis products of the
defatted microalgal residues were also analysed to delve into the utilisation potential of microalgae
biomass. Defatted microalgae from modified wastewater by pyrolysis at 650 ◦C resulted in an
increase in the total content of valuable products (39.47%) with no significant difference in the content
of toxic compounds compared to other groups. Moreover, the results of the life cycle assessment
showed that the environmental impact (388.9 mPET2000) was lower than that of raw wastewater
(418.1 mPET2000) and standard medium (497.3 mPET2000)-cultivated groups. Consequently, the
method of culturing microalgae in modified wastewater and pyrolyzing algal residues has a potential
to increase renewable energy production and reduce environmental impact.

Keywords: biodiesel; waste recovery; renewable energy; microalgal technology; life cycle assessment

1. Introduction

In total, 84% of the world’s energy demand is still met by non-renewable energy
sources, and the ever-growing energy consumption is depleting the total fossil energy stor-
age [1]. In the meantime, the consequences of the large utilization of fossil fuels have led to
serious environmental issues, such as toxic compound discharge, global warming, the ex-
tinction of species, desertification etc. [2]. Renewable energy could contribute significantly
to adjusting the global energy structure, thus, has been regarded as the inevitable choice for
sustainable development. Renewable energy includes biomass energy, wind energy, solar
energy, water energy, geothermal energy, etc., and has the characteristics of wide resource
distribution, great utilization potential and small environmental impacts. Among these,
biomass energy is a significant source of renewable carbon that can be transformed into
endless conventional solid, liquid, and gaseous fuels [3].

Traditional biomass energy sources, e.g., crops, are always criticized due to the con-
cern of land use competition for food production and slower rates of plant growth [4].
Microalgae, as a major class of biomass energy, are outstanding attributed to their various
advantages, e.g., rapid growth, high lipid content, carbon sequestration ability, and low
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demands of environmental conditions (barren land, saline- and waste-water) [5]. The esters
and glycerol rich in microalgae are good raw materials for the preparation of liquid fuels.
The calorific value of bio-oil prepared by microalgae pyrolysis is relatively high. Moreover,
the nutrients from wastewater can be effectively used by microalgae for its biomass growth.
Consequently, the concept of utilizing wastewater for the cultivation of microalgae has
drawn much attention in terms of the simultaneous treatment of wastewater and producing
renewable energy.

Effluent from anaerobic digestion reactors has been seen as an ideal medium for mi-
croalgal growth regarding the reduced level of organics and variety of residual nutrients
(e.g., N, P) in the liquid [6]. Although the challenge of lacking key elements in the wastewa-
ter can bring a negative impact on the growth of microalgae [7], the approach of artificial
wastewater adjustment, e.g., addition of a certain amount of missing elements, has been
deployed and proven to be an efficient way to address this problem to cultivate a good
amount of algal biomass [8]. When considering the entire life cycle, barriers such as algal
residues after lipid extraction have hitherto hindered the application of microalgal biomass
energy. Algal residues account for about 70% of the dry weight of microalgae biomass
and still contain large amounts of carbohydrates and proteins [9]. In most studies, the
subsequent utilization of algae residues was not mentioned after culturing microalgae and
extracting lipids. The energy held by photosynthesis in the biomass may be recovered
quickly and cleanly using the pyrolysis method, which outperforms biological methods in
terms of effectiveness, cost, and energy balance [10]. Therefore, quantifying the potential of
biofuel generation from defatted algal biomass would be important for renewable energy
production.

Besides the biofuel generation from microalgal biomass, the environmental impact
of the pyrolysis process needs to be assessed to identify any trade-offs [11]. Some draw-
backs have been reported; for example, the relative contents of nitrogen compounds in the
residues of defatted microalgae could increase during the pyrolysis [12]. Furthermore, the
addition of a catalyst would increase the contents of CO in pyrolysis products of Haematococ-
cus pluvialis residues [13]. Moreover, the pyrolysis of Isochrysis after oil extraction required
2591 kJ/kg of energy [14]. The whole process of bioenergy production from microalgae
residues can be fully understood by using life cycle assessment (LCA) [15,16]. In differ-
ent culture conditions, such as using different wastewaters or modified wastewater, the
compositions of microalgae and subsequent microalgae residues would be impacted [17].
Consequently, the properties of the compositions of microalgae have a direct effect on
pyrolysis products [18]. The assessment of the pyrolysis of microalgae residues gained by
different culture methods has not hitherto been sufficiently investigated.

In this study, the algae strain Desmodesmus sp. was chosen as the model microalgal
species and cultured in modified anaerobic digestion wastewater (MAW), original anaerobic
digestion wastewater (AW), and BG11 media, respectively. The lipid was firstly extracted
from the microalgae cultivated in three culture medias, then, the algae residues were
pyrolyzed at a temperature range of 350 ◦C to 750 ◦C. The lipid contents and compositions
of microalgae were compared, and the differences in thermal decomposition behaviour
of three kinds of microalgae residues were evaluated. Through the evaluation of the
pyrolysis products, the optimum pyrolysis temperature was determined, and the life
cycle assessment was carried out. This study provides a new insight into the thorough
utilization of microalgae to produce high-quality biodiesel through the improvement of the
microalgae culture medium and the reuse of the defatted microalgal biomass. A follow-up
LCA analysis provides an environmentally sustainable view of the proposed strategy. The
results have great significance to the improvement of the microalgae culture medium,
the optimization of the technological process of biofuel production, and the strategy of
environmental control in the pyrolysis process.
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2. Materials and Methods
2.1. Algal Strain and Culture Conditions

Desmodesmus sp. EJ 8-10 (hereinafter referred to as EJ 8-10) is an algal strain that was
identified in a river in Beijing, China. With an initial inoculum ratio of 10% (v/v), EJ 8-10 was
pre-cultivated in flasks (250 mL). The following steps were the precise cultivation conditions:
BG11 medium (autoclaved) (Appendix A, Table A1); lighting intensity: 120 ± 2 mmol/m2/s;
temperature: 27 ± 1 ◦C; lighting period: 14 h:10 h (light:dark); pH: 7.5 [19]. Anaerobic
digestion wastewater (AW) was gathered from a pig farm in the Shunyi District of Beijing.
The supernatant was collected for microalgae cultivation after centrifugation (10,000 rpm,
15 min). The composition is shown in Table A2 (Appendix B). High concentrations of
NH4

+–N could reduce microalgal vitality; the collected supernatant was diluted to 10%
with deionized water [20]. To address the nutritional deficit in wastewater, the modified
anaerobic digestion wastewater (MAW) medium was created by additionally adding
ammonium ferric citrate (C6H8FeNO7), dipotassium hydrogenphosphate (K2HPO4), and
magnesium sulfate heptahydrate (MgSO4·7H2O) [21]. The standard medium of BG11
was used as a control group, and 0.1 OD680 of initial microalgal biomass was inoculated
into three mediums (AW, MAW, and BG11) and cultured for 14 days under identical
circumstances as previously indicated. The experiments were run three times for each
group.

2.2. Lipid Extraction and Fatty Acid Analysis

After culture, microalgae were collected by centrifuging at 10,000 rpm for 10 min.
The total lipid content was then determined by using an improved approach based on
Abou-Shanab et al. [22]. The mixed solvent (volume ratio of chloroform, methanol, and
water was 1:2:0.8) was added to ground algae powder (mass ratio of algae powder to
quartz sand was 1:3) and then oscillated for 5 min [23]. After standing for 15 min, the
mixture was centrifuged (6000 rpm, 2 min) and the upper extract was collected. After
the above operation was repeated for precipitation two times, all extracts were merged.
Extracts were mixed thoroughly with chloroform, methanol, and water until the final
volume ratio was 1:1:0.9. Chloroform solution was gathered following delamination of the
combination. Solvent chloroform was evaporated in a rotary evaporator (vacuum, 60 ◦C),
and the obtained lipid was weighed. We collected algae residues (hereinafter referred to
as AR) and used them for subsequent pyrolysis to prepare bio-oil. The experiments were
carried out three times for each group. The lipid contents were calculated by the following
formula:

C = W1/Wb × 100% (1)

where the lipid mass (mg) is W1, the algae mass (mg) is Wb, and the lipid content (%)
is C.

Preparative FAMEs and gas chromatography–mass spectrometry (GC–MS) analyses
were used to assess the fatty acid composition. The preparation process of FAMEs refers
to a method of Wang et al. [24]. We added 10 mL of the mixture (methanol, concentrated
sulfuric acid, and chloroform had a volume ratio of 4.25:0.75:5) to a screw-top glass
bottle (25 mL) containing 0.1 g of the sample [25]. In a 90 ◦C water bath (Cole-Parmer,
Vernon Hills, IL, USA), transesterification was performed for 90 min. A meticulous
collection of the FAME-containing chloroform layer was made for GC–MS analysis. A
flame ionization detector and an RTX-Wax capillary column (30 m 0.32 mm 0.25 mm;
Restek Corp., Bellefonte, PA, USA) were placed in the GC (QP2010; Shimadzu Corp.,
Kyoto, Japan). The oven’s temperature was initially set at 100 ◦C (held for three minutes),
then was increased to 200 ◦C at 4 ◦C/min, and increased to 250 ◦C (held for five minutes)
at 3 ◦C/min. The carrier gas (helium) flow rate was regulated at 30 mL/min, and the
injector temperature was fixed at 230 ◦C. The NIST Mass Spectral Database was used to
identify the FAME compounds, and the peak regions of the compounds were compared
to those of the external standard (C18:2) (Sigma Aldrich, Saint Louis, MN, USA) to
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determine their amounts [19]. The experiments were conducted three times for each
group.

2.3. Elemental Analysis, Thermogravimetric Analysis (TGA), and Pyrolysis of Algal Residues

Each lipid-extracted AR sample’s primary elements composition (C, H, N, and S) was
determined using an elemental analyzer (EA; Flash EA-1112, Thermo Scientific, Waltham,
MA, USA). The experiments were performed three times for each group. Using Equations
(2)–(4), the higher heating values (HHV) of AR samples were determined [26,27]:

HHV(OLS) = 1.87C2 − 144C − 2082H + 63.8C × H + 129N + 20147 (2)

HHV(PLS) = 5.22C2 − 319C − 1674H + 38.6C × H + 133N + 21028 (3)

HHV = [HHV(OLS) + HHV(PLS)]/2

= (3.55C2 − 232C − 2230H + 51.2C × H + 131N + 20600)× 10−3
(4)

where C, H, and N stand for the sample’s respective carbon, hydrogen, and nitrogen
contents (%), respectively.

In the TGA procedure, nitrogen (99.999% purity, 100 mL/min) was used as a shield-
ing gas while 2–4 mg samples were pyrolyzed from 50 ◦C to 800 ◦C at 20 ◦C/min.
The samples were pyrolyzed and examined using pyrolysis–gas chromatography–mass
spectrometry (Py–GC–MS), which consists of a rapid pyrolyzer (Frontier Labs 3030i,
Koriyama, Fukushima, Japan) coupled with a GC–MS (Agilent 7890A/5975C, Santa
Clara, CA, USA) in order to describe thermal decomposition behaviour and pyrolysis
products of AR.

The pyrolysis products at various pyrolysis temperatures (350 ◦C, 450 ◦C, 550 ◦C,
650 ◦C, and 750 ◦C) were examined to find the best pyrolysis conditions for AR. The
GC–MS was operating under the same circumstances as before. Pyrolysis products were
located by scanning the NIST11 database (National Institute of Standards and Technology,
Gaithersburg, MD, USA) for the resulting mass spectra [28].

2.4. Life Cycle Assessment (LCA)

To achieve a more comprehensive overview of energy consumption and environmental
impacts caused by the pyrolysis process (under corresponding optimal temperature) of
ARs obtained under different culture conditions, an LCA investigation was conducted [11].
The study’s chosen objectives and field of inquiry were compliant with the international
standards for life cycle assessments, i.e., ISO 14040 [29].

2.4.1. LCA Goals and System Boundaries

Utilizing LCA serves the objective of assessing the environmental impact of AR
gathered in various media on the manufacture of the best pyrolysis products. Figure 1
depicts the boundary of the system, and the energy consumption during system operation
is regarded as the input. The depreciation of pyrolysis equipment, the energy consumption
of adding additional nutrients to the modified medium, and the impact of microalgae
growth on the environment were excluded [30]. It is worth noting that the pollutants in the
process were not treated as extras.
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residues.

2.4.2. Selected Parameters to Describe the Environmental Impacts

The evaluation details four aspects of environmental impact, including photochemical
ozone synthesis (kg VOC, CO, CH4-eq), acidification (kg SO2, NOX-eq), eutrophication
(kg PO4, NOX-eq), and global warming (kg CO2, CH4, NOX, CO-eq) [31]. The energy
consumption and environmental impact was determined using 1 kg biomass dry weight EJ
8–10 residue for assessment.

2.4.3. LCA Stages

In order to examine the pyrolysis stage of AR, this study’s assessment ignored the
energy transfer in the pyrolyzer and instead focused on the energy consumption of the
pyrolysis furnace and online analysis [30]. The average energy consumption is 2.2 kWh
for each real-time analysis. Based on the pyrolysis product results, the energy required
to raise the temperature from ambient (25.6 ◦C) to each group’s optimum conditions was
estimated, and air pollutant emissions were determined using data from a prior study [11].

2.4.4. LCA Model

The formula below was used to determine environmental impact.:

EI = ∑[Qi × Fi] (5)

where EI stands for the environmental impact, Qi for the ith emission’s quantity, and Fi for
the influence of the ith emission on the environment as a whole [11].

Equation (6) was used to further standardize the EI for the comparative assessment of
various sorts of impacts [30]:

SEI = EI × R−1 (6)

where R is the accepted benchmark and SEI stands for the standardized environmental
effect.

The weighting factor was determined by the method of target distance as the following
equation (Equation (7)):

W = E × EN−1 (7)
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the unit (mPET2000) of standardized environmental potential impact is represented by the
standard person equivalent, and W is the weighting factor for each particular parameter. E
is the overall regional environmental impact potential in 1990, whereas EN is the regional
environmental impact potential in 2000 [31].

2.5. Plotting and Statistical Analysis

Origin 9.8 (OriginLab, Northampton, Massachusetts, USA) was used for plotting,
and data analysis was done by using SPSS 19.0 (IBM Corporation, Armonk, NY, USA).
Prior to statistical analysis, the data were examined for normality and homogeneity of
variance. Nonparametric test methods were employed for the analysis if the variables were
not normally distributed. If variables were normally distributed, the F-test (ANOVA) was
used to assess the significant difference in data. The significance level was 0.05. Data are
presented as mean ± standard deviation.

3. Results and Discussion
3.1. Microalgal Growth, Lipid Accumulation and Fatty Acid Composition

Overall, culturing microalgae with AW can obtain the highest lipid accumulation
(21.8%, Figure 2). Furthermore, the microalgae cultured in the modified anaerobic digestion
wastewater (MAW) had the highest biomass production (0.78 ± 0.01 g/L) compared
with those (0.35–0.54 g/L) in the other two groups. The outcomes demonstrated that
anaerobic digestion of wastewater could increase lipid accumulation when used to cultivate
microalgae. Tan et al. [32] explained that the anaerobic wastewater had balanced nutrients
with many trace elements that were not present in the medium, but the low content of trace
elements such as P, Fe and Mg in AW could not guarantee the rapid growth of microalgae.
Those nutrients are all necessary for photosynthesis at the growth stages of microalgae,
therefore, the biomass production of microalgae with the addition of P and Mg was the
highest in MAW [32]. However, the lipid content (14.2%) of microalgae decreased after
culturing in MAW. The main elements added to the modified medium were Mg and P, and
P could promote lipid accumulation [33]. However, Mg was related to photosynthesis, and
microalgae might first choose to accumulate carbohydrates instead of lipids in the case of
sufficient carbon sources [34]. Therefore, it was possible that lipid content was lower in
modified wastewater. In this experiment, the lipid productivity of microalgae in MAW was
higher than that found in the study by Chinnasamy et al. [35], which may be due to the
nutrient shortage in the medium during the microalgae growth.
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The first step of lipid extraction was conducted to evaluate the content of different
compositions. The AW group had the largest amounts of saturated fatty acids (SFAs),
polyunsaturated fatty acids (PUFAs), and monounsaturated fatty acids (MUFAs) of the
three groups (Appendix C, Table A3). These three fatty acids were frequently used in
skin care products, and when cultured with AW, their production was boosted (Figure 3a).
When compared with Desmodesmus sp. cultured with 10% original wastewater (48.37 mg/g)
in the study of Li et al. [19], the total fatty acids content was lower than that of microalgae
harvested from the AW medium (74.74 mg/g); higher P content in AW medium may
contribute to the higher fatty acids content in the microalgae. Microalgae cultured in
wastewater had advantages in their contents of pentadecanoic acid, heptadecanoic acid,
heptadecenoic acid (cis-10), eicosenoic acid and linoleic acid (Figure 3a), among which
pentadecanoic acid, margaric acid, paullinic acid and linoleic acid are widely used in
medical, pharmaceutical, and nutritional fields [36]. Heptadecenoicacid (cis-10) could
balance the low temperature resistance and combustion performance of biodiesel, and play
an important role in the production of biodiesel. In addition, the contents of pentadecenoic
acid, hexadecanoic acid and octadecadienoic acid (anti-9,12) were significantly increased
(p < 0.05) after culturing microalgae with modified wastewater (Figure 3b). These fatty
acids are important industrial raw materials for the preparation of medicines, emulsifiers,
and detergents, respectively. Hexadecanoic acid and octadecadienoic acid (anti-9,12) were
two of the most suitable biofuel sources extracted from microalgae, and ARs obtained from
modified anaerobic digestion wastewater were advantageous for these molecules, which
coincide with the research of Wang et al. [24]. The lipid contents of microalgae from MAW
(129.20 mg/g) were higher than those cultured with original piggery effluent (48.37 mg/g);
the MAW (4.91 mg/L) contained higher P contents compared with the original piggery
effluent (3.10 mg/L), which could theoretically contribute to a higher accumulation of lipid
content in the microalgae [19]. Similar to the research of Moradianetal et al. [3], microalgal
biomass has received much attention and esteem because of their powerful capabilities in
various aspects of life and industry.
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3.2. Properties and Thermogravimetric Analysis of Microalgal Residues

Though with economic advantages, AW could significantly (p < 0.05) reduce the
content of C, H, and N, leading to a decreased HHV when compared with the BG11 group.
However, MAW could address this issue by increasing the C and H content to 47.24 ± 0.01%
and 7.49 ± 0.28%, respectively. Notably, the contents of C and H were the key parameters
determining the HHV of material, and the AR of MAW had a higher HHV, indicating a
higher energy density, which would promote further pyrolysis products. The samples of
Huang et al. [12] showed no significant difference in HHV before and after lipid extraction,
indicating a similar energy potential of the material and residues of microalgae. It was
clear from the results that further studies to convert microalgal residues into energy-related
products are feasible.

TGA data, meanwhile (Figure 4a), added to the argument. In comparison to those
harvested in BG11 and AW, microalgal residues harvested in MAW medium showed a
slower rate of weight loss throughout the pyrolysis stage. Due to the continuing decom-
positions and carbonizations of AR, TG decreased slowly at the stage above 550 ◦C [37].
Microalgal residues obtained from the MAW had the highest contents of C (Table 1), which
improved the thermal resistance of the AR and resulted in the highest amounts of thermal
residues (46.75 wt%) [38]. Notably, the contents of N and S were also elevated in the group
of MAW, indicating a potential higher production of harmful compounds, e.g., NOx, SO2,
and HCN, during pyrolysis or subsequent combustion and upgrading processes. Therefore,
a pyrolysis compound analysis for both valuable and toxic compounds was conducted.
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Table 1. Elemental analyses and the higher heating values (HHV) of microalgae biomass cultivated
in BG11, AW and MAW media.

C (%) H (%) N (%) S (%) HHV (MJ/kg)

BG11 35.01 ± 0.06 5.97 ± 0.01 8.04 ± 0.03 0.60 ± 0.01 15.27 ± 0.01
AW 21.87 ± 0.04 4.93 ± 0.05 5.81 ± 0.03 0.68 ± 0.11 12.51 ± 0.05

MAW 47.24 ± 0.01 7.49 ± 0.28 11.25 ± 0.16 0.95 ± 0.01 20.45 ± 0.07

3.3. Valuable and Toxic Pyrolysis Products of Algal Residues

Ingredients of the medium and pyrolysis temperatures could affect pyrolysis products,
and forasmuch, the present study compared the pyrolysis products of microalgal residues
from different microalgae media (BG11, AW and MAW) and different pyrolysis temper-
atures (over the range 350–750 ◦C). Consistent with other research results [39], aromatic
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hydrocarbons (benzenes, indenes, and their derivatives), aliphatic hydrocarbons (alkanes
and olefins), phenols, fatty acids, nitrogen-containing compounds (amides, nitriles, and
pyridines), polycyclic aromatic hydrocarbons (PAHs), and other trace components made
up the majority of the pyrolysis products of ARs (ketones, alcohols, aldehydes, and furans).

3.3.1. Valuable Compounds

Among all pyrolysis products, aliphatic hydrocarbons are some of the products with
economic value, which have great significance in the production of bio-oils. The percentage
of valuable compounds in the pyrolysis products of microalgal residues from the MAW
medium increased as the pyrolysis temperature rose from 350 to 750 ◦C and showed a
single peak at 650 ◦C (39.47%, Figure 5a, Table A4 in Appendix D); compared with results
of the BG11 (38.08%, 750 ◦C) and AW (36.05%, 750 ◦C) groups, MAW groups significantly
reduced the pyrolysis temperature of optimal content and increased the relative content
of valuable compounds in the pyrolysis products. The content of valuable compounds
obtained by pyrolysis in microalgae residues from the MAW medium (39.47%) was higher
than that from original anaerobically digested effluent medium (19.83%). The results agreed
with the previous study that the content of valuable compounds from pyrolysis production
in MAW medium increase by adding chemical components (ammonium ferric citrate,
dipotassium hydrogenphosphate, and magnesium sulfate heptahydrate) [12]. Moreover,
aromatic hydrocarbons in pyrolysis products are also high-value compounds, which can
be used as transportation fuel additives in industry, and can also elevate octane numbers,
thereby enhancing combustion efficiency [40]. The results showed that contents of aromatic
hydrocarbons in the pyrolysis products of three groups of AR showed similar trends;
aromatic hydrocarbons were the most abundant components in all pyrolysis products,
and achieved the maximum value at 750 ◦C with the increase of pyrolysis temperature.
The contents of aromatic hydrocarbons in the pyrolysis products of ARs in both BG11
(27.16%) and AW (24.54%) media were all lower than those in the MAW (32.07%) groups
by comparison.

3.3.2. Toxic Compounds

Due to insufficient breakdown during pyrolysis, microalgae leftovers may potentially
produce hazardous chemicals such as nitrogen-containing compounds and polycyclic
aromatic hydrocarbons (PAHs), in addition to beneficial molecules, affecting the quality of
bio-oil products and affecting environmental pollution with excessive emission of nitrogen
oxides [41]. In the current investigation, there was a strong association (r = 0.93, 0.89,
0.87; p < 0.01) between pyrolysis temperatures and the relative concentrations of nitrogen-
containing chemicals; the contents of nitrogen-containing compounds and PAHs produced
by pyrolysis of microalgae residues in MAW groups (16.48%, 0%; 650 ◦C) were lower than
those in the BG11 groups (26.60%, 2.15%; 750 ◦C) and AW groups (24.33%, 2.97%; 750 ◦C) at
the temperature at which the maximum quantity of valuable pyrolysis products emerged.
Except for nitrogen-containing compounds and PAHs, sulphides were also toxic products
to consider. The ARs of MAW groups had the highest sulphur contents (0.95 ± 0.01%,
Table 1), indicating that there might be a high potential for the production of sulphur
dioxide, SO2, during the pyrolysis process, and further improvement was needed [42].

In conclusion, when compared to BG11 and AW media, ARs from the MAW medium
promoted higher levels of valuable compounds (such as aromatic hydrocarbons and
aliphatic hydrocarbons), while the levels of toxic substrates (such as nitrogen-containing
compounds and PAHs) were not significantly different (p > 0.05). It is important to note
that choosing the ideal pyrolysis temperature involves more than just balancing the needs
of the goal product with the trade-offs between harmful substances, valuable products, and
energy consumption.
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results are shown in Table A4 (Appendix D).

3.4. Life Cycle Assessment of Microalgal Residues Pyrolysis

LCA was applied to the process of pyrolysis of microalgal residues in three media at
the optimum pyrolysis temperature (650 ◦C), and the pyrolysis of ARs in the BG11 medium
required the most energy (7463.5 MJ/kg); directly using anaerobic digestion wastewater
(AW) reduced the required energy by 15.93%, and in the modified anaerobic digestion
wastewater (MAW) group, it was further reduced by 7.09%. This was mostly related
to an increase in biomass output in wastewater that had been modified and included
more plentiful and balanced nutrients for microalgal growth [31]. The pyrolysis products
from MAW groups generated overall lower environmental impacts (total, 388.9 mPET2000,
Figure 6) for all four parameters selected, and led to a lower total environmental impact
than the pyrolysis processes of AR obtained from AW (total, 418.1 mPET2000) and BG11
(497.3 mPET2000) media. The relative distribution of each environmental category during
the pyrolysis operations did not differ significantly (p > 0.05) across the various groups
(Figure 6). Eutrophication, which was primarily brought on by NOx emissions, was
induced by all groups’ combined largest contributions (285.3, 239.8, and 222.8 mPET2000 by
BG11, AW, and MAW, respectively) [41]. While the microalgae were given the ability to
photosynthesise, the effects of pyrolysis product creation on global warming (13.6, 11.4, and
10.6 mPET2000 by BG11, AW, and MAW, respectively) were minimal. In summary, compared
with the other two cultivation methods, modified anaerobic digestion wastewater could
not change the proportion of a single environmental impact, but could significantly reduce
total environmental impacts.
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3.5. Future Perspectives

In the process of microalgae growth, C source and N sources are the main nutrient
sources for microalgae. The effluent of anaerobic digestion is a cheap and directly applicable
nutrient source, and the cost of microalgae culture will be greatly reduced. In a real biogas
project, while producing clean energy, the anaerobic digestion broth could be used to culture
microalgae [43]. After extracting oil, the pyrolytic algae residues could also convert wastes
into industrial available energy. This could solve problems of the high transportation cost
of anaerobic digestion broth, as well as increased pollution to the surrounding environment
in biogas engineering. Industries could avoid the loss and waste of beneficial elements,
and produce new bioenergy at the same time, which could not only meet the goal of
sustainable development, but also reduce carbon emissions. In the conversion process
of biodiesel, biomass needs to be separated or purified. The transesterification reaction
requires the installation of methanol recovery equipment, and due to the formation of
soap, the treatment process is complex, and the purification of the product is difficult. In
addition, with the increase of contents of S and N in ARs, harmful substances produced
during pyrolysis will increase, such as sulphides and nitrogen-containing compounds [44].
The technological process should be further optimized to avoid the increase of harmful
substances and increase the content of bio-oil at the same time.
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4. Conclusions

The modified anaerobic digestion wastewater (MAW), through the extra additions
of C6H8FeNO7, K2HPO4, and MgSO4·7H2O, could significantly promote lipid quality in
microalgal biomass, towards enhancing the quality of biofuels. The modified medium
also improved the composition and properties of microalgal residues after the first step
of lipid extraction, resulting in higher thermal resistance (thermal residue was 46.75 wt%)
when compared to that from anaerobic digestion wastewater (AW) (17.61 wt%) and the
standard BG11 (36.72 wt%) cultivation medium. MAW groups significantly reduced
the pyrolysis temperature (650 ◦C) of optimal content and increased the relative content
of valuable pyrolysis products, of which aliphatic hydrocarbons were 1.9 and 2 times
as abundant as other groups, respectively, along with decreasing the contents of toxic
compounds (nitrogen-containing compounds and PAHs) in products. Moreover, compared
with the other two cultivation methods, MAW could not change the proportion of single
environmental impacts, but could significantly reduce total environmental impacts when
compared with the BG11 (reduced by 21.79%) and AW (reduced by 6.97%) groups, as
indicated by the LCA.
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Appendix A

Table A1. The components of BG11 medium.

No. Chemicals Concentration (g/L)

1 NaNO3 1.5
2 K2HPO4 3 × 10−2

3 MgSO4·7H2O 7.5 × 10−2

4 CaCl2·2H2O 36 × 10−2

5 Iron Citrate 6 × 10−3

6 Ammonium Citrate 6 × 10−3

7 EDTA 1 × 10−3

8 Na2CO3 6 × 10−3

9

H3BO3 2.86 × 10−3

MnCl2·4H2O 1.81 × 10−3

ZnSO4·7H2O 2.22 × 10−4

NaMoO4·5H2O 3.9 × 10−4

CuSO4·5H2O 7.9 × 10−5

Co(NO2)2·6H2O 4.94 × 10−4
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Appendix B

Table A2. The components of 10% (v/v) AW.

Components Concentration (mg/L)

NH4
+-N 42.8

PO4
3− 2.09

TN 50.92
TP 2.31

Appendix C

Table A3. Compositions of fatty acids, including saturated fatty acids (SFA), monounsaturated fatty
acids (MUFA) and polyunsaturated fatty acids (PUFA), of microalgae cultivated in BG11, AW and
MAW medium, respectively.

Fatty Acids
Sort Fatty Acids Fatty Acids

Form BG11 AW MAW
mg/g % mg/g % mg/g %

SFA

Tannic acid C10:0 0.576 ± 0.007 0.35 0.599 ± 0.003 0.27 0.514 ± 0.001 0.36
Hendecanoic acid C11:0 0.417 ± 0.003 0.25 0.272 ± 0.001 0.12 0.211 ± 0.001 0.15
Dodecanoic acid C12:0 3.809 ± 0.037 2.29 2.618 ± 0.004 1.20 1.518 ± 0.006 1.07
Tridecanoic acid C13:0 1.017 ± 0.025 0.61 0.177 ± 0.002 0.08 0.199 ± 0.001 0.14

Myristic acid C14:0 0.391 ± 0.006 0.24 0.249 ± 0.003 0.11 0.171 ± 0.003 0.12
Pentadecanoic acid C15:0 0.655 ± 0.006 0.39 5.514 ± 0.008 2.53 2.892 ± 0.015 2.04
Hexadecanoic acid C16:0 0.936 ± 0.010 0.56 0.976 ± 0.002 0.45 0.462 ± 0.003 0.33
Heptadecanoic acid C17:0 2.537 ± 0.033 1.53 4.897 ± 0.006 2.25 2.350 ± 0.011 1.66

Octadecanic acid C18:0 0.363 ± 0.007 0.22 0.939 ± 0.003 0.43 0.609 ± 0.002 0.43
Henicosanoic acid C21:0 1.879 ± 0.052 1.13 0.262 ± 0.004 0.12 0.237 ± 0.001 0.17

MUFA

Tetradecenoic acid (cis-9) C14:1 0.364 ± 0.004 0.22 0.437 ± 0.005 0.20 0.431 ± 0.003 0.30
Pentadecenoic acid C15:1 0.561 ± 0.009 0.34 0.326 ± 0.002 0.15 0.968 ± 0.005 0.68
Hexadecanoic acid C16:1 0.428 ± 0.005 0.26 0.460 ± 0.003 0.21 1.440 ± 0.004 1.01

Heptadecenoic acid (cis-10) C17:1 0.716 ± 0.010 0.43 1.310 ± 0.110 0.60 0.618 ± 0.003 0.44
Octadecenoic acid (cis-9) C18:1n9c 1.518 ± 0.024 0.91 1.799 ± 0.006 0.83 1.302 ± 0.006 0.92

Eicosenoic acid C20:1 11.501 ± 0.124 6.93 25.597 ± 0.081 11.74 9.459 ± 0.052 6.66

PUFA

Octadecadienoic acid (cis-9,12) C18:2n6t 14.219 ± 0.326 8.57 13.026 ± 0.066 5.98 11.550 ± 0.043 8.13
Octadecadienoic acid (anti-9,12) C18:2n6c 1.213 ± 0.015 0.73 0.219 ± 0.001 0.10 2.168 ± 0.011 1.53

Octadecatrienoic acid (cis-9,12,15) C18:3n6 1.100 ± 0.020 0.66 0.239 ± 0.001 0.11 0.157 ± 0.001 0.11
Linoleic acid C18:3n3 0.944 ± 0.031 0.57 12.457 ± 0.041 5.71 2.126 ± 0.357 1.50

Eicosadienoic acid (cis-11,14) C20:2 0.211 ± 0.003 0.13 0.689 ± 0.002 0.32 0.210 ± 0.001 0.15
Eicosatrienoic acid (cis-8,11,14) C20:3n6 0.266 ± 0.006 0.16 0.262 ± 0.002 0.12 0.242 ± 0.002 0.17
Arachidonic acid (cis-5,8,11,14) C20:4n6 0.290 ± 0.001 0.17 0.502 ± 0.003 0.23 0.126 ± 0.001 0.09
Docosadienoic acid (cis-13,16) C20:2 0.876 ± 0.022 0.53 0.918 ± 0.036 0.42 0.442 ± 0.010 0.31

Appendix D

Table A4. The product contents of microalgae residues obtained from three kinds of medium (BG11,
AW and MAW) at different pyrolysis temperatures.

Medium Pyrolysis Products Temperature
(%) 350 ◦C 450 ◦C 550 ◦C 650 ◦C 750 ◦C

BG11

Aliphatics 0.13 2.61 8.25 11.51 6.29
Aromatics 0.00 3.11 7.54 13.03 27.16
Fatty acids 6.76 5.30 3.18 0.15 0.27
Phenols 0.34 1.76 3.20 5.47 4.36
Nitrogen-containing compounds 4.50 6.06 7.35 16.10 26.60
PAHs 0.00 0.00 0.00 0.23 2.15
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Table A4. Cont.

Medium Pyrolysis Products Temperature
(%) 350 ◦C 450 ◦C 550 ◦C 650 ◦C 750 ◦C

AW

Aliphatics 0.76 6.32 3.10 7.03 5.16
Aromatics 1.17 0.90 11.66 11.89 24.54
Fatty acids 0.48 1.26 0.00 0.00 0.00
Phenols 0.34 0.00 4.05 3.66 6.35
Nitrogen-containing compounds 6.52 3.43 14.14 13.46 24.33
PAHs 0.00 0.00 0.00 0.00 2.97

MAW

Aliphatics 0.55 4.45 5.50 11.13 2.25
Aromatics 0.19 4.03 8.16 24.46 32.07
Fatty acids 0.00 0.13 0.18 0.00 0.00
Phenols 0.00 2.06 3.75 3.88 5.08
Nitrogen-containing compounds 8.52 11.26 10.88 16.48 31.64
PAHs 0.00 0.00 0.00 0.00 3.10
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Abstract: Red mud (RM) is composed of a waste alkaline solution (pH = 13.3) obtained from the pro-
duction of alumina. It contains high concentrations of hematite (Fe2O3), goethite (FeOOH), gibbsite
[Al(OH)3], a boehmite (AlOOH), anatase (Tetragonal–TiO2), rutile (Ditetragonal dipyramidal–TiO2),
hydrogarnets [Ca3Al2(SiO4)3−x(OH)4x], quartz (SiO2), and perovskite (CaTiO3). It was shown to
be an excellent catalytic mixture for biodiesel production. To demonstrate the value of RM, an
environmentally friendly process of transesterification in aqueous medium using waste cooking oil
(WCO), MeOH, and waste alkaline solution (WAS) obtained from aluminum production was pro-
posed. Triglycerides of WCO reacted with MeOH at 60 ◦C to yield mixtures of fatty acid methyl esters
(FAMEs) in the presence of 0.019% (w/w) WAS/WCO using the WAS (0.204 mol L−1, predetermined
by potentiometric titration) from aluminum production by the Bayer process. The use of the new
catalyst (WAS) resulted in a high yield of the products (greater than 99% yield).

Keywords: environmentally friendly processes; bayer residue; waste management; basic catalyst;
contaminants; red mud; fatty acid methyl ester

1. Introduction

Waste alkaline solution (WAS) and red mud (RM) (bauxite residue, bauxite tailings, red
sludge, or alumina refinery residues) are industrial wastes generated during the processing
of bauxite into alumina using the Bayer process (over 95% of the alumina is produced glob-
ally through the Bayer process) [1–5]. With every ton of alumina produced, approximately
1 to 1.5 tons of RM is also produced. Annual production of alumina in 2020 was over
133 million tons, resulting in the generation of over 175 million tons of RM [6]. Because
of this large production and the material’s high alkalinity (pH of 10.5–12.5) caused by
an elevated Na content and high concentrations of potentially toxic metals [7,8] and po-
tential leaching (groundwater, surface waters, soils, and ocean ecosystems), it can pose a
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significant environmental hazard if not stored properly. Its storage is a critical environ-
mental problem [9–16]. This material is typically stored in dams, which demands prior
preparation of the disposal area and includes monitoring and maintenance during the
storage period [17].

A small residual amount of the sodium hydroxide used in the process remains with
the residue. Various stages in the solid/liquid separation process have been introduced to
recycle as much hydroxide as possible from the residue back into the Bayer process to make
the process as efficient as possible and to reduce production costs. These modifications
also decrease the final alkalinity of the residue, making it easier and safer to handle
and store [18].

The present study discusses the technical viability of RM valorization. The authors
proposed the utilization of residual WAS from the aluminum industry for the first time as a
catalyst in the transesterification reaction in aqueous medium for the production of fatty
acid methyl esters (FAME).

FAME, or biodiesel, according to the American Society for Testing and Materials
(ASTM) and European standards (EN), is a fuel consisting of “long chain fatty acids
of mono-alkyl esters derived from renewable fatty raw material such as animal fats or
vegetable oils” [19]. FAME content needs to be higher than 96.5 wt.%. The total glycerol,
including bound glycerol [in glycerides such as monoglycerides (MGs), diglycerides (DGs),
and triglycerides (TGs)] and unbound glycerol (free glycerol), needs to be limited to
0.24 and 0.25 wt.% by ASTM and EN standards, respectively.

In the search for an environmentally friendly method for biodiesel synthesis by trans-
esterification of TGs, several alternatives for catalysis have been explored. In general,
catalysts that can be used for producing biodiesel are divided into three categories: acidic,
alkaline, and biocatalysts. Acidic and alkaline catalysts are classified into two groups:
homogeneous and heterogeneous catalysts.

Catalysts play a vital role in the transesterification process. Both the amount and type
of catalyst affect the rate of reaction and conversion efficiency. Homogeneous catalysts
function in the same phase as the reactants and can be categorized into homogeneous base
catalysts and homogeneous acid catalysts. Currently, most FAMEs are produced by the
base-catalyzed transesterification reaction because of its high conversion rate, negligible
side reactions, and short reaction time. It is a low-pressure and low-temperature process,
which occurs without the formation of intermediate substances. Despite these advantages,
homogeneous base catalysts have some weaknesses. The production of biodiesel from
feedstocks with a high free fatty acid (FFA) content is limited. It was reported by some
researchers that homogeneous base catalysts are only effective for the production of FAME
via the transesterification process using the feedstocks with an FFA content of less than
2 wt.% [20]. When FFA content is >2%, the catalyst reacts with FFA to produce soap and
water. The soap inhibits the separation of FAME and glycerin, and the water can hydrolyze
the esters in a reaction that competes with the transesterification.

In transesterification reactions of TGs catalyzed by homogeneous bases, FAME and
glycerol are produced. Zhang, Stanciulescu, and Ikura (2009) demonstrated that the use
of phase transfer agents (PTA) greatly increased the rate of the base-catalyzed transesteri-
fication reaction [21]. A product containing 96.5 wt.% was obtained after only 15 min of
rapid reaction at 60 ◦C in the presence of tetrabutylammonium hydroxide or acetate. The
reaction was performed in the presence of MeOH, glycerol, refined and bleached soybean
oil, and the basic catalyst, without the presence of water.

Recently, we also studied the acid-catalyzed transesterification reaction using WCO
and a solid acidic catalyst (SiO2-SO3H) in the presence of quaternary ammonium salts
as co-catalysts in toluene and DMSO [22]. We decided to study the transesterification
reaction in a medium containing WAS. This study sought to utilize the industrial residues
(RM; WAS) to increase their value and decrease the environmental problems resulting from
the storage of these residues.
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2. Experimental
2.1. Raw Materials and Chemicals

RM containing WAS was collected from ALCOA (Juruti, PA, Brazil). WCO (soybean)
was donated by the university restaurant, and it was filtered through silica gel, which
removed any fatty acids (FA) and polar and polymeric substances prior to use. The physical
parameters determined for the yellow oil were the viscosity (41.2 mPa) and the density
(0.883 g·mL−1). MeOH (analytical grade) was supplied by Vetec, São Paulo, Brazil.

2.2. Typical Procedures
2.2.1. Standardization of the WAS Generated during the Processing of Bauxite into
Alumina Using the Bayer Process

WAS (1.60 mL) was diluted to 100 mL. An aliquot of 1.00 mL was removed and diluted
again to 100 mL. A 25 mL aliquot was collected from this solution and titrated with a
0.0017 M HCl solution using 0.48 mL of HCl solution. Titration was accomplished using an
SI Analytics Titrator TitroLine® 7000 potentiometric titrator. The concentration of WAS was
determined as 0.204 mol L−1.

2.2.2. Elemental Analysis Based on Energy-Dispersive X-ray Fluorescence (EDXRF) of
Dehydrated WAS (Dry Solid) (Chemical or Elemental Composition of WAS)

The pH of the original WAS from RM was 13.3. The WAS sample was previously
dried for 24 h in a muffle furnace at 150 ◦C. The equipment used in this procedure was an
X-ray fluorescence spectrometer, model EDX 720 (Shimadzu®; Kyoto, Japan), equipped
with an X-ray tube and the use of liquid nitrogen for cooling. The software used was
PCEDX, version 1.11 Shimadzu®. Energy scattering X-ray fluorescence is a non-destructive,
multi-element analytical technique capable of identifying elements with an atomic number
Z greater than or equal to 12. When the electrons of the innermost layer of the atom
(for example, K and L) interact with photons in the X-ray region, then these electrons are
ejected, creating a vacancy. To promote stability, the electronic vacancies are immediately
filled by electrons from the closest layers (Kα, Kβ or Lα, Lβ), resulting in an excess of energy
in the process, which is manifested in the form of the emission of X-rays characteristic of
each atom present in the sample.

The EDXRF is an apparatus used for the quantitative and quali-quantitative determi-
nation of chemical elements in a wide range of samples. The analyses carried out in this
work used qualitative and quantitative determination, with only the pre-calibration of the
equipment (Al ≥ 80% and the detection of Sn and Cu), using only atmospheric air, and
restricting the detection of metals included between 13Al and 92U. The samples were placed
in sample holders made of polypropylene film and the analysis conditions were as follows:
10 mm collimator, scans with voltages of 0–40 KeV (Ti-U) and 0–20 KeV (Na-Sc) with a time
of 100 s for each sample.

In this method, the material to be analyzed is targeted with an X-ray beam that interacts
with the atoms of the sample and causes the ionization of the innermost layers of the atoms.
The filling of the resulting vacancies by more peripheral electrons induces the emission of
X-rays characteristic of the constituent elements of the sample. The elemental composition
of WAS analyzed by EDXRF was the following (in wt.%) (see Table 1): Al, 54.58; Si, 39.54;
K, 1.99; V, 1.88; Ga, 0.95; Cs, 0.33; Cr, 0.174; Fe, 0.142; Br, 0.089; Cu, 0.079; Mo, 0.069; Tl, 0.064;
Ag, 0.064; and Zr, 0.047. EDXRF was used as a method for semi-quantitative elemental
analysis, and the titanium derivatives were not quantified. Their concentrations were lower
than the quantification limit. However, their presence was clearly observed in the powder
XRD spectra.

2.2.3. Experimental X-ray Diffraction of Dehydrated WAS and Characterization of the
Material by Powder XRD

The measurements were performed with a Shimadzu model XRD-6000 diffractometer
using CuKα monochromatic radiation (λ = 0.15406 nm–40 kV and 30 mA) at a scan rate
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of 2.0 degrees·s−1, covering the 2θ scale from 10–80◦. WAS was dried at 150 ◦C before
experimental X-ray diffraction. The XRD patterns of the dehydrated WAS (200 ◦C) are
shown in Figure 1. The most common mineral phases present in the WAS were hematite
(Fe2O3), goethite (FeOOH), gibbsite (Al(OH)3), a boehmite (AlOOH), titanium mineral
as anatase (Tetragonal–TiO2), rutile (Ditetragonal dipyramidal–TiO2), and the hydrogar-
nets group [Ca3Al2(SiO4)3−x(OH)4x], such as Fe3Al2(SiO4)3, quartz (SiO2), and perovskite
(CaTiO3). Iron crystalline phases were identified in the XRD diffractograms as hematite
and goethite phases, and they were attributed in 2θ = 34.4◦, 35.5◦, 41.5◦, 50.6◦, 53.7◦, 56.5◦,
23.4◦, and 33.5◦, respectively. Aluminum crystalline phases were identified as gibbsite
and boehmite and were attributed in 2θ = 18.6◦, 21.1◦, 30.2◦, 38.1◦, and 48.3◦, respec-
tively. The aluminosilicate crystalline phase was attributed to the hydrogarnets group with
2θ = 40◦, 44.8◦, 52◦, 54.8◦, and 67.4◦. The silicon crystalline phase was attributed to quartz
with 2θ = 60.8◦ and 63.9◦. Finally, titanium crystalline phases were the last type of mate-
rial identified as titanium dioxide and perovskite by XRD diffractograms, with signals in
2θ = 26.1◦, 27.8◦, 62.1◦, 46.7◦, 59◦, and 69.3◦, respectively. The WAS composition agrees
with that of the EDXRF identification, in which aluminosilicate was confirmed to be the
principal component, with traces of iron, chromium, and copper that can act as active
species in the catalysis or in a synergistic catalysis process with potassium [23,24].

Table 1. The elemental composition of WAS determined by EDXRF.

Elemental Composition wt.%

Al 54.58

Si 39.54

K 1.99

V 1.88

Cs 0.330

Cr 0.174

Fe 0.142

Br 0.089

Cu 0.079

Mo 0.069

Tl 0.064

Ag 0.064

Zr 0.047
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2.2.4. Thermal Gravimetric (TG) Analysis Technology of Dehydrated WAS

WAS had been dried at 150 ◦C before thermogravimetric analysis. The TG curve
(Figure 2, red) of the WAS indicated an intense mass loss (i.e., 76%) between the initial
heating phase, 30 ◦C up to 253 ◦C, with a corresponding endotherm displayed by the
simultaneous DTA curve (Figure 2, black), which is equivalent to the removal of moisture
from the sample. A small endothermic peak around 300 ◦C (Tonset 274.4 ◦C) was observed
in the DTA curve without mass loss in the same temperature range. It corresponds to
the melting of the residue obtained at a temperature greater than 253 ◦C. The highlighted
photos show the crucible containing the sample before (upper left) and after (upper right)
the analysis. Note the presence of a white solid residue representing 24% of the sample.
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2.2.5. Reacting the TGs from WCO with MeOH Using WAS as Catalyst

The procedure utilized for the transesterification reaction was based on various trials
to determine the optimum conditions for this reaction. A 150-mL round bottom flask,
equipped with a reflux condenser, containing WAS (0.204 mol L−1; or 0.019% w/w of
WCO) with MeOH (3.75 mL, 2.9738 g, 0.0928 mol; or a 1:18 molar ratio of WCO/MeOH)
and WCO (4.4170 g, 5.0 mL; 5.0510−3 mol) were mixed, and the mixture was refluxed for
30 min at 60 ◦C. The mixture was cooled and transferred to a separatory funnel where the
biofuel-containing upper phase was separated from the lower phase containing glycerol
by decantation. The MeOH was removed from the biodiesel phase on a rotary evaporator,
purified by distillation, and used in new reaction processes within this study. The recovered
glycerol was stored for future treatments. The biofuel phase was dissolved in hexane
(20 mL), extracted with 20 mL of a saturated solution of NaCl, dried over MgSO4, and
concentrated.

2.3. WCO and Biodiesel Analysis

The official methods proposed by ISO 12966 were used to determine the compositional
profile by gas chromatography using a flame ionization detector (GC-FID) (Shimadzu GC-
2010). The chromatographic system used to separate and identify FFAs (wt.%) included a cross-
bound polyethylene glycol capillary column (Supelco SP 2560, 100 m × 0.25 mm × 20 µm).
The initial temperature was 60 ◦C for 2 min; the temperature increased to 220 ◦C at
10 ◦C·min−1, and finally, to 240 ◦C at 5 ◦C·min−1, where it was held for 7 min. The injector
and detector temperatures were 350 ◦C, and the sample (0.5 µL injected) was dissolved in
99% isooctane.
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The EN 14103 and the Brazilian Technical Standards Association (ABNT NBR 15908)
were used to quantify FAMEs and remaining mono-, di-, and triglycerides (MG, DG, TG)
in the FAME (biodiesel). For quantification of FAMEs, a Thermo Trace GC-Ultra chromato-
graph equipped with a flame ionization detector and a Thermo Scientific TR-BD (FAME)
Capillary GC Column (L × I.D. 30 m × 0.25 mm, df 0.25 µm) containing a polyethylene
glycol stationary phase was used, according to the EN 14103 analytical procedure. Pure
methyl nonadecanoate (C19:0, Sigma-Aldrich—Sao Paulo, Brazil) was used as an internal
standard to normalize the peak areas of the chromatograms. The integration was achieved
from the methyl hexanoate (C6:0) peak to that of the methyl nervonate (C24:1), including
all the peaks identified as FAMEs. To analyze the FAME samples, approximately 100 mg
(accuracy ± 0.1 mg) of homogenized sample and approximately 100 mg (accuracy ± 0.1 mg)
of nonadecanoic acid methyl ester were weighed in a 10 mL vial and diluted with 10 mL of
toluene before injection into the equipment. All the samples were prepared in duplicate.
Chromatographic conditions are described as follows: (a) column temperature: 60 ◦C held for
2 min, programmed at 10 ◦C·min−1 to 200 ◦C, and then programmed at 5 ◦C·min−1 to 240 ◦C;
the final temperature was held for 7 min; (b) injector and detector temperature: 250 ◦C;
(c) helium carrier gas flow rate: 1–2 mL·min−1; a minimum flow rate of 1 mL·min−1 was
warranted when operating at the maximum temperature; (d) injected volume: 1 µL; and
(e) split flow: 100 mL·min−1.

For the quantification of the glycerides (MG, DG, and TG), a Shimadzu GC2010 chro-
matograph equipped with a flame ionization detector was used according to the ASTM
D6584 analytical procedure. The chromatographic system was configured to separate and
identify MG, DG, and TG with a CrossbondTM 5% Phenyl/95% dimethylpolysiloxane capil-
lary column (Zebron ZB-5HT, 30 m × 0.32 mm × 0.1 mm–Phenomenex, Torrence, CA, USA)
with on-column injection. The initial temperature in the capillary column was 50 ◦C (1 min);
the temperature increased to 180 ◦C at 15 ◦C min− to 230 ◦C at 7 ◦C·min−1, and finally, to
380 ◦C at 20 ◦C·min−1, where it was held for 10 min. The injector and detector temperatures
were 380 ◦C, and the sample (0.5 mL injected) was prepared using heptane 99%. 1H- and
13C-NMR spectra were recorded on Bruker Avance 400 and Avance 500 spectrometers. These
data are included in the Supplementary Material.

Thermogravimetry Analysis

The thermal behavior of FAME was evaluated by thermogravimetry (TG), and the data
were treated simultaneously in the first derivative, thermogravimetry derivative (DTG),
and differential thermal analysis (DTA). TG/DTA curves were obtained on a DTG60H
Shimadzu thermobalance; the heating rate was 10 ◦C·min−1 and the temperature range was
25–350 ◦C under a controlled nitrogen atmosphere at 50 mL·min−1 and under oxidizing
conditions (synthetic air). An open alumina crucible had an accurately weighed sample
mass of about 20 mg. The derivative curve was obtained by T.A. data software.

3. Results and Discussion

The compositional profile analysis of the WCO used in this work is described in
Table 2. The main fatty acids (FAs) in that WCO were linoleic (C18:2) and oleic (C18:1)
acids; accordingly, the mean molecular weight (MW) of the FAs was determined to be
277.41 g·mol−1, and the mean molecular mass (MM) of the TGs was 873.22 g·mol−1. The
composition of the WCO was very similar to that of soybean oil (SO) described in the
literature [25]. The following profile was considered for calculating the molar ratio of WCO:
MeOH for the transesterification reaction.

Lit [17]: palmitic acid, 11.6%; stearic acid, 3.22%; oleic acid, 25.09%; linoleic acid,
52.93%; linolenic acid, 5.95%; others, 1.08%.

Sodium methoxide (MeONa) is formed by the deprotonation of MeOH and is fre-
quently prepared by treating MeOH with metallic sodium [26]:

Na + CH3OH→ CH3ONa + 1/2H2 (1)
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The resulting solution, MeONa/MeOH, which is colorless, is often used as a source
of MeONa. The MeONa absorbs CO2 from the air to form MeOH and Na2CO3, thereby
diminishing the alkalinity of the base.

CH3ONa + CO2 + H2O→ 2 CH3OH + Na2CO3 (2)

Table 2. FAs composition of the WCO used in this study.

FA MW (g·mol−1) wt.%

Linoleic acid (C18:2) 280.45 51.66

Oleic acid (C18:1) 282.46 26.52

Palmitic acid (C16:0) 256.43 10.41

Linolenic acid (C18:3) 278.43 5.55

Stearic acid (C18:0) 284.48 3.91

Others - 1.95

Average MW of FAs (g·mol−1) 277.41

MM of TGs (g·mol−1) 873.22

MeONa is highly basic and reacts with water, resulting in MeOH and NaOH. In this
work, we used a solution of WAS (0.204 mol/L, determined by potentiometric titration)
which leads to a very low concentration of MeONa. Thus, we believe that the reaction did
not occur as a result of a nucleophilic attack by MeONa on the ester carbonyl groups of
TGs, DGs, and MGs.

In an unprecedented process, biodiesel was produced by catalysis using WAS ob-
tained from the aluminum industry for the transesterification reaction of WCO. The WAS-
catalyzed transesterification is a rapid reaction at both initial and final reaction stages
because it is not limited by mass transfer between the polar water/MeOH/glycerol phase
and the non-polar MGs, DGs, and TGs phase.

Zhang, Stanciulescu, and Ikura (2009) used a total OH−/oil molar ratio of 0.22 [27]. In
this study, we believe that the low molar concentration of hydroxide (0.019% w/w of WCO
or 0.0040 mol/mol of WCO) is related to gibbsite (Al(OH)3) and to the fact that the hematite
(Fe2O3) contained in WAS forms an anionic iron species in the presence of hydroxide ion.
According to Ishikawa, Yoshioka, Sato, and Okuwaki (1997), hematite in the presence of
sodium hydroxide leads to the formation of NaFeO2 (FeO2

−) [28].

Fe2O3(s) + 2NaOH(aq)→ 2FeO2
− + 2Na+ + H2O (3)

Species like FeO2
− might facilitate the formation of the nucleophilic species MeO− in

a medium containing MeOH. Wang et al. (2022) have shown that the NaFeO2-Fe3O4
composite from blast furnace dust acts as an efficient catalyst for the production of
biodiesel [29]. They obtained the catalyst by treating the blast furnace dust with different
proportions of sodium carbonate and calcining the mixture. The catalyst was recycled,
and high yields were still obtained (Na2CO3·H2O@BFD300): 93.00 wt.% at the eighth use
(NaHCO3@BFD300) and 96.16 wt.% at the seventh use (Na2CO3·10H2O@BFDun). The high-
est yields for sustainable biodiesel production were obtained with Na2CO3·H2O@BFD300
catalyst as a result of the reaction of impregnated Na2CO3 with Fe2O3 in the blast furnace
dust to produce stable and active nanocomponents of NaFeO2 (32.42 nm) and a magnetic
nanocomponent of Fe3O4 (3.14 nm and Ms of 6.16 Am2/kg). Blast furnace dust was a
suitable raw material for catalyst synthesis to produce soybean biodiesel by the transesteri-
fication reaction in a non-aqueous medium. This composite would also be formed in the
residue from aluminum production and would explain the high yield of biodiesel obtained,
even though the free hydroxide concentration was very low.

55



Bioengineering 2023, 10, 692

Liu et al. [30] and Wang et al. [31] reported that the alkaline content of the material
from the Bayer process includes soluble NaOH, Na2CO3, NaAlO2, Na2SiO3, and sodium
aluminosilicate hydrate (Na2O·Al2O3·xSiO2·mH2O; zeolite) generated from the reaction
between the bauxite and the highly alkaline solution. Pampararo and Debecker [32]
observed that sodium aluminate (NaAlO2) was an effective catalyst for the preparation of
biodiesel from refined sunflower oil in a moisture-free process. The catalyst was calcined
to remove any moisture because the material was hygroscopic. The oil was also heated
to remove any moisture. They showed that the activity of the catalyst was a function
of its basicity. The waste material utilized in our study contained 54.581% aluminum
[gibbsite (Al(OH)3), a boehmite (AlOOH), and hydrogarnets Ca3Al2(SiO4)3−x(OH)4x], and
one would expect that this component would be the principal agent responsible for the
catalysis of the transesterification reaction, either directly or indirectly via the equilibrium
with the hematite (Fe2O3), goethite (FeOOH), anatase (tetragonal–TiO2), rutile (ditetragonal
dipyramidal–TiO2), and perovskite (CaTiO3). The solution was used directly in the form
that it was produced by in the industry. No calcination was performed. The activity of
WAS was slightly higher than that of the NaFeO2-Fe3O4, Na2CO3·H2O@BFD300, and
Na2CO3·10H2O@BFDun described above.

3.1. Transesterification of TGs from WCO with MeOH Using WAS

In this study, an excess of MeOH was mixed with standardized WAS and WCO and
refluxed at 60 ◦C. The progress of the reaction was monitored using thin layer chromatogra-
phy (TLC). The total consumption of TGs occurred after 60 min. The FAMEs and glycerides
(MG, DG, and TG) contained in the biodiesel phase were confirmed by GC-FID using the
methods defined in EN 14103 and ASTM D6584. The composition of the products (FAMEs
and glycerides) is presented in Table 2; they represent the average values of five different
measurements. More than 30 experiments were performed in which the proportion of WAS
catalyst to WCO was varied. The greatest efficiency was observed when the mass ratio of
WAS to WCO was 1:4700.

The composition of the products (FAMEs and glycerides) after 10.0 min of reaction is
presented in Table 3; they represent the average values of five different measurements. The
yields for completed transesterification reactions are presented in Table 4.

Table 3. Composition of the WCO feedstock and the product mixture using refluxing MeOH.

Products WCO (wt.%) WAS Catalyst Mixture *

Triacylglycerides (%) 96.2 ± 2.84 5.9 ± 0.17

Diacylglycerides (%) 2.80 ± 1.80 11.0 ± 0.32

Monoacylglycerides (%) 1.0 ± 0.92 22.9 ± 0.68

FAME (%) 0 60.2 ± 1.78
* The composition of the products (FAMEs and glycerides) after 10.0 min of reaction.

A comparison of the results obtained using the WAS catalyst and a traditional catalyst
(KOH) for FAME (biodiesel) production from WCO as feedstock is presented in Table 5.
Refaat et al. [33] stated that FAME production is worthy of continued study and optimiza-
tion of production procedures because of its environmentally beneficial attributes and its
renewable nature. Their study was intended to consider aspects related to the feasibility of
the production of biodiesel from WCO in an attempt to help reduce the cost of biodiesel
and reduce waste and pollution resulting from WCO. The variables affecting the yield
and characteristics of the biodiesel produced from WCO were studied. The best yield was
obtained using a 6:1 MeOH/WCO with KOH as the catalyst (1%) at 65 ◦C for 60 min. The
yield obtained from WCO reached 96.15% under optimum conditions.

Xiangmei Meng, Guanyi Chen, and Yonghong Wang [34] used WCO, which contained
large amounts of free fatty acids produced in restaurants and was collected by the En-
vironmental Protection Agency in the main cities of China. The optimum experimental
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conditions, which were obtained from the orthogonal test, were MeOH/WCO molar ratio
9:1 with 1.0 wt.% NaOH, a temperature of 50 ◦C, and 90 min. The 6:1 MeOH:WCO molar
ratio was most suitable in the process, and WCO conversion efficiency was 89.8%.

Table 4. Composition of the product of transesterification of TGs from WCO with MeOH using
WAS catalyst.

WAS Catalyst Mixture

Assay Yield * (% w/w)

FAME 99.5 ± 2.94

Free glycerol (FG) 0.01 ± 0.01

Total glycerol (TG) 0.07 ± 0.03

MG 0.26 ± 0.24

DG 0.06 ± 0.02

TG 0.01 ± 0.01
* The composition of the products (FAMEs and glycerides) after 30.0 min of reaction at 60 ◦C.

Table 5. Comparison of the yield of the transesterification with WAS catalyst and traditional catalysts
(NaOH and KOH) for biodiesel production using WCO as feedstock.

WAS Catalyst NaOH Catalyst KOH Catalyst

MeOH/WCO molar ratio 18:1 9:1 6:1

Temperature ◦C 60 50 65

Time (min) 30 90 60

FAME (%) 99.5% 89.8% 96.15%

3.2. Determination of Thermophysical Properties of FAME

The significant properties of FAME are determined by the various tests and methods
as per the ASTM specifications. Table 6 gives the standard test methods used for the
determination of various properties of FAME.

Table 6. ASTM standards for FAME properties and the experimental values.

Property FAME Reference Test Standard

Kinematic Viscosity (40 ◦C; mm2/s) 5.03 [35] ASTM D 445-04e

Density 0.87 [35] Density ASTM D7371-12

Cloud Point −1 [35] Cloud Point ASTM-D 2500-05

High heating value 41.28 [35] ASTM D-240-02

Cloud Filter Plugging Point −7 [35] ASTM D6377-05

Cetane Number 61 [35] ASTM D 613-05

Pour Point −16 [36] ASTM-D97

Flash Point 164 [36] EN ISO 2719

3.3. Thermogravimetry Analysis of FAME

Under inert conditions (N2 atmosphere), FAME ignites at 140 ◦C, as is seen in the TG
curve (top Figure 3, red), involving two overlapping thermal decomposition mechanisms
illustrated by the dotted highlight of the DTG curve (top Figure 3, pink). In the thermal
decomposition range, 140–295 ◦C, a broad endothermic event characteristic of this phe-
nomenon occurs, as is seen in the DTA curve (top Figure 3, black). The biodiesel was almost
completely consumed, with 98.6% loss in mass. The photos in the detail of Figure 3, top,
show the alumina crucible containing the sample before ignition and after firing up to 350 ◦C.
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Biodiesel underwent ignition from 124 ◦C under oxidizing conditions (under an
atmosphere of synthetic air), as observed in the TG curve (Figure 1, bottom, red); that
is, at a lower temperature than that observed under inert conditions because the supply
of oxygen favors the combustion process. Some inflections of the TG curve occur, as is
seen in dotted details of the DTG curve (Figure 3, bottom, pink), showing the complexity
of the mechanisms of thermal decomposition of biodiesel under oxidizing conditions.
This phenomenon is also marked by a broad endothermic curve (DTA curve, Figure 3,
bottom, black) over the full range of decomposition (124–307 ◦C). Biodiesel burned almost
completely, with 98.6% mass loss. The photos in the detail of Figure 3, top, show the
alumina crucible containing the sample before ignition and after firing up to 350 ◦C. Note
the intensity of carbonization of the sample, consistent with the oxidizing condition.

4. Conclusions

The transesterification reaction of TGs from WCO was catalyzed by WAS {containing
hematite (Fe2O3), goethite (FeOOH), gibbsite (Al(OH)3), a boehmite (AlOOH), anatase
(Tetragonal–TiO2), rutile (Ditetragonal dipyramidal–TiO2), hydrogarnets [Ca3Al2(SiO4)3−x(OH)4x],
SiO2 (quartz), and perovskite (CaTiO3)}. The WAS (catalytic red mud solution) was used
successfully for the transesterification of TGs from WCO with MeOH. Analysis of the
quantities of TGs, DGs, MGs, and FAMEs in the products indicated excellent catalytic
behavior of the WAS. The WAS-catalyzed transesterification rate was indicated by the
high FAME yield obtained after only 30 min of reaction. The rapid transesterification
observed can be explained by the fact that WAS can facilitate ion transfer between the
polar water/MeOH/glycerol phase and non-polar WCO phase, overcome mass transfer
limitations, and speed up reaction rates. Product analyses showed that a FAME content
greater than 99.5 wt.% was achieved after only 30 min of rapid transesterification. Free
and total glycerol contents in the final products after 30 min of transesterification were
lower than the maximum legal limits in standard specifications for FAME. The catalyst
was suitable for the synthesis of FAME from WCO by the transesterification reaction in
aqueous medium. This method employing WAS as a catalyst could enable recycling of
the waste alkaline solution from the bauxite process, minimize contaminants, and reduce
the cost of the catalyst. In addition, it would be of great environmental value through the
decontamination of groundwater and soils, as well as the elimination of areas intended for
the disposal of these alkaline solutions that result from the Bayer process in the production
of alumina. The use of this industrial residue as a catalyst by biodiesel-producing industries
could lead, in the short term, to a total replacement of traditional catalysts by the use of
WAS and zero investment in traditionally used catalysts. This highly efficient and low-cost
WAS catalyst could make the process of FAME production more economical. The global
sodium methoxide solution as a biodiesel catalyst market is estimated to value at around
US $0.3 bn in 2021 and is expected to register a CAGR of 3.1% [37]. In addition to FAME

58



Bioengineering 2023, 10, 692

production, such environmentally friendly WAS catalysts should find application in a wide
range of other important base-catalyzed organic reactions, such as the Michael reaction or
Michael 1,4-addition.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/bioengineering10060692/s1, Figure S1: 1H NMR WCO. Figure S2:
13C NMR WCO. Figure S3: 1H NMR FAME using WAS. Figure S4: 13C NMR FAME using WAS
as catalyst.
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Abstract: Ever-increasing population growth that demands more energy produces tremendous
pressure on natural energy reserves such as coal and petroleum, causing their depletion. Climate
prediction models predict that drought events will be more intense during the 21st century affecting
agricultural productivity. The renewable energy needs in the global energy supply must stabilize
surface temperature rise to 1.5 ◦C compared to pre-industrial values. To address the global climate
issue and higher energy demand without depleting fossil reserves, growing bioenergy feedstock as
the potential resource for biodiesel production could be a viable alternative. The interest in growing
biofuels for biodiesel production has increased due to its potential benefits over fossil fuels and
the flexibility of feedstocks. Therefore, this review article focuses on different biofuels and biomass
resources for biodiesel production, their properties, procedure, factors affecting biodiesel production,
different catalysts used, and greenhouse gas emissions from biodiesel production.

Keywords: generation of biofuels; biodiesel; renewable resources; fossil fuel; population growth;
greenhouse gas emissions

1. Introduction

The rising world population is predicted to reach over 9 billion by 2050 [1]. Increas-
ing global prices and higher energy demand have put tremendous pressure on natural
energy reserves, causing their depletion [2–4]. The burning of fossil fuels has several
environmental implications, including an increase in greenhouse gas (GHG) emissions,
particularly carbon dioxide (CO2) [5,6]. Over the last few decades, global primary energy
consumption has increased dramatically due to rapid industrialization and higher living
standards [2,7]. Developing countries such as Brazil, the South Asian region, and South
Africa require 12–24 gigajoules (GJ)/cap of energy annually to have a decent standard of
living [8]. Currently, over 80% of the world’s energy comes from fossil fuels, including
natural gas, oil, and coal, and about 98% of it is generated via carbon emissions from fossil
fuels [8,9]. The duration and intensity of drought are expected to become more severe, thus
reducing water reserves by five-fold throughout the 21st century [1].

An increased share of renewable energy in the global energy supply will help to
stabilize surface temperature rise to 1.5 ◦C compared to pre-industrial levels [10]. The tem-
perature increase could be as much as 3–5 ◦C depending on certain regions [11]. Further, a
shift in rainfall was found, ranging from 19.2 to 37.2 mm over different growing seasons [12].
With the inadequate pool of sources, particularly water, and an ever-increasing need for
global energy, alternative fuels are the most practical way to meet the rising demand [13].
Researchers have already figured out alternatives to address this demand [14]. Further, the
potential options to mitigate the effect of climate change and reduce dependence on fossil
fuels are urgently needed and are already in development. There is an increasing interest in
growing biofuels at a global and national level as a low-carbon alternative to fossil fuels due
to their potential to reduce GHG emissions and the associated climate change impact from
transport [15]. The use of bioenergy/biofuels is one of the promising renewable energy
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alternatives [16] because these are cheaper in synthesis [4]. Biofuels, generally biodiesel,
have attracted researchers’ attention due to their potential benefits over fossil fuels and the
flexibility of feedstocks. For example, sulfur-free, adequate oxygen content, an easy man-
ufacturing process, and reduced GHG emissions are critical advantages of biodiesel [17].
Biodiesel as a diesel fuel is bio-degradable [18], non-toxic [19], portable, environmentally
sustainable [20], efficient, and has low sulfur as well as aromatic content [21]. Additionally,
due to the higher flask point of biodiesel, transportation and storage of biodiesel are safer
than diesel fuels. However, it has some disadvantages; biodiesel is more expensive and
emits more NO gas than diesel [9].

Due to its crucial characteristics and usage of versatile feedstock, for example, from
waste frying oil to cheap non-edible resources, biodiesel has tremendous potential to use as
an alternative fuel [22]. It is a promising and economical alternative to diesel that can reduce
the global reliance on imported petroleum fuels. This article provides a comprehensive
review of the types and generation of biofuels, biomass sources, properties, and factors
affecting biodiesel production. This article also highlights various catalysts in biodiesel
production, greenhouse gas emissions from several literatures, and finally, the conclusion
and future perspective.

2. Types and Generation of Biofuels

Biofuels are classified into four generations, namely first, second, third, and fourth
based on their sources and production of various biomaterials. A brief description of each
of the generations is highlighted below.

2.1. First-Generation Biofuels

First-generation biofuels are conventional biofuels, mainly generated from two types
of edible feedstock, namely starch-based (e.g., potato, corn, barley, and wheat) and sugar-
based (e.g., sugarcane and sugar beet) feedstocks [23,24]. The main advantages of first-
generation raw materials are the availability of crops and comparative simple conversion
processes. However, using edible food crops for biodiesel production, there is a reduced
food supply, thus potentially increasing food prices [25]. Another concern is the diverting
of agricultural land to fuel production. Using a significantly large amount of fertilizer and
pesticides for agricultural production could negatively impact the environment [15]. There
are several types of conventional biofuels based on the technological approach they use to
generate (Figure 1).
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2.1.1. Bio Alcohols

Bio alcohols are extracted with the help of enzymes and microorganisms by alcohol
fermentation of cellulose, glucose, starches, carbohydrates, and other sugars. Bio alcohols
are further categorized into bioethanol, biopropanol, and biobutanol [26].

2.1.2. Biodiesels

Biodiesels are the forms of diesel extracted from renewable feedstocks, including
lignocellulosic biomass, which consists of long-chain fatty acid esters. Biodiesels are
produced chemically by reacting lipids, such as animal fat (tallow), soybean oil, or other
vegetable oils with alcohol and produce methyl, ethyl, or propyl ester [27]. The commonly
used catalyst used during biodiesel production includes NaOH or KOH [28].

2.1.3. Vegetable Oil

Vegetable oils are produced from fat, olive oil, castor oil, and sunflower oil. The fuels
produced from vegetable oil are economical and environmentally friendly. Recent studies
reported that waste cooking and vegetable oils are considered alternative fuels for diesel
engines in some precise applications [29].

2.1.4. Green Diesel

The hydrotreating of triglycerides produces green diesel in vegetable oils with hydro-
gen. Three main reactions during the process are hydrodeoxygenation (HDO), decarbony-
lation (DCO), and decarboxylation (DCO2) [30].

2.1.5. Biogas

Biogas is produced by anaerobic digestion with the help of microbial consortium
without oxygen, and digestate as a nutrient-rich byproduct is also produced [31,32]. Biogas
produced during the process contains about 60% CH4, 35%CO2, and 5% a mixture of
H2, N2, CO, NH3, O2, and volatile amines [33]. Biogas can be used for industrial energy,
cooking in rural areas [33,34], and combined heat and power production [10].

2.1.6. Solid Biofuels

Raw materials, including wood, wood chips, leaves, sawdust, charcoal, and animal
dung, are commonly used as solid biofuels. The use of solid biofuels in the energy sector is
limited to particular markets [23]. For example, firewood is the most common strategy to
generate bioenergy, which can be used for cooking food [28].

2.2. Second-Generation Biofuels

The controversy of using first-generation biofuel feedstock due to the food vs. energy
debate has forced us to move to second-generation biofuels, such as lignocellulosic or
carbohydrate biomass, as the potential alternative source for biofuels and chemical pro-
duction [24]. These feedstocks do not rely on edible plants and do not require agricultural
land [35]. Cellulosic biomass comprises various chemical compositions such as cellulose,
lignin, and polyose. Lignocellulosic biomass is composed of cellulose (35–50%), lignin
(15–20%), hemicellulose (20–35%), and other components (15–20%). The lignocellulosic-
based biofuel production process has the potential to lower GHG emissions, boost the
economy, and aid energy security. The biotechnological approach in the United States has
been estimated to produce 1.3 billion tons of dry biomass annually without compromising
food security [36]. Second-generation biofuels are advanced biofuels obtained from several
trees, grass, bushes, and agricultural residues [23]. Based on the technologies used to
produce them, second-generation biofuels include the following (Figure 1).
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2.2.1. Cellulosic Ethanol

The fermented sugars obtained from polyose and cellulose compounds of lignocellu-
lose are used for making cellulosic ethanol [23]. Cellulosic biofuels can contribute to rural
economic development and enhance the sustainability of agricultural landscapes [37,38].

2.2.2. Algae-Based Biofuels

Algae is the fastest-growing raw material for biofuel production and an essential
substitute for biofuel extraction. Techniques of extraction and concentration of biomass
from algae include processes such as centrifugation, aggregation, floatation, purification,
and flocculation [39,40]. Biofuels such as biodiesel, biogas, and hydrogen can be produced
from algae using the advanced feature [41].

2.2.3. Alcohol

Alcohol is obtained from syngas by fermenting biomass with the help of specific
microorganisms [42].

2.2.4. Dimethylfuran

Dimethylfuran is an oxygenated hydrocarbon with an oxygen content of 17%. It is an
additive in diesel fuels. This is highly competitive in reducing emissions from engines [43].

2.2.5. Biosynthetic Natural Gas (Bio-SNG)

Biogas can be produced from anaerobic digestion with the help of microbes. Bio-SNG
is used in the form of CNG and LNG in vehicles and for refilling a natural gas cylinder [44].

2.3. Third-Generation Biofuels

Third-generation biofuels are produced from algal biomass and waste oil. The ad-
vantages of using third-generation biofuels include higher growth and productivity, no
agricultural land required, higher oil content, and less impact on food supply. Microalgae,
fish oil, animal fat, and waste cooking oil are the primary sources of third-generation
biodiesel feedstocks [45]. Because of the cost involved during harvesting, drying, and
extraction processes, using algal biomass as biodiesel feedstock is expensive. However, it
produces about 10–100 times more biofuel or oil per unit area. Seaweed or macro-algae is
third-generation biomass that can be used in bio-energy production and has many advan-
tages such as short cultivation time, high carbohydrate, proteins, and lipids content, and
low or no lignin content [46]. Algal-based biofuel includes bioethanol, biodiesel, and biohy-
drogen (by the process of bio photolysis, photo fermentation, and dark fermentation) [47].
A study showed that the lipid in algae could be converted to biodiesel by the conventional
approach, such as the conversion method used for vegetable oil. The conversion process of
algal biodiesel production involves transesterifications, enzymatic, wet extraction, alcohol-
ysis and acidolysis, and finally, biodiesel [48]. Algal oil blended with diesel fuel in a 20%
ratio reduced hydrocarbon exhaust and better emission characteristics [49,50]; however,
the complete combustion of algae releases a higher % of NOx into the atmosphere due to
the significant presence of nitrogen in algae (5–8%) [51].

In the case of waste oil or waste cooking oil, the variation in using different feedstocks
and their chemical composition, and impurities, limit their productivity at large scale [52].
Waste coffee ground oils and bardawil lagoon are an example of third-generation feedstock
used in recent years [53].

2.4. Fourth-Generation Biofuels

With the application of molecular biology, genetic engineering, and interdisciplinary
physicochemical approaches, which include the use of CRISPR/Cas9 with guided RNA for
genetic modification in algae [54] to optimize and enhance the yield of biofuel production,
the biofuel generated by such process is considered a fourth-generation biofuel. The fourth-
generation biofuel production employs genetically modified algae that accumulate high
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lipid and carbohydrate content to improve biofuel yield [55]. The raw materials used
for biofuel production are microalgae, macroalgae, and cyno-bacteria. Cyno-bacteria are
non-photosynthetic prokaryotes, and micro and macro algae are eukaryotes [56]. The
inactivation of ADP-glucose phosphorylase in a Chlamydomonas starchless mutant led to
a 10-fold increase in TAG [57]. Similarly, a modification in the CoA-dependent 1-butanol
production pathway into a cyanobacterium, Synechococcus elongatus, can produce butanol
from CO2 directly [58].

3. Biomass Sources for Biodiesel Production

Biodiesel or fatty acid methyl ester (FAME) is a processed diesel fuel from different
biological sources, including edible, non-edible, animal fats, and waste cooking oils. FAME
combines long-chain fatty acid monoalkyl esters of fatty acids [2]. It is a green biological
ester-based oxygenated oil that comprises organic fats and oils [3]. The world’s biodiesel
production is projected to reach 10.3 billion gallons by 2024, which reached 8.5 billion
gallons in 2016 [59]. It is also estimated that food-based feedstocks (first-generation biofuel)
will dominate the world’s market [60].

Biodiesel is intended to be used in standard diesel engines as a standalone fuel
or blended with petroleum. In 2021, the total volume of biodiesel production in the
United States amounted to over 1.6 billion gallons, compared to 9 million gallons in
2001 and 991 million in 2012. After 2012, there were fluctuations in biodiesel production
volume in different years, with the highest quantity attained in 2018 (Figure 2a). Simi-
larly, total biomass production in the United States was 1375.56 billion kW hours in 2021,
which is expected to increase gradually in the coming decades. It is estimated to reach
1630.73 billion kW hours by 2050 (Figure 2b).

Various feedstock sources can be used for biodiesel production, including various
vegetable oils, animal fats, microbial oil, algal oils, and waste oils [63,64]. Palm oil, stearic
oil, lauric oil, oleic oil, soybean oil, sunflower oil, palmitic oil, rapeseed oil, canola oil, and
vegetable derivates are included under vegetable oils. With the use of catalyst, animal fats
or vegetable with alcohols also produces biodiesel and glycerin [3]. Feedstock selection
is a crucial step in biodiesel production, which is impacted by different factors, such as
yield, cost, composition, and purity of the produced biodiesel. Another significant factor
affecting biodiesel production is availability and the types of sources (non-edible, edible, or
waste) [65].

Further, the choice of materials used for its production depends on the geographi-
cal regions; for example, soybean is the primary source of biodiesel in the United States,
whereas, in Europe and the tropical parts of the world, rapeseed (canola) and palm oil
serve as the primary sources [66–68]. Different feedstocks produce biodiesel with dis-
tinct qualities that must be considered when blending biodiesel with petroleum diesel for
their use in transportation. Biodiesel is blended with petroleum diesel from 5% to 20%
biodiesel, or B5-B20. However, the Renewable Fuel Standard (RFS), a federal program that
mandates the blending of biofuels into the nation’s fuel supply, has suggested including
higher biodiesel blends. Soybean and canola oil are the most common biodiesel in the
United States. Soybean accounted for about 50% of biodiesel feedstock input between 2014
and 2017. The soybean oil used for biodiesel production increased by 30% in 2017 com-
pared to 2014 (https://www.eia.gov/todayinenergy/detail.php?id=36052. Accessed on 3
May 2018).
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2022, Table 1. Available online: https://www.statista.com/statistics/264029/us-biomass-energy-
production/. Accessed on 21 June 2022).

In 2020, approximately 71.7 % of the biodiesel feedstock came from soybean, while
other small amounts of vegetable oils and animal fats (AF) such as canola oil (10.7 %), corn
oil (13.0%), tallow beef fat (3.1%), poultry fat (1.5%), and other (0.1%) were used (Table 1).
Based on 2012–2019 data (Table 2), rapeseed oil is still the dominant biodiesel feedstock in
Europe and worldwide. In 2016, rapeseed (canola) input to global contribution for biodiesel
production was 68%, followed by soybean (15%), animal fat and yellow grease (5% each),
palm oil (6%), and sunflower (1%) [68]. However, rapeseed share in the feedstock mix in
Europe has significantly decreased; for example, its share was 62.3% in 2012 compared
to only 37.9% in 2019 (Table 2). This decrease in the share of rapeseed oil in Europe is
primarily because of recycled vegetable oil/used cooking oil (UCO) and palm oil. UCO, or
yellow grease, has become the second-most important feedstock for Europe since 2015. In
the USA, biodiesel production from yellow grease (13%) dominated both rapeseed-based
biodiesel (10%), corn-based biodiesel (12%), and animal fats-based biodiesel (10%) (based
on 2016 data reported by Kim et al., 2018 [68]).
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Table 1. US inputs to biodiesel production (million kilograms).

Period
Vegetable Oil (Million kg) Animal Fats (Million kg)

Canola Oil Corn Oil Cottonseed Oil Soybean Oil Other Poultry Tallow

January 49.4 80.3 - 236.3 W 5.0 W
February 42.4 60.7 - 260.7 W 5.4 9.4

March 59.6 65.7 - 297.6 W 10.7 W
April 62.8 38.0 - 304.7 S W 10.9
May 58.9 38.3 - 365.3 W 3.9 5.3
June 50.0 42.7 W 338.9 5.9 W 9.7
July W 60.5 W 351.5 W W 24.6

August W 67.3 W 338.0 W W 20.0
September W 61.7 - 334.0 W 10.4 12.4

October W 45.8 - 328.0 W 9.5 23.6
November W 60.3 - 309.8 - 6.4 15.0
December W 66.7 - 337.5 - 3.2 17.2

Total 565.2 687.6 0.3 3802.5 W 78.5 166.9
% of total 10.7 13.0 0.0 71.7 0.1 1.5 3.1

Table with -, W, S indicates no data, withheld to avoid disclosure of individual company data, and value is
less than 0.5 of the table metrics. However, the value is included in any associated total. Source: U.S. Energy
Information Administration (EIA), Form EIA-22M “Monthly Biodiesel Production Survey.” U.S. EIA| Monthly
Biodiesel Production Report (2020).

Table 2. The feedstock was used for biodiesel + renewable diesel (HVO; hydrotreated vegetable oil)
in Europe from 2012 to 2019.

Feedstocks 2012 2013 2014 2015 2016 2017 2018 2019

Rapeseed oil 6500 5710 6200 6400 6060 6300 5200 5000
Used cooking oil (UCO) 800 1150 1890 2400 2620 2770 2860 2750

Palm oil 1535 2340 2240 2340 2315 2650 2570 2640
Soybean oil 720 870 840 540 610 930 1000 1100
Animal fats 360 420 920 1030 795 795 800 800

Sunflower oil 300 290 310 210 250 180 185 190
other, pine/tall oils, fatty

acid 220 335 370 560 615 635 680 700

Share of rapeseed oil (%) 62.3 51.4 48.6 47.5 45.7 44.2 39.1 37.9

The original data were collected in a metric ton (MT) and then converted to kilogram (kg) using a conversion
rate of 1 MT = 1000 kg (Source: EU-28. Available online: https://apps.fas.usda.gov/newgainapi/api/report/
downloadreportbyfilename?filename=Biofuels%20Annual_The%20Hague_EU-28_7-15-2019.pdf. Accessed on
15 July 2019).

The types of raw materials/feedstocks for biodiesel production rapidly diversified
for economic and environmental reasons [69]. A market survey reported that biodiesel’s
feedstock market is transitioning from first-generation feedstock such as soybean, rapeseed,
and palm oil to non-food and lower-cost feedstock such as jatropha, castor, UCO, and
AF [70]. In countries such as Brazil, effective programs are underway to promote jatropha
and castor production for biodiesel production. Similarly, another emerging feedstock for
Biodiesel is HVO, which is produced through hydrotreating [69]. Production and use of
biofuel generate emissions such as particulate matter (PM), carbon monoxide (CO), carbon
dioxide (CO2), nitrogen oxides (NOx), hydrocarbons, and volatile organic compounds
(VOCs). The VOCs, unburnt hydrocarbon (UBHC), and NOx are the precursors for forming
smog and ground-level ozone, which are associated with increased morbidity and mortality
from cardiovascular and respiratory diseases and certain cancers [15]. Compared to fossil
diesel, biodiesel produces lower PM, CO, VOCs, and NOX emissions [71]. Among NOx,
nitrous oxide (N2O) is only the greenhouse gas of great environmental concern. It is a
substantial anthropogenic greenhouse gas, and agriculture represents its most significant
source. The global warming potential of N2O is 298 times that of CO2 [72]. Previous
studies on biofuel production systems revealed that emissions of N2O may counterbalance
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a substantial part of the global warming reduction by fossil fuel displacement [73]. Using
optimized crop management, which involves state-of-the-art agricultural technologies
coupled with an optimized fertilization regime, and nitrification inhibitors, N2O emissions
can significantly be reduced by −135% points (pp) compared to conventional management.
However, uncertainties in using statistical N2O emission models and data on non-land
use GHG emissions due to biofuel production are significant, which can change the GHG
emission reduction by between −152 and 87 pp [74].

While selecting the raw materials for biodiesel production, various parameters are
considered, including oil content, suitability, chemical composition, and physical proper-
ties [75] (Table 3).

A brief description of various feedstocks used for biodiesel production with their oil
content is summarized in Table 3.

Different studies were conducted to investigate the suitability of various feedstocks,
for example, edible, non-edible oils, animal fats, and algal oils, for biodiesel production.
The transformation of edible oil is biodiesel was considered the most feasible approach.
As reported in Table 3, the biodiesel feedstocks such as olive oil and microalgae oil have
the highest oil content, up to 70%, followed by rubber seed oil (up to 68.4%) and coconut
oil (up to 65%). The lowest oil content was reported for soybean oil (15–20%). Edible
oils such as sunflower, soybean, and rapeseed (Table 3) served as important substrates
for biodiesel production. However, a vast disparity in food use affects the use of these
first-generation feedstocks as fuel [76]. This will create a significant conflict with food
vs. fuel, and competition with the food market can also adversely affect the price of
biodiesel. The shift for non-edible oil such as castor oil, jatropha oil, and rubber seed oil
was associated with the higher price of biofuel from edible oils because of their higher
demand for food. Using raw materials from non-edible oils, animal fats, and waste oils has
several advantages, including reducing the price of raw materials and avoiding competition
with the food market [25,64].

In recent years, there has been significant interest in renewable and sustainable oils,
and the life cycle assessment of raw materials plays a vital role in biodiesel production,
it is essential to consider the oil content (%) and oil yield to determine the quality of
biodiesel [65]. Additionally, microalgae are a great source of biodiesel production. These
organisms can produce well-graded bioactive compounds by converting carbon dioxide
(CO2) with the help of sunlight [77,78]. With the increase in the price of petroleum and
the concern with greenhouse gas emissions, microalgae have become an environmentally
friendly alternative for biodiesel production. Though it is challenging for commercial-scale
production, several companies have already started algal-based fuel production [77,78].

Similarly, animal fats, the byproducts of meat processing and cooking, are also impor-
tant sources for biodiesel production. These include mutton or beef tallow, yellow grease,
and lard, the residues after producing omega-3 fatty acids from fish oil [78]. Commercial-
scale biodiesel production has been attained from animal fat-based feedstocks such as
tallow, lard, and chicken fats. Unlike edible oils, animal fats-based biodiesel feedstocks
have economic, environmental, and food security advantages. However, higher amounts
of saturated fatty acids and free fatty animal fats demand complex production techniques.
On the other hand, animal waste fats with lower saturated fatty acids have good oxidative
stability, elevated calorific value, and shorter ignition [78,79]. Another important source of
biodiesel feedstock is waste cooking oil. The waste cooking or frying oils include yellow
and brown grease that does not directly conflict with food security. Yellow grease has
< 15% fatty acid and can be used as a potential low-cost raw material for biodiesel produc-
tion compared to brown grease (>15% fatty acid), which has an adverse effect on biodiesel
production [79].

Feedstocks’ chemical composition and physical properties are essential when selecting
raw materials for biodiesel production. The chemical composition of different fatty acids
from different sources is highlighted in Table 4. The differences in the degree of saturation
and the carbon chain length are mainly due to the fatty acids of different architecture in the
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oil [66]. The degree of saturation from different sources is 14.7 % (soybean oil), 49.6% (palm
oil, 6.1% (rapeseed oil), 21.6% (jatropha oil), 28.7% (used cooking oil), 46.9 % (animal fats),
and 36.1% (algal oil) [68]. The percentage of carbon found at higher concentrations with
C ≥ 18 in most of the feedstock oils except for algal oil, which has only 33.1% compared to
85% (soybean oil), 55% (palm oil), 87.4% (rapeseed oil), 85.7% (jatropha oil), 73.1% (used
cooking oil), and 68.9% (animal fats) [68]. This study compiled the fatty acid profile of
different fatty acids from various sources, including edible and non-edible oil, animal fats,
and other sources. The predominant fatty acids were monosaturated fatty acids, saturated
fatty acids and polyunsaturated fatty acids, oleic acid (C18:1; 2.9–72.2), palmitic acid (C16:0;
1.3–48), and linoleic acid (C18:2; 1–70) (Table 4).

Table 3. Different sources of feedstocks/raw materials are used for the production of biodiesel [75].

Edible Oils Oil Content (%) Non-Edible Oils Oil Content (%) Animal Fats and
Other Sources Oil Contents (%)

Sunflower oil 25–35 1 Jatropha oil 30–60 Mutton fat -
Soybean oil 15–20 Stillingia oil 44.15 Broiler chicken waste 41 [80]
Rapeseed oil 38–46 1 Karanja oil 27–40 Algae oil 20–60 [81]

Peanut oil 45–55 Neem oil 20–30 Waste cooking oil 33–53 [82]
Palm oil 30–60 1 Castor oil 45–60 Microbial oil 23–70 [83]
Olive oil 45–70 Rubber seed oil 53.7–68.4 Waste fish oil 40–65 [84]

Mustard oil 40–42 [85] 1 Mahua 35–40 Microalgae 30–70, 15–77
1 Linseed oil 35–45 - - Pine and Kapok oil -
Coconut oil 63–65 - - - -
Canola oil 40–45 - - - -

1 represents feedstocks for biodiesel production reported by [86–88]; Ambat et al., 2018 [75] gathered information
on sources of biodiesel feedstocks from different studies and reported them in their review paper.
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4. Biodiesel and Its Properties

Biodiesel, also known as FAME, is produced by mixing methanol with vegetable oil,
animal fat, or other triacylglycerol-carrying material. Differences in feedstocks significantly
fluctuate the value of characteristics of FAME, including cloud point, Cetane number
(CN), oxidative stability, saponification value, iodine value, and acid value [88]. The main
physicochemical properties of biodiesel obtained from various feedstock/raw materials are
discussed below (Table 5).

Table 5. Physicochemical properties of different biofuel feedstocks.

Sources CP (◦C) CN OS (mg/100 mL) SV IN AV
(mg KOH/g oil)

Soybean oil 0.9 47 16.0 189–195 117–143 0.1–0.2
Canola oil −3.3 55 44.9 188–193 109–126 0.6–0.8

Olive - - - 184–196 75–94 0.94–2.11
Corn - - - 187–198 103–140 0.1–5.75

Jatropha curcas 5.66 55.43 - 177–189 92–112 15.6–43
Palm oil 14.24 60.21 - 186–209 35–61 6.9–50.8

Rapeseed - 168–187 94–129 0.2
Sunflower - 186–194 110–143 0.2–0.5
Camelina 2.5 48.91 - 146.5 0.2
Poultry fat - - - - 78.8 0.55

Choice white grease 7.0 64 72.0 - - -
Inedible tallow 16.0 62 6.2 - - -
Yellow grease 6.0 58 2.3 - - -

Ultra-low sulfur diesel (ULSD) −45 to −7 47 - - - -
Cloud point (CP), cetane number (CN), oxidative stability (OS), saponification value (SN), iodine number (IN), and
Acid value (AV). Values shaded with green are adopted from [88], blue from a study by [75], and not highlighted
text black are from the U.S. Energy Information Administration (EIA), compiled from the U.S. Department of
Energy, National Renewable Energy Laboratory, and Renewable Energy Group.

4.1. Cloud Point

The cloud point (CP) is the minimum temperature below which wax begins to form
crystals in fuels, resulting in a cloudy appearance [98]. Solidified waxes can clog engine
fuel filters and injectors. Biodiesel has higher CP due to the high melting points of saturated
fatty acids compared to unsaturated fatty acids [88]. Biodiesel produced from feedstocks
such as inedible tallow and waste frying oil may require additives or blend at higher levels
with lower cloud point ULSD to mitigate cold weather concerns.

4.2. Cetane Number

The cetane number (CN) represents the ignition behavior and quality of the fuel.
Higher cetane is often associated with improved performance and a cleaner burning
fuel [99]. Most biodiesel feedstocks have slightly higher cetane numbers than ultra-
low sulfur diesel (ULSD), which usually has a minimum allowable cetane value of 40
(https://www.eia.gov/todayinenergy/detail.php?id=36052. Accessed on 3 May 2018).
The CN value of biodiesel increases with the length of the fatty-acid chain and the degree
of saturation; hence, a higher CN means a higher oxygen concentration in the biodiesel
and a better combustion efficiency [98]. Studies reported the highest CN value of 70 for
Spirulina platensis [100] vs. the lowest CN value of 34.6 for biodiesel obtained from linseed
oil [101,102]. The raw materials and feedstocks reported in this study have a CN value
range between 47 for soybean oil and 64 for choice white grease (Table 5).

4.3. Oxidative Stability

Oxidative stability is the ability of the fuel to resist oxidation during storage and use.
This essential factor significantly influences the storage duration and condition [103]. Fuels
with lower oxidative stability are more likely to form peroxides, acids, and deposits that
adversely affect the engine performance. Because it generally has lower oxidative stability,
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petroleum diesel can be stored longer than biodiesel feedstocks such as white grease and
tallow. Biodiesel producers may use additives to extend the storage and usage timelines
of Biodiesel (Source: EIA). Biodiesel with high oxidative stability is highly susceptible to
oxidation deterioration. Oxidative stability varies according to fatty acid composition [104].
The fuel’s oxidative stability is greatly affected by polyunsaturated FAME. For example,
Camelina-oil-based Biodiesel has low oxidative stability because it has approximately 35%
polyunsaturated FAME occurrence (i.e., α -linolenic [C18:3]) [105] compared to coconut-oil-
based biodiesel, which has better oxidative stability due to 2% polyunsaturated FAME in
its oil [88]. Oxidative stability reported in this study ranges from 2.3 mg/100 mL (yellow
grease) to 44.9 mg/100 mL (Canola oil) (Table 5).

4.4. Saponification Value

Saponification value (SV) is an index of the molecular weights of triglycerides in the
oil. It is inversely proportional to the average molecular weight or the chain length of
the fatty acids [106]. Thus, the shorter the chain length, the higher the SV of the oil. The
expected SV should range between 195 and 205 mg/KOH/g of oil [107,108]. Any value
below that value needs refining to meet the required standard and would be better fitted
for an industrial purpose [109]. The SV reported in this study is comparable and lies close
to the required range of 195–205 (Table 5).

4.5. Iodine Number

Iodine number (IN) represents the amount of iodine absorbed by double bonds of the
FAME molecules in 100 g of the fuel sample. A higher iodine value indicates higher fats
and oils [110,111]. In the case of biodiesel fuels, linseed methyl ester showed the highest IN
of 178 compared to the lowest IN of 37.59 reported for Kusum-oil-based Biodiesel [102,112].
This study reported the lowest IN for Palm oil (35–61) vs. the highest value of IN for
Camelina oil (146.5) (Table 5).

4.6. Acid Value

The acid value represents the fuel sample’s quantity of free fatty acids. A high
acid number causes corrosion problems in the engine’s fuel delivery system [112]. A
high acid value of 6.9–50.8 mg KOH/mg of oil is reported for biodiesel from palm oil
compared to the lowest acid value of 0.1–0.2 mg KOH/mg of oil from soybean oil (Table 5).
Further, descriptions of additional fuel properties of biodiesel from different generation oil
feedstocks are reported in our previous study [88].

5. Procedures for Biodiesel Production

Different physicochemical processes could produce biodiesel, and the primary meth-
ods include pyrolysis, micro-emulsion, and transesterification [113]. Each method has its
merits and demerits. For example, micro-emulsion is a simple and environmentally safer
method that generates fewer pollutants. Biodiesel synthesized using this method has a
good cetane number (CN). Similarly, alcohol in the micro-emulsion process improves the
CN of Biodiesel [114]. Microemulsion-based fuel systems reduce the combustion tempera-
ture, which leads to lower emissions of thermal NOx, CO, black smoke, and particulate
matter. However, one major problem of using ethanol to formulate a microemulsion system
is its lower miscibility with diesel. The immiscibility can be visualized for a wide range of
temperatures, particularly at lower temperatures [115,116]. Furthermore, environmentally
benign bio-based non-ionic surfactants and cosurfactant without N and S are of environ-
mental concern [117,118]. Biodiesel production from the pyrolysis method (also known
as thermal cracking) has low CN, volatility, and high viscosity [21]. By comparing these
methods, the transesterification method is reliable and effective because the transesteri-
fication method demands low temperature, low pressure, and less processing time. The
transesterification method is simple and highly efficient [119]. A description of various
procedures to generate biodiesel is highlighted below.
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5.1. Micro-Emulsion

This method uses isotropic fluid to form a colloidal dispersion of dimensions ranging
from 1 to 150 nm. A study using soybean oil has already demonstrated that by using this
method, maximum viscosity was achieved that involves both ionic and non-ionic aqueous
solutions [120,121]. A study revealed that using a ternary phase system (a clear and
thermodynamically stable, isotropic liquid mixture of oil, water, and surfactant) counters
the viscosity problems of vegetable oils by forming micro-emulsions with different solvents
(ethanol, methanol, propanol, n-butanol, and hexanol). These alcohols act as emulsifying
agents, dispersing the oil into tiny droplets, usually with diameters ranging from 100 to
1000 Å [122].

5.2. Pyrolysis

Thermal cracking or pyrolysis converts organic materials to fuels without oxygen
using thermal decomposition (temperature: 300–1300 ◦C) [122]. Chemically, pyrolysis
reaction cleaves the bonds in a substance, converting it into many smaller compounds. The
process is similar to the process used to synthesize petroleum-diesel; therefore, it yields a
product with similar combustion characteristics and results in less waste formation and no
pollution [123,124].

The substrate used for pyrolysis includes vegetable oils, animal fats, natural fatty
acids, or methyl esters of fatty acids. It sometimes produces a higher yield than the
transesterification reaction, which is the most widely used [122]. The pyrolysis of organic
feedstock for the manufacture of synthetic diesel has yet to be viable on an economic
scale [124]. Based on operating parameters, pyrolysis can be divided into three types,
namely conventional pyrolysis (550–900 K), fast pyrolysis (850–1250 K), and flash pyrolysis
(1050–1300 K) [124]. The pyrolysis of biomass for bio-oil generation can be performed using
both conventional and flash pyrolysis. In conventional pyrolysis, the vapor residence time
ranges from 5 to 30 min, and thus this contributes to overall reaction time. Depending upon
residence time, the vapors can be removed continuously. Whereas in flash pyrolysis, the
heating rate is predominantly high. Some of the prerequisites for flash pyrolysis include
a high heat transfer rate, finely grounded materials, and short vapor residence times
(<2 s) [125]. The product obtained from pyrolysis has desired characteristics of biodiesel,
such as low viscosity, less amount of sulfur and water, and high cetene number; however, it
has less ash and residual carbon content than the desirable amount [123,124,126,127].

5.3. Transesterification

Transesterification is a standard and widely used procedure for high-quality biodiesel
production [128]. This procedure involves the transformation of fats or oils using alcohol,
particularly methanol or ethanol, with the help of catalysts (e.g., heterogeneous, homo-
geneous, or enzyme) [129,130]. Compared to the transesterification process facilitated by
enzymes, the process is energy-consuming because of the presence of soap byproducts, and
separation and purification of the chemically produced biodiesel require more complex
steps than enzymatically produced biodiesel [131]. Ethanol is cost-effective and abun-
dant commodity obtained from the fermentation of sucrose from sugarcane. Propanol or
butanol could be a better option because these two alcohols promote better miscibility
between the alcohol and the oil phases [132]. Transesterification can be combined with
ultrasound-assisted member technology [25,66,120]. There are merits and demerits of using
various biodiesel production technologies based on several studies (Table 6). However,
these production technologies were centered on reducing problems during biodiesel pro-
duction, such as oil’s high viscosity, acid value, and fatty acid content [97,133]. Among
those technologies, transesterification using a homogeneous catalyst was the most typical
and commercially used technology [134]. From an environmental point of view, enzyme
catalysts and heterogeneous catalysts are suitable options for the future [75].
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Table 6. Merits and demerits of using various biodiesel production technologies [27,97,133,135].

Production Technologies Merits Demerits

Micro-emulsion

Micro-emulsion is a simple process, a potential solution
for solving the problem of vegetable oil viscosity [136]. It

is the dispersion of water, oil, and surfactant. Alcohols
such as methanol and ethanol are used to lower viscosity,
higher alcohols are used as surfactants, and alkyl nitrates
are used as cetane improvers [137]. Micro-emulsion is an

alternative method that produces biofuel with suitable
properties with low energy consumption [138].

Some of the disadvantages of
micro-emulsion include high
viscosity, poor stability, and

volatility. Therefore,
pre-treatment technology such as

cracking, blending, and
hydrodeoxygenation is required

to minimize the viscosity and
FFAs content before producing

biodiesel [138].

Pyrolysis

Pyrolysis is a simple and pollution-free process. The
product from pyrolysis has a lower viscosity, flash point,

and pour point than petroleum diesel; however, it has
equivalent calorific values and a lower value of cetane

number. Thus, pyrolyzed vegetable oil has an acceptable
amount of sulfur, water, sediment, and copper corrosion
values [139]. A study suggested that pyrolytic oil, also

known as bio-oil, derived from non-edible feedstock such
as Jatropha, Castor, Kusum, Mahua, Neem, and Polanga,

has drawn interest to be used as an alternative biofuel.
The advantages of using pyrolytic bio-oil are that it is easy

to handle, store, and transport and has a high cetane
number, low viscosity, and low sulfur quantities [138,140].

The bio-oils derived from edible
and non-edible plant seeds are

acidic. They are denser than
petroleum diesel fuel and thus

require a pre-treatment process to
remove moisture and neutralize

prior to use as an alternative
biofuel [138,141]. The

disadvantages of pyrolysis
include high temperature,

expensive apparatus, and low
purity due to intolerable amounts

of carbon residue and
clinker [138,141].

Transesterification

The transesterification process has several advantages
over the biodiesel synthesis methods, which include

eco-friendly, mild chemical reactions, and are suitable for
biodiesel feedstock. It effectively reduces moisture, FFAs,
and viscosity during producing biodiesel from non-edible

oil [138,142].

The type of catalyst used will
determine the conversion

efficiency, reusability, cost, and
applicability of feedstocks with

water and high fatty acid content.
The enzymes used during the

process are costly, and the reaction
is time-consuming [4].

Catalytic distillation

Catalytic distillation is a green reactor technology that
integrates chemical reactions and product separation into

a single operation. This method simultaneously carries
out the chemical reaction and product separation within a

single-stage operation. The continuous removal of the
product from the reactive section via distillation action can
lead to increased product yield and enhanced productivity.

Catalytic distillation has several advantages, such as
mitigating catalyst hot spots, better temperature control,

and improved energy integration due to the conduction of
an exothermic chemical reaction in a boiling medium.

Recent studies show that catalytic distillation is a novel
approach to biodiesel production, which is more efficient

and cost-effective [143].

The conversion process and
solvent usage for post-treatment

depend on catalyst recovery.
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Table 6. Cont.

Production Technologies Merits Demerits

Dilution

Dilution is a simple process that results in a reduction in
the viscosity and density of vegetable oils. A study

revealed that adding 4% ethanol to diesel fuel increases
the brake thermal efficiency, brake torque, and power

[144]. Another study reported that blending non-edible oil
with diesel fuel increases the storability, potential
improvement of physical properties, and engine

performance. Additionally, dilution reduces poor
atomization and difficulty handling by conventional fuel

injection systems of compression ignition engines [55].

The issues with blending include
the formation of carbon in the

engine and
incomplete combustion.

Microwave technology

The electromagnetic waves generated in the microwave
through electric energy transfer energy directly at the
molecular level, allowing quick reaction activity and

better energy transfer [135]. The catalyst (homogeneous or
heterogeneous) in microwave radiation lowers microwave
power usage while keeping the reaction equilibrium and
achieving transesterification at very low input power with
a very fast conversion rate [53]. The high input power can

directly degrade oils into different byproducts. Thus,
controlling the radiation level is vital to achieving a

complete transesterification reaction.

Removal of the catalyst after the
process is needed, and process
conversion depends on catalyst

activity and is not appropriate for
solid feedstocks.

Reactive distillation

Reactive distillation offers new and exciting opportunities
for manufacturing fatty acid alkyl esters in the industrial

production of biodiesel and specialty chemicals. The
processes can be enhanced by heat integration and

powered by heterogeneous catalysts to eliminate all
conventional catalyst-related operations by efficiently
using raw materials and reaction volume. At the same

time, reactive distillation offers higher conversion,
selectivity, and high energy savings [145]. This method
combines the reaction and separation stages in a single

unit, thereby reducing the capital cost and increasing heat
integration [25]. Overall, this method is applicable with

feedstock with high FFAs content, simple process, less use
of methanol, and easy to separate product.

However, it requires high energy,
and process conversion depends

on catalyst efficiency.

Supercritical fluid method

In the supercritical fluid method, the reaction is carried
out at supercritical conditions. The mixture becomes

homogeneous, where both the esterification of free fatty
acids and the transesterification of triglycerides occur

without needing a catalyst, making the process suitable
for all types of raw materials. The combination of two
stages has attracted research interest recently, where

simultaneous extraction and reaction from solid matrices
are carried out using methanol with supercritical CO2 as a

co-solvent [25].
This method involves less reaction time, high conversion,

and no catalyst required.

This method demands a high cost
of apparatus and

energy consumption.

6. Factors Affecting Biodiesel Production

Biodiesel production using biomass feedstock is influenced by several factors
described below.

6.1. Free Fatty Acids

Free fatty acids affect biodiesel production. The higher amount of free fatty acid
leads to soap and water formation [146]. The slow rate of acid-catalyzed reaction requires
low-temperature conditions [147]. Base-catalyzed transesterification reactions demand raw
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materials with low acid value (<1) and free from water [148]. With 3% free fatty acids, there
is no need to use a homogeneous base catalyst during the transesterification reaction [149].

6.2. Water Content

The amount of water content in the feedstock accelerates the hydrolysis and lowers
the formation of ester [150]. A study has revealed that for a 90% biodiesel yield for an
acid-catalyzed reaction, the water content should be less than 0.5% [151]. Additionally,
water obtained as a byproduct inhibits the reaction and decreases engine performance.
However, water in oil can be removed by preheating it up to 120 ◦C or by using anhydrous
sodium sulfate or anhydrous magnesium sulfate [152].

6.3. Types of Alcohol

Methanol is used for biodiesel production for a higher conversion rate from waste
cooking oil with lower viscosity and is cheaper than other alcohol-based biofuels [153].
However, it is more toxic [154] and causes enzyme deactivation, denaturation, or inhibition
at higher concentrations [155]. In order to address these issues, ethanol is used in most
enzymatic reactions [153].

6.4. Alcohol to Oil Ratio

In order to obtain one mole of alkyl ester, 3 mol of alcohol and 1 mol of triglyceride are
needed [156]. The rate of biodiesel production increases with higher alcohol concentration,
i.e., increasing the alcohol-to-oil ratio [157]. The maximum conversion with 99% biodiesel
production was achieved from waste sunflower oil transesterification using methanol and
NaOH as the catalyst, with an alcohol-to-oil ratio of 6:1 [158,159], compared to 49.5% yield
in waste canola petroleum using 1:1 methanol to oil [158].

6.5. Reaction Time

Reaction time plays a significant role in product conversion. Suppose more time is
needed to give to the reaction. In that case, some parts of the oil may remain unreacted and
ultimately reduce ester yield and exceed reaction time than usual, affecting the end product
and leading to soap formation [160]. The reaction time for lipase-catalyzed reactions differs
from 7 to 48 h [161]. Studies also suggested that reaction time also controls production costs.
A study found no significant change in the conversion of biodiesel with the reaction time
of 1 h (96.10%) versus 3 h (96.35%) [162]. However, a longer reaction time may lead to the
reduction in biodiesel due to reversible transesterification reaction resulting in loss of esters
and soil formation. Thus, reaction time needs to be optimized to bring the production cost
down to a minimum. Maximum ester conversion can be achieved within <90 min.

6.6. Reaction Temperature

High temperatures lead to lower oil viscosity, resulting in a high reaction rate and
reduced reaction time. However, if the temperature increases beyond the desirable range,
the biodiesel yield is lowered due to the saponification of triglycerides accelerated by high
temperature [163]. Biodiesel viscosity improves as the reaction temperature falls below
50 ◦C. For waste cooking oil, it is necessary to pre-heat up to 120 ◦C and cool down to
60 ◦C [164]. Higher reaction temperature increased the reaction rate and shortened the
reaction time due to the reduction in the viscosity of oils. For the esterification reaction,
the temperature should be below the boiling point of alcohol to prevent alcohol evapora-
tion [165,166]. The highest conversion was achieved for cottonseed oil at 50 ◦C and Jatropha
oil at 55 ◦C using lipase as a catalyst [167]. Further, the maximum yield of biodiesel was
reported at 65 ◦C for domestic and commercial (waste and fresh) oils using KOH as a
catalyst [162].
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6.7. pH

Though pH is not crucial for acid/base catalysts, for lipase catalysts, pH plays an
important role; for example, the enzyme may decompose at higher or lower pH. For
example, a study found that a pH of 7 is optimal for biodiesel production using Jatropha
oil-immobilized Pseudomonas fluorescence [168].

6.8. Catalyst Concentration

The most commonly used catalyst for biodiesel production is sodium hydroxide
(NaOH) or potassium hydroxide (KOH) [165], and other catalysts used are sodium methoxy
and potassium methoxide [169]. Increasing the catalyst concentration with oil samples
also increases the conversion of triglycerides into biodiesel. However, it also increased
soap formation. Lowering the amount of catalyst leads to incomplete conversion into fatty
acid ester, resulting in lower methyl esters yield [166]. Optimum biodiesel production is
achieved when the concentration of NaOH reaches 1.5% weight [93]. Again, using an excess
amount of catalyst can have a negative impact on biodiesel yield [93,170]. For soybean oil
biodiesel, a 1.5 % copper vanadium phosphate (CuVOP) concentration was found to be the
most effective [171].

6.9. Agitation Speed

Agitation is mandatory for the reaction, and its speed is essential for product formation.
Lower agitation speed cause less product formation. Lower agitation speed cause less
product formation. However, higher agitation speed favors soap formation [166]. There
should be an optimum stirrer speed, which varies with our feedstocks. A study revealed a
stirrer speed of 200 mm found to be optimum for biodiesel production using enzymatic
reactions [172]. However, another study reported that at 400 rpm, there was a higher
conversion of end product compared to 200, 600, and 800 rpm for an hour [165].

7. Catalyst Use for Biodiesel Production

Biodiesel is fatty acid methyl esters (FAME) with lower alkyl esters and long-chain fatty
acids. It is synthesized by two procedures: esterification of fatty acids and transesterification
with lower alcohol. Even without a catalyst, transesterification reactions can happen.
However, they demand high temperatures, pressure, and reaction time. It also increases the
overall cost of the reaction process [173]. The biodiesel thus produced has high purity of
ester and glycerol (soap-free); however, from a commercial scale standpoint, it is imperative
to use catalysts. Hence, there are three different catalysts: acidic, alkaline, and enzyme [174].

7.1. Acidic Catalysts

Acidic catalysts support higher efficiency for the esterification of FFAs over alka-
line catalysts, with up to 90% conversion [175]. These catalysts favor feed oil with high
acid value (including edible waste oil) and have good potential for transesterifying low-
quality feeds [3]. Transesterification is performed at high temperatures (100 ◦C), pressure
(~5 bar), and a high amount of alcohol. However, the process is slower compared to alkaline
catalysts [3]. The most commonly used acid catalysts are sulfuric acid, hydrochloric acid,
organic sulfonic acid, sulfonic acid, and ferric sulfate [75].

7.2. Alkaline Catalysts

Alkaline catalysts for biodiesel production include NaOH, KOH, alkaline metal car-
bonate, sodium and potassium carbonates, sodium methoxide, and sodium ethoxide. These
catalysts are appropriate for oil with low FFAs due to the sensitivity as oils with higher
FFAs, are converted to soap rather than biodiesel. This process restricts the separation of
glycerin, biodiesel, and water. In order to cope with the issue, a deacidification step is
necessary before the transesterification of vegetable oil [3].
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7.3. Enzyme Catalysts

Enzymes such as lipases from microorganisms act as catalysts during transesterifi-
cation reactions [176]. Lipase enzymes are abundant in nature and are synthesized by
microorganisms (fungi, bacteria, and yeast), plants (rapeseed, oat, papaya, latex, and caster
seeds), and animals (cattle, pigs, hogs, and pancreases of sheep) [177]. During biodiesel
production, no or little residual or soap is formed at the end, resulting in high-quality glyc-
erol production. This is also useful for feedstocks with high acidic values. Some limitations
of using enzyme catalysts are high concentration and long reaction time. Separating the
final product from the reaction results in a high cost of biodiesel production [3]. Further,
applying metagenomics in enzyme technology opens the door for developing stable and
solvent-tolerant biocatalysts for biodiesel production [178].

7.4. Homogeneous Catalysts

Homogeneous catalysis involves a series of reactions involving a catalyst from the
same phase as the reactants, whether in the liquid or gaseous state. A homogeneous
catalyst is dissolved or co-dissolved in the solvent with all the reactants [166]. Sodium
hydroxide (NaOH) or potassium hydroxide (KOH) is the most popular homogeneous
catalyst for biodiesel production [179]. Homogeneous catalysts are acidic and basic and
widely used for biodiesel production. Acid catalysts are less active than base catalysts (i.e.,
lower reaction time). Therefore, a base catalyst involves high temperature and pressure.
When FFAs exceed 1% in the oil, acid catalysts become effective. Acid catalysts prevent
soap from forming. These catalysts catalyze the esterification of FFAs to form FAME and
thus enhance biodiesel production [75,180]. The deep eutectic solvents (DESs) with acidic
nature were evaluated for biodiesel production and found to have over 90% conversion
efficiency [3]. Alkaline catalysts react with alcohol to form alkoxide and protonated catalysts.
The carbonyl atom of the triglyceride molecule is attacked by nucleophilic alkoxide to form
a tetrahedral intermediate, which reacts with alcohol to revive the anion. Further, the
tetrahedral structure undergoes structural reorganization to form a fatty acid ester and
diglyceride [66,181]. The higher conversion rate is obtained at low temperatures and
pressure, resulting in lower production costs of biodiesel [3]. The alkaline catalysts are less
efficient than acidic catalysts for converting oils containing high FFAs, producing soap, and
inhibiting the separation of ester and glycerin. Thus, acid catalysts are recommended for
biodiesel production [75].

7.5. Heterogeneous Catalysts

Catalysts with a state or phase different from reactants are heterogeneous catalysts.
Most of the heterogeneous catalysts are solid. However, reactants are either in liquid or
gaseous forms [166]. The separation process in heterogenous catalysts is easy and aids faster
recycling and reuse than homogeneous catalysts. Therefore, it resolves problems related to
homogeneous catalysis while lowering the material and processing costs [25,120,182–185].
Heterogenous catalysts can also tolerate high FFA and moisture content [186]. These
catalysts, even at severe reactions conditions, can recover from a reaction mixture, stand up
to aqueous treatment steps, and can be easily modified to achieve a high level of activity,
selectivity, and long lifetime. Solid base heterogeneous catalysts include hydrotalcite,
metal oxides (CaO, MgO, or SrO), oxides of mixed metals (Ca/Mg, Ca/Zn), alkali metal
oxides (Na/NaOH/y-Al2O3, K2CO3/Al2O3, magnetic composites, and alkali-doped metal
oxides (MgO/Al2O3, CaO/Al2O3, Li/CaO) [187]. However, some limitations of using
heterogenous catalysts include diffusion due to phase separation between alcohol and oil,
low surface area, and leaching. Strategies to resolve these issues include using n-hexane
and tetrahydrofuran as co-solvents, increasing the area of specific activities, and providing
more pores for reactive components. This can be possible with the help of supporters
for catalysts as well as promoters for its structure [25,120]. The study also suggested that
through immobilization or in the liquid phase, higher biodiesel yield can be obtained with
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robust lipase enzymes (how lipase technology contributes to the evolution of biodiesel
production using multiple feedstocks).

A clear distinction between acid versus alkali and homogeneous versus heterogeneous
catalyzed transesterification reactions is shown in Tables 7 and 8.

Table 7. Comparison of acid versus alkali-catalyzed transesterification process of biodiesel production,
reported by [27].

Transesterification Process Merits Demerits

Acid-based catalyzed reaction

Suitable in the presence of high levels of
FFA and water.

No need for pretreatment.
Fewer environmental problems and less

toxic effect.
Few main processing units.

Slow reaction.
High temperature, pressure, and

alcohol/oil ratio.
Environmental contamination.

Required costly equipment.

Alkali-based catalyzed reaction

Low temperature, pressure, and
alcohol/oil ratio.

High reaction rate.
Smaller equipment, good corrosion

resistance properties.
Low cost of catalyst.

Need of pretreatment.
Low ester yields and byproducts without

pretreatment.
Saponification occurs.

Table 8. Comparison of homogeneous versus heterogeneous-catalyzed transesterification process of
biodiesel production, reported by [27].

Factors Homogeneous Catalysis Heterogenous Catalysis

Reaction rate Fast and high conversion Moderate conversion
Post-treatment No recovery of catalyst Catalysts can be recovered

Processing methodology Mild reaction and less energy consumption Continuous operation possible
Process of water and FFA Sensitive and not suitable Not sensitive and suitable

Reuse of catalyst Not possible Possible

Cost
Comparatively cost-effective than the

currently available heterogeneous
catalyzed transesterification

Potentially cheaper, high conversion
efficiency, and technologically available

Overall, the reusability and recyclability are complex in homogeneous catalysts,
whereas heterogeneous catalysts offer efficient, yielding results and can be reused again.
Nanocatalysts that come under the heterogeneous catalyst group reveal better yield due to
the large surface area at the Nanoscale and are preferable for biofuel reproduction with
the help of transesterification [4]. Homogeneous catalysts are also considered fuel perfor-
mance catalysts due to their ability to improve fuel efficiency and reduce smoke emissions,
unburned hydrocarbons, and carbon monoxide.

8. Evaluation of Greenhouse Gas Emissions from Biodiesel Production

Overall, biodiesel reduces GHG emissions of carbon monoxide (CO), carbon dioxide
(CO2), unburnt hydrocarbon (UBHC), and particulate matter (PM) to a significant extent,
except nitrogen oxide (NOX), compared to diesel. These emission gases are the primary
causes of atmospheric pollution and human health [71].

Carbon monoxide reduction from different biodiesel feedstock range from 9.4% (mi-
croalgae) to 63% (palm oil) compared to CO emissions from diesel [188]. Several studies
have shown the different proportions of CO emission reduction as engine speed increases.
For example, CO emission reduction for soybean biodiesel was reported at 14% at 1400 rpm,
27% at 2000 rpm [189], and 37% at 3600 rpm engine speed [90]. Carbon monoxide reduction
using rapeseed oil was 29.7% [91] and 26% [90]. Similarly, CO emission from jatropha
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oil ranged from 14 to 30% [190–192], waste cooking oil ranged from 17.8 to 20% [91,193],
animal fats from 26% [90], and microalgae ranged from 9.4 to 32% [194–196].

Carbon dioxide emissions in some biodiesels are almost the same or even higher than
the regular diesel [68]. For example, CO2 emissions from soybean oil (SO) and used/waste
cooking oil (UCO)-based biodiesel were 60% and 33% more compared to regular diesel [90].
However, another study reported an increase in CO2 emission from SO and UCO by 1.8%
and 1.2%, respectively. Similarly, palm, rapeseed oil [90], and jatropha oil [191] generated
41%, 32%, and 3% more CO2 emissions than regular diesel. Animal fats and microalgae
biodiesels emitted 3% and 2.6% more CO2 emissions than regular diesel [197].

Nitrogen oxide emissions from biodiesels are more than diesel, except for palm oil
and microalgae-based biodiesel. Studies have shown that biodiesel with long-chain fatty
acids produced fewer NOx emissions than short-chain fatty acids. On the contrary, NOx
emissions increased as the number of double bonds, i.e., the degree of saturation of fatty
acids, increased [68]. NOx emissions from soybean biodiesel increased due to its highest
degree of saturation (14.7%) and 85.3% of the chain. NOx emission was lowered for
palm-based biodiesel due to more short chains and a high degree of saturation than other
biodiesels [68].

PM emissions from biodiesel are lowered compared to diesel. PM emissions from
SO biodiesel decreased from 56% [90] to 69% [198], palm oil by 50% [91], rapeseed oil by
36% [90] to 70% [198], jatropha oil by 11% [191] to 15% [192], and used/waste cooking
oil by 17% [90]. Similarly, PM emissions from animal fats-based biodiesel decreased by
61% [99] to 77% [198] and microalgae by 31% [196].

Overall, soybean and animal fats-based biodiesel produced the lowest PM, jatropha
oil-, animal fats-, and microalgae-based biodiesel produced the lowest CO2 emissions. Palm
oil-based biodiesel produced the lowest CO and NOx emissions [68].

9. Conclusions and Recommendations

The demands for fossil fuels are gradually increasing due to the improvement in
technology (for example, urbanization and improved life standard), which also requires
more fuels. This increasing use of energy reserves will decrease fossil fuels in the future. A
rapid increase in population and associated energy demand cannot be fulfilled by using
fossil fuels alone. Using first-generation crops such as soybean and corn as bioenergy creates
conflict in the food versus energy debate. Likewise, second-generation crops, particularly
grasses, are unsuitable for biodiesel production. One of the significant problems in using
second-generation vegetable oil is that it lessens engine life if the oil is not refined correctly.
These issues of using first- and second-generation biofuels, such as economic, social, and
food insecurity [48], can be resolved using third and fourth-generation biofuels. Third
and fourth-generation biofuels are generated from various types of algae, which is highly
efficient, and algal-based biofuels have great potential and no competition for food or land.
In recent times, fourth-generation biofuels have great promise to overcome the inherent
flaws and meet the world’s growing energy demands. Though algal cultivation is simple,
feedstock production is complex due to high lipid content, and harvesting needs should be
addressed. Detailed work on the parameters for fuel compatibility is required. Many things
need to be worked out to make an algal biofuel a commercially viable option to fossil fuel,
as the production of biofuels from microalgae is an energy-intensive process [199]. Further,
greenhouse gas emissions are much lower; mainly, there is no emission of CO or CO2 using
this generation of biofuels. Thus, these fuels could be potential options to replace fossil
fuels. It is also recommended to consider the potential benefits of using other resources for
energy sources that are more cost-effective, climate resilient, and sustainable. This could
reduce the burden on fossil fuels in the future.
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Abstract: The most important and commonly used process for biodiesel synthesis is transesterification.
The main by-product of biodiesel synthesis by transesterification is glycerol, which must be removed
from the final product. Recently, deep eutectic solvent (DES) assisted extraction has been shown to be
an effective and sustainable method for biodiesel purification. In this study, biodiesel was produced
by lipase-catalysed transesterification from sunflower oil and methanol. A total of 12 different eutectic
solvents were prepared and their physical properties were determined. Mathematical models were
used to define which physical and chemical properties of DES and to what extent affect the efficiency of
extraction of glycerol from the biodiesel. After initial screening, cholinium-based DES with ethylene
glycol as hydrogen bond donor was selected and used for optimization of extraction process conditions
performed in a microsystem. To determine the optimal process conditions (temperature, biodiesel:DES
volume ratio, residence time), the experimental three-level-three-factor Box-Behnken experimental
design was used. In the end, a combination of a mathematical model and experimental results was used
to estimate how many micro-extractors are necessary for the complete removal of glycerol.

Keywords: biodiesel; DES; microextractor; purification; glycerol extraction

1. Introduction

Biodiesel, as one of the representatives of biofuels, still has one of the largest shares of
renewable energy sources. The most common method of producing biodiesel is transesteri-
fication. When an enzyme is used as a catalyst, the production can be said to be green and
environmentally friendly. Since biodiesel produced by transesterification is not suitable
for direct use in internal combustion engines, as it may contain traces of soap, catalyst,
methanol (and other alcohols), metals, water, oil, and glycerides, it must be purified to meet
the appropriate quality standards (ASTM D6751, EN 14214) [1,2]. Moreover, the down-
stream process of biodiesel production largely determines the final price of biodiesel [3].
This is due to the industrial purification method for biodiesel, wet washing, which has
the major drawback of consuming about 10 L of water per 1 L of purified biodiesel [2]. In
addition to the fact that wet washing of biodiesel consumes a large amount of fresh water,
the wastewater after biodiesel purification must be cleaned before it is discharged into the
environment, which requires a large amount of energy. Therefore, it is necessary to find
more environmentally friendly methods for the purification of biodiesel and to make the
whole production/purification process green.
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Because of all the disadvantages of the wet washing, various other methods have been
developed, such as dry washing, membrane separation, liquid-liquid extraction, precipita-
tion, reactive distillation, and complexation [4–7]. Liquid-liquid extraction with deep eutec-
tic solvents (DESs) is one of the alternative methods to remove glycerol from biodiesel after
the transesterification [8]. DESs have unique properties that include ease of preparation,
low cost, environmental friendliness compared to conventional solvents, non-flammability,
low volatility, high dissolving power, and good biodegradability. Biodegradability and
environmental impact are largely related to the character of the individual pure components
that make up DESs [9]. Another important property of DESs is their chemical adaptability,
which means that eutectic solvents can be developed for specific applications [10].

Shahbaz et al. [11] synthesized various DESs and removed all the free glycerol from
palm oil-based biodiesel with an optimal molar ratio of DES to biodiesel of 1:1. In the work
presented by Naiwanti and Zullaikah [12], the authors used cholinium-based DES with
ethylene glycol as hydrogen bond donor to remove the total glycerol, but the amount of
total glycerol still remained above the specification standard. The same effect was found
in the work of Petračić et al. [13] where the same DES (molar ratio 1:2.5) was used as an
extraction medium in batch experiments and in the continuous Karr column. It was found
that after extraction, the free glycerol content was below the limit for all samples, but the
total glycerol and glycerides content was too high to fully meet biodiesel quality standards.

In addition to using DES instead of water to purify biodiesel, switching from
batch to continuous processes could also improve the purification efficiency. Microex-
tractors, miniaturized systems, are an example of how smaller is better. Due to their
internal properties—large surface-to-volume ratio, intensification of mass transfer, and
small dimensions—the interphase diffusion can be neglected [14,15]. In the work of
Šalić et al. [8] the authors tested an extraction efficiency of seven different DESs based
on mixtures of choline chloride with ethylene glycol or glycerol for glycerol extrac-
tion from raw biodiesel produced by transesterification using three microextractors of
different sizes. With a residence time of only 13.61 s, glycerol was almost completely
removed from biodiesel using a cholinium-based DES with glycerol as a hydrogen
bond donor. The results obtained clearly indicate that the microextractors can be used
for glycerol removal from raw biodiesel.

As can be seen from the literature, the most commonly used solvents for the removal
of glycerol from biodiesel were DESs based on choline chloride and ethylene glycol or
glycerol as hydrogen bond donors in various molar ratios. However, DESs can also be
formed by mixing other components [9]. The chemical structure of hydrogen donor and
acceptor has a significant effect on the formation, properties and stability of the deep
eutectic solvent [9]. In the preparation of eutectic solvents, it is necessary to know certain
factors such as the purity of the components and the water content of each component,
as well as the storage and drying of the prepared DESs, so that their physicochemical
properties do not change. Small changes in the water content of DES can lead to significant
differences in physicochemical properties such as viscosity, density or polarity. Water can
disrupt the hydrogen bond acceptor/donor network because it can act as both a hydrogen
bond acceptor and donor. For this reason, and to ensure consistency of properties, different
approaches are used for the preparation of DESs [16–20].

In this work, raw biodiesel was produced by transesterification. Glycerol was then
removed from the product using 12 different DESs in microextractors, and the efficiency
of the extraction was assessed. For the DES exhibiting the highest extraction efficiency,
extraction process was optimized using the Box-Behnken model at three levels and with
three factors. After process optimization, extraction was performed in a microextractor
under optimal process conditions. Finally, a mathematical model was used in order to
estimate how many microextractors are required for the complete removal of glycerol
from biodiesel.
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2. Materials and Methods
2.1. Materials
Chemicals

Edible sunflower oil (Zvijezda, Zagreb, Croatia) was purchased at a local super-
market. Commercial lipase from Thermomyces lanuginosus (Lipolase 100L), ethylene
glycol, glycerol, betaine and propylene glycol were purchased from Sigma-Aldrich
Handels GmbH (Saint Louis, MO, USA). Methanol was purchased from BDH Prolabo
(Lutterworth, United Kingdom). Choline chloride, zinc chloride and propylene glycol
were purchased from Acros Organics (Geel, Belgium). Ethanol was purchased from
Gram-mol (Zagreb, Croatia). The chemicals were of analytical grade and were used
without further purification, except for drying.

2.2. Methods
2.2.1. Production of Biodiesel in a Batch Reactor

Biodiesel production from edible sunflower oil using commercial free lipase was per-
formed in a glass jacketed batch reactor (V = 500 mL). The total mass of the mixture was
275.48 g, and the mixture consisted of 225 g sunflower oil, 27.98 g methanol, and 22.5 g lipase
enzyme solution [21]. The enzyme solution was prepared by mixing commercial lipase with
0.01 mol/L phosphate buffer pH 7.4 at a volume ratio of 1:10. The transesterification reaction
was started by adding the enzyme to the reaction mixture and carried out at a temperature of
40 ◦C (optimal temperature for the lipase-catalyzed transesterification reaction) which has kept
constant by a water bath (Thermomix 1420, Braun, Germany). The process lasted 48 h. Mixing
was carried out by a magnetic stirrer (MS-H-S, DLAB, Rowland St, City of Industry, CA, USA)
at 600 rpm. At the end of the reaction, the mixture was transferred to a separating funnel to
separate glycerol at the bottom. In the further course of the research, the upper phase was
used, i.e., partially purified biodiesel [8].

2.2.2. Preparation of Deep Eutectic Solvents

Choline chloride, glycerol, ethylene-glycol, betaine, propylene-glycol and zinc chloride
were used in waterless DESs preparation. Prior to DESs preparation, the DESs components
were dried in a vacuum oven at 60 ◦C for 8 h. DESs were prepared by mixing dried chemicals
in different molar ratios (Table 1) in a glass vial equipped with a stopper. The components
were mixed on a magnetic laboratory stirrer (Rotamix S-10, Tehtnica, Železniki, Slovenia) at
700 rpm and 70–90 ◦C until a homogeneous, colorless liquid was obtained [22–25].

Table 1. Prepared DESs.

Deep Eutectic Solvent Abbreviation Hydrogen Bond Acceptor Hydrogen Bond Donor Acceptor:Donor
Molar Ratio

Choline chloride:glycerol ChCl:Gly
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2.2.3. Measurements/Determination of Physico-Chemical Properties of Prepared Deep
Eutectic Solvents

The physico-chemical properties of the prepared DESs were determined at 25 ◦C.
Specific conductivity was determined with a conductivity meter (Schott Instruments
Lab 960, Mainz, Germany, resolution 0.01 for a range of 0.00–19.99 mS cm−1, 0.001
for a range of 0.000–1.999 µS cm−1), refractive index was measured with a refrac-
tometer (Abbe RL-3, Kern, Myszków, Poland, accuracy ±0.0002), and a density meter
(Anton Paar DMA 4500 M, Graz, Austria) was used for density measurements. A
programmable rheometer (Brookfield DV-III Ultra, East Lyme, CT, USA, accuracy ±1%)
was used to determine dynamic viscosity. As for thermal properties, thermal conductiv-
ity, thermal diffusivity and heat capacity were measured with a thermal conductivity
meter (Linseis Transient Hot Bridge 1, Selb, Germany, measurement uncertainties
according to ISO standards) [22–25].

2.2.4. Calculation of Deep Eutectic Solvents Descriptors

DESs chosen for glycerol extraction were mathematically described using σ-profiles
defined with the COSMOtherm software and the generated DES descriptors were further
used to mathematically model the glycerol extraction efficiency.

DESs constituents were initially optimized both from an energy and geometry point
of view in TURBOMOLE software by adopting DFT (density functional theory) with BP86
functional level of theory and def-TZVP basis set. Molecules consisting of two or more
ions (e.g., choline chloride) were treated as ion pairs and their structures were optimized
according to Abranches et al. [26]. These quantum chemical calculations resulted in the
software-generated .cosmo file for each optimized molecule that was further used in
BIOVIA COSMOtherm software. The files contained σ-profile curves that provided a
quantitative representation of the molecules’ polar surface screen charge on the polarity
scale, and therefore included all information necessary for the calculation of the σ-profile
function and σ-profile descriptors. As the calculation output, σ-profile for each molecule
was created. The σ-profile curve for each molecule was divided into ten regions, making
the region width of 0.005 e / Å2 and covering the total range from –0.025 to +0.025 e/Å2.
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The areas under the curve were integrated separately for each defined region. This was
done by simple summation of tabulated σ-profile data point ordinate values as presented
by the COSMOtherm software. The ordinate values lying on the boundaries of the regions
were split into halves, and each half was attributed to one of the neighboring regions. Thus,
10 S-descriptors (S1–S10) of σ-profiles were calculated to represent these 10 areas numerically.

For the preparation of the DESs descriptor set, the DESs were modelled as a molar
mixture of hydrogen bond acceptor and donor according to Table 1. Any change in DES
composition can be described by a change in its σ-profile and the associated numerical
value of its descriptors. To obtain a unique descriptor set for each particular DES, the
σ-profiles of its constituents were processed as follows. The descriptors of the studied DES
(Si

mix) were calculated from the hydrogen bond acceptor and donor descriptors according
to Equation (1) proposed by Benguerba et al. [27]:

Si
mix = ∑NC

j=1 XjSi
σ−profile,j (1)

where i denotes the descriptor number (1–10), j stands for the DES constituent number, Xj

is the molar fraction of each constituent, Si
σ-profile,j, is the i-th descriptor of j-th constituent,

and NC is the total number of constituents from which DES is prepared.

2.2.5. Two-Phase Liquid-Liquid Extraction in a Microextractor

The extractions (Figure 1) were performed in a PTFE (polytetrafluoroethylene) microextrac-
tor with two inlets and a T-junction (L = 30 cm, d = 1000 µm). Liquids were fed to the microextrac-
tor using syringes mounted on two piston pumps (Harvard PHD 4400 Programmable, Harvard
Apparatus, Inc, Holliston, MA, USA) connected with PTFE tubing. One syringe was filled with
crude biodiesel, and the second syringe contained DES. The flows of biodiesel and DES were
adjusted to achieve the 1:1 volume ratios of components in a microextractor. Extractions were
performed for different residence times (0.05–30 min) depending on the experiment. Samples
were collected at the exit of the microextractor in Eppendorf test tubes. The samples collected in
this way were centrifuged (Universal 320 R, Hettich, Buford, GA, USA; 14,000 rpm, T = 25 ◦C,
t = 15 min) to completely separate the biodiesel (upper layer) from the DES (lower layer).
The samples were collected from upper phases using a needle to avoid phase contamination.
Samples were diluted with ethanol and the influence of solvents on glycerol extraction was
monitored according to the method described in Section 2.2.6.

Figure 1. Scheme of the experimental set-up used for the biodiesel purification process in a microextractor.
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From the values obtained, biodiesel yield (Y), glycerol extraction efficiency (E), dis-
tribution coefficient (KP) and mass fraction of glycerol in biodiesel (w) were calculated
according to the following equations (Equations (2)–(5)):

Y =
γB, P.B.

γB, C.B.
(2)

E = 1− γG,P.B.

γG,C.B.
(3)

K =
γG,C.B. − γG,P.B.

γG,C.B.
(4)

w =
γG,P.B.·VB

mB
(5)

where G denotes glycerol, B denotes biodiesel, P.B. denotes purified biodiesel, γ denotes
mass concentration (mg/mL), V denotes volume (mL) and C.B. denotes crude biodiesel.

2.2.6. Determination of Glycerol and FAME Concentration in the Samples

The concentrations of free fatty acids esters (FAME) and glycerol in the samples
before and after extraction were determined using a GC (Shimadzu GC-2014, Kyoto,
Japan) gas chromatograph equipped with FID detector and Zebron ZB-wax GC capillary
column (length 30 m, i.d. 0.53 mm and film thickness 1.00 µm, Phenomenex, Aschaffen-
burg, Germany) by the method described elsewhere [28]. To confirm repeatability, every
sample was analyzed in triplicate. On a 95% confidence interval, the results showed no
significant difference.

2.2.7. Data Analysis and Mathematical Modeling
Modeling of Extraction Efficiency Based on DESs Descriptors and Physical Properties

Glycerol extraction efficiency (E) was modeled as the function of σ profile of the DES
expressed by a set of Si

mix descriptors according to Equation (6):

E = f
(

Si
mix

)
(6)

Si
mix descriptors for the description of glycerol extraction efficiency were selected

based on the Person correlation matrix. Based on significant correlations, S1
mix, S3

mix,
S4

mix, S5
mix and S6

mix were used as the models input variables. The relationship between
glycerol extraction efficiency and selected Si

mix descriptors was modeled using multiple
linear regression (MLR) according to Equation (7), nonlinear regression (NLR) according to
Equation (8) and piecewise linear regression (PLR) according to Equation (9):

E = b0 + b1·S1
mix + b2·S3

mix + b3·S4
mix + b4·S5

mix + b5·S6
mix (7)

E = b0·
(

S1
mix

)b1 ·
(

S3
mix

)b2 ·
(

S4
mix

)b3 ·
(

S5
mix

)b4 ·
(

S6
mix

)b5
(8)

E =

{(
b01 + b11·S1

mix + b21·S3
mix + b31·S4

mix + b41·S5
mix + b51·S6

mix
)
∀ (E ≤ bn)(

b02 + b12·S1
mix + b22·S3

mix + b32·S4
mix + b42·S5

mix + b52·S6
mix
)
∀ (E > bn)

}
(9)

Glycerol extraction efficiency (E) was also modeled as the function of DESs phys-
ical properties: density (ρ), dynamic viscosity (η), electrical conductivity (σ), refractive
index (nD), thermal diffusivity (a), thermal conductivity (λ), and specific heat capacity (cp)
according to Equation (10):

E = f
(
ρ, η, σ, nD, a, λ, cp

)
(10)

The relationship between glycerol extraction efficiency and analyzed physical proper-
ties of DESs was modeled using multiple linear regression (MLR) according to Equation (11),
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nonlinear regression (NLR) according to Equation (12), and piecewise linear regression
(PLR) according to Equation (13):

E = b0 + b1·ρ + b2·η + b3·σ + b4·nD + b5·a + b6·λ + b7·cP (11)

E = b0·ρb1 ·ηb2 ·σb3 ·nD
b4 ·ab5 ·λb6 ·cP

b7 (12)

E =

{
(b01 + b11·ρ + b21·η + b31·σ + b41·nD + b51·a + b61·λ + b71·cP) ∀ (E ≤ bn)
(b02 + b12·ρ + b22·η + b32·σ + b42·nD + b52·a + b62·λ + b72·cP) ∀ (E > bn)

}
(13)

The parameters of the MLR models (Equations (7) and (11)), NLR models
(Equations (8) and (12)), and PLR models (Equations (9) and (13)) were estimated using
the Levenberg-Marquardt algorithm implemented in Statistica 13.0 (Tibco Software Inc,
Palo Alto CA, USA). The algorithm searches for numerical solutions in the function
parameter space using the least squares method. Calculations were performed in 50
iterations with the convergence parameter of 10−6 and 95% confidence interval [29,30].

Optimization of Biodiesel Purification in a Microextractor

To optimize the biodiesel purification, the experiments were carried out in the microex-
tractor as described in Section 2.2.5, according to the Box-Behnken experimental design
at three levels (−1, 0, 1). The effects of the (i) extraction temperature X1 (T = 25, 40, 55
◦C), (ii) residence time X2 (τ = 0.05, 0.5, 0.95 min) and (iii) volume ratio of biodiesel:DES
X3 (9:1, 1:1, 1:9 v/v) were analyzed. Experimental data were fitted to the second order
polynomial equation (Equation (14)):

Z = β0 + ∑3
i=1 βi·Xi + ∑3

i=1 βii·X2
i + ∑2

i=1 ∑3
j=i+1 βij·Xi·Xj (14)

Therein, Z is the predicted response, β0, βi, βii and βij are the regression coefficients
for intercept, linear, quadratic and interaction terms, and Xi and Xj are the independent
variables. The response surface analysis was performed using Statistica 13.0 (Tibco Software
Inc, Palo Alto, CA, USA)

Mathematical Modeling of Glycerol Extraction in a Microextractor

The glycerol separation in a microextractor was described with a 2D model includ-
ing convection in the flow direction (x) and diffusion in two directions (x and y). The
mathematical model for steady-state conditions in a microextractor was composed of
dimensionless partial differential equations for glycerol concentrations in biodiesel and
DES phase and corresponding boundary and initial conditions. The proposed model was
described elsewhere [8].

3. Results and Discussion
3.1. Biodiesel Production in the Batch Reactor

To obtain larger amounts of biodiesel to be used in all purification experiments in this
work, biodiesel was synthesized in the batch reactor (V = 500 mL) using edible sunflower
oil, methanol, and the enzyme lipase from Thermomyces lanuginosus. At the end of the
reaction, the yield of the obtained biodiesel in the form of FAME was 97.96 ± 2.25% and
the glycerol concentration was 117.19 ± 2.70 mg/mL. The obtained results were consistent
with those of previous studies [7,21]. Although the yield of FAME in the sample was within
the range prescribed by the standards for the quality of biodiesel, the content of glycerol
was much higher than allowed (w < 0.02%), so biodiesel thus obtained had to be purified.
The first and simplest method of glycerol separation was by gravitational settling since
glycerol was insoluble in biodiesel. In order to remove most of glycerol, a separation funnel
was used. After a settling time of 24 h, samples of biodiesel were taken and the glycerol
concentration decreased by 96.96 ± 0.59%, which means that the glycerol concentration
in partially purified biodiesel was 3.57 ± 0.78 mg/mL. The same percentage of removed
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glycerol was obtained in the work of Šalić et al. [8]. The authors reported that several
additional steps could be used for biodiesel purification to further increase this percentage,
such as second gravitational settling, centrifugation, and filtration, but the total amount of
biodiesel removed by these processes would not justify the cost of their application. For
this reason, no additional purification steps were performed in this study.

3.2. Deep Eutectic Solvents Preparation and Physico-Chemical Properties

As mentioned in the introduction, the most commonly used DESs for the removal of
glycerol from biodiesel were DESs based on choline chloride and ethylene glycol or glycerol
as hydrogen bond donors in various molar ratios [8,11–13]. However, by combining
different hydrogen donors and acceptors, DESs with different properties can be obtained.
In this research 12 water-free DESs were prepared. They were selected based on their
ability to denitrify diesel fuels [22–25]. Water was not used for DESs preparation to prevent
water entering biodiesel because this would require an additional step in the purification,
since water must also be removed from biodiesel before use. After preparation, DESs
properties: density (ρ, g/mL), dynamic viscosity (η, Pa s), specific conductance (σ, mS/cm),
refractive index (nD, -), thermal diffusivity (a, mm2/s), thermal conductivity (λ, W/(m K)),
and specific heat capacity (cp, J/(g K)) were determined. The selected properties were
chosen according to Rogošić and Zagajski Kučan [25], as being among the most important
properties relevant to extraction processes. Viscosity is very important when it comes to
microfluidics since it is directly connected to the fluid behavior in flow. Also, if the fluids
(DESs) are too viscous, they cannot be used in microextractors [31]. As for the density,
it determines the settling of the layers of primary and secondary solvent after extraction
in macroextractors. Without the differences in the density, two liquids will not separate
in the gravitational field. This property is important for macroextractors; however, in a
microextractor even the two liquids of the same density flow side by side with a clearly
defined boundary when two liquids are introduced into a microchannel by two inlets [32].
The refractive index is important in order to observe the phase separation more easily. With
this, and by regulating the flow, it is possible to position the phase boundary between
the two liquids at a specific place in the microchannel, which enables complete phase
separation at the exit from the microchannel. Knowledge of the electrical conductivity of
DES is important for any DES uses that involve electric current, such as the separation
by electrocoagulation. Thermal properties are important when extraction is performed
at a temperature that is higher or lower than 25 ◦C [25]. Furthermore, increasing the
temperature decreases the viscosity and density of all DESs. In addition, the increase of
specific conductance was noted with increasing temperature of the DESs. In the research
performed by Abbott et al. [18], it was found that the lower was the viscosity, the higher
was the observed specific conductance. Besides heating, a possible strategy to reduce DES
viscosity is the simple dilution of DES with water [33–36] which was not an option in
this research.

The obtained results for selected DESs are presented in Table 2.

Table 2. Properties of selected DESs at 25 ◦C.

DES ρ, g/mL η, Pa s σ, mS/cm nD a, mm2/s λ, W/(m K) cp, J/(g K) Ref.

ChCl:Gly (1:2) 1.188 ± 0.002 0.369 ± 0.053 1.130 ± 0.010 1.448 ± 0.000 0.097 ± 0.011 0.232 ± 0.006 2.010 ± 0.193 [22]

ChCl:Gly (1:3) 1.204 ± 0.001 0.316 ± 0.011 1.122 ± 0.008 1.448 ± 0.000 0.097 ± 0.009 0.241 ± 0.005 2.057 ± 0.140 [22]

ChCl:EG (1:2) 1.115 ± 0.002 0.042 ± 0.000 8.610 ± 0.005 1.448 ± 0.000 0.167 ± 0.002 0.227 ± 0.002 1.205 ± 0.003 [23]

ChCl:EG (1:3) 1.113 ± 0.000 0.028 ± 0.000 9.410 ± 0.010 1.448 ± 0.000 0.195 ± 0.020 0.231 ± 0.008 1.055 ± 0.100 [23]

B:Gly (1:3) 1.223 ± 0.000 1.103 ± 0.012 0.001 ± 0.000 1.478 ± 0.000 0.151 ± 0.011 0.270 ± 0.004 1.455 ± 0.091 [24]

B:EG (1:3) 1.131± 0.000 0.062 ± 0.002 0.006 ± 0.001 1.456 ± 0.000 0.189 ± 0.005 0.231 ± 0.002 1.071 ± 0.018 [24]
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Table 2. Cont.

DES ρ, g/mL η, Pa s σ, mS/cm nD a, mm2/s λ, W/(m K) cp, J/(g K) Ref.

B:PG (1:3.5) 1.074 ± 0.000 0.139± 0.003 0.000 ± 0.000 1.452 ± 0.000 0.116 ± 0.003 0.206 ± 0.093 1.642 ± 0.048 [24]

ChCl:PG (1:3) 1.078 ± 0.003 0.066 ± 0.004 3.380 ± 0.009 1.458 ± 0.000 0.145 ± 0.023 0.208 ± 0.013 1.347 ± 0.147 [23]

ChCl:PG (1:4) 1.075 ± 0.134 0.049 ± 0.000 3.093 ± 0.033 1.455 ± 0.000 0.217 ± 0.021 0.213 ± 0.007 0.915 ± 0.063

ChCl:PG:ZnCl2
(1:4:0.02) 1.079 ± 0.000 0.054 ± 0.002 2.290 ± 0.073 1.455± 0.000 0.219 ± 0.001 0.211 ± 0.003 0.896 ± 0.034

B:Gly (1:4) 1.232 ± 0.006 2.431 ± 0.006 2.920 ± 0.021 1.456 ± 0.000 0.138 ± 0.017 0.278 ± 0.006 1.653 ± 0.173

B:Gly:ZnCl2
(1:4:0.02) 1.233 ± 0.000 1.406 ± 0.396 2.770 ± 0.029 1.456 ± 0.000 0.094 ± 0.016 0.257 ± 0.100 2.257 ± 0.355

As can be seen, as the ethylene glycol or glycerol mole fraction increases, the viscosity
of the DESs gradually decreases, which is related to the lower viscosity of ethylene glycol
and glycerol in comparison to choline chloride. Also, according to literature [37–44], the
viscosity of DES is usually higher than 0.1 Pa s which is related to the large network of
hydrogen bonds in DESs [45]. Among synthetized DESs, few of them, based on propylene
glycol and ethylene glycol, had viscosity below that value which was attributed to the
small molecular size of glycol components [46]. As for DESs density, the molar ratio of
DES components has a significant effect on their density, which is related to molecular
arrangements in DES structure [47].

The comparison of the obtained results with the literature ones was not possible.
Namely, the changes in the DES composition (i.e., component ratio, amount of water,
purity of components) significantly affect the properties of DES and no literature data were
available for DES compositions studied.

3.3. Glycerol Extraction in a Microextractor with Different Deep Eutectic Solvents

In order to select the DES which would enable the highest glycerol extraction efficiency,
the extraction process was carried out at a temperature of 25 ◦C, a biodiesel:DES volume
ratio of 1:1 and a residence time of τ = 0.05 min. The selected volume ratio of biodiesel
and DES was based on the literature data [11] where all free glycerol from palm oil-based
biodiesel was removed exactly with that ratio. The temperature was selected in order to
minimize process costs by avoiding heating of the system. The short residence time was
chosen to ensure fast screening of selected DESs and based on the previous research [8]
where glycerol was removed from biodiesel in 0.22 min. In addition, a longer residence
time was not chosen at that point simply to avoid complete glycerol extraction because in
that way it would not be possible to choose the best DES. The obtained results are presented
in Figure 2A,B.

Figure 2. (A) Glycerol extraction efficiencies using different DESs and (B) mass fraction of glycerol
before and after purification for tested DESs.
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As can be seen from these preliminary results, all of the selected eutectic solvents
removed glycerol from biodiesel, with the lowest extraction efficiency obtained with
ChCl:PG:ZnCl2, while the highest extraction efficiency was observed when ChCl:Gly (1:3),
ChlCl:EG (1:3) and B:PG (1:3.5) were used. The presented results are in correspondence with
the results of our previous research [8,48] where ChCl:Gly and ChlCl:EG were successfully
used for glycerol removal.

In addition, all prepared DESs have a very low freezing point [11]. Due to the polarity
of DESs, the existence of hydroxyl groups in both DES (solvent) and glycerol (solute),
and the solvation power for glycerol in biodiesel, DESs have a high affinity for attracting
glycerol through hydrogen bonding and dipole-dipole attraction. All this leads to improved
extractability of the solvent [11].

When the obtained results (Figure 2B) for mass fractions of glycerol are observed, it
can be seen that the glycerol amounts in biodiesel samples do not correspond to the values
prescribed by the ASTM D6751 and EN 14214 standards. Due to that, further optimization
of the extraction process was necessary. Among several DES candidates that proved
effective in the removal of glycerol, ChCl:EG was chosen for further extraction optimization
experiments due to its lowest viscosity, which assured the simplest possible operation of a
microextractor. As the ethylene glycol mole fraction increases, the viscosity of the DESs
gradually decreases, which is related to the intrinsically low viscosity of ethylene glycol.

3.4. Influence of Deep Eutectic Solvents Properties on Glycerol Extraction

The extraction efficiency is related to the properties of the DES used and it was defined
which physicochemical properties of DES have the most influence on the extraction effi-
ciency. To get insight into relationship between DESs properties and extraction efficiency,
the regression analysis was used. Firstly, the relationship between DESs molecular de-
scriptors and extraction efficiency was evaluated. Molecular descriptors can be defined as
mathematical representations of molecules properties that are generated by algorithms [49]
and there is still a big challenge in development and selecting of the specific one for each
particular application [50]. According to Abranches et al. [26], σ-profile was presented as a
potentially useful choice for a universal molecular descriptor. In this work, firstly, it was
assumed that the extraction efficiency can be expressed as a function of the σ-profile of the
mixture, expressed by a set of Si

mix descriptors. To select the appropriate Si
mix descrip-

tors, mostly contributing the extraction efficiency, Spearman correlations between Si
mix

descriptors and extraction efficiency were analyzed. As presented in Table 3, significant
correlations were noticed between S1

mix, S3
mix, S4

mix, S5
mix, S6

mix and extraction efficiency
and therefore those Si

mix descriptors were used for further modeling. The similar approach
to model input variables selection was previously described by Benguerba et al. [27] and
Panić et al. [30]. By reducing the number of model input variables by excluding the non-
significant ones, a low dispersion between observed DES viscosity data and multiple linear
region model data was achieved.

Table 3. Correlation matrix for Si
mix descriptors and extraction efficiencies (correlations significant

for p < 0.05 are marked bold).

S1
mix S2

mix S3
mix S4

mix S5
mix S6

mix S7
mix S8

mix S9
mix S10

mix E

S1
mix 1.000 0.260 0.038 −0.439 0.287 0.357 0.341 0.095 −0.299 0.085 −0.489

S2
mix 0.260 1.000 0.848 −0.050 −0.114 −0.012 0.852 0.843 0.131 0.170 0.247

S3
mix 0.038 0.848 1.000 0.454 −0.342 −0.258 0.841 0.984 0.636 −0.219 0.312

S4
mix −0.439 −0.050 0.454 1.000 −0.647 −0.689 0.011 0.373 0.903 −0.418 0.348

S5
mix 0.287 −0.114 −0.342 −0.647 1.000 0.984 0.077 −0.242 −0.419 0.005 −0.438

S6
mix 0.357 −0.012 −0.258 −0.689 0.984 1.000 0.207 −0.137 −0.409 −0.062 −0.470

S7
mix 0.341 0.852 0.841 0.011 0.077 0.207 1.000 0.913 0.356 −0.323 −0.001

S8
mix 0.095 0.843 0.984 0.373 −0.242 −0.137 0.913 1.000 0.620 −0.330 0.218

S9
mix −0.299 0.131 0.636 0.903 −0.419 −0.409 0.356 0.620 1.000 −0.681 0.201

S10
mix 0.085 0.170 −0.219 −0.418 0.005 −0.062 −0.323 −0.330 −0.681 1.000 0.248

E −0.489 0.247 0.312 0.348 −0.438 −0.470 −0.001 0.218 0.201 0.248 1.000
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The success of MLR, NLR and PLR models to describe the extraction efficiency of DESs
was evaluated using R2, R2

adj and RMSE. As stated by Sanquetta et al., [51] criteria for
model selection must incorporate goodness-of-fit allowing that several models examined
can be simultaneously compared. Estimated model coefficients are given in Table 4 and
comparisons between observed and model predicted data are shown in Figure 3. It can be
noticed that the best agreement between observed and model predicted data was obtained
with the PLR model, while the biggest dispersion between observed and model predicted
data was found with the MLR model. It is also important to emphasize that, for all the
three analyzed models, all estimated coefficients were significant, indicating that the most
important descriptors were used as the model’s input variables. It can also be noticed that
estimated coefficients of the MLR, NLR and PLR models have the same trend. Coefficients
b1, b3 and b5 related with S1

mix, S4
mix and S6

mix had negative values, while coefficients
related with S3

mix, and S5
mix had positive values. As described by Zhang and Li [52], in

the piecewise-regression analysis (also known as segmented regression) a dataset is split
at a defined break point, and regression parameters (intercept and slopes) are calculated
separately for data before and after the breakpoint. Piecewise linear regression is applicable
if the data exhibit different linear trends over different domains [53]; thus, the regression can
be made more accurate, as it is the case in this work (Figure 3C). By analyzing Figure 3A,B,
it can be noticed that data behave differently below and above the 50% efficiency threshold,
which was confirmed by the estimated break point at 52.9 ± 5.1 PLR models were also
previously shown to be more efficient that MLR models for the prediction of the DESs pH
values based on the σ-descriptors [30].

Table 4. MLR, NLR and PLR coefficients for prediction of extraction efficiencies based on DESs Si
mix

descriptors (significant coefficients for p < 0.05 are marked bold).

MLR NLR PLR

Break point 52.9 ± 5.1

b0 −6.1 ± 4.1 3.9 ± 1.7 −9.0 ± 1.1
40.7 ± 7.9

b1 (S1
mix) −184.1 ± 59.2 −0.08± 0.03 −201.2 ± 10.3

−103.1 ± 11.8

b2 (S3
mix) 3.6 ± 1 1± 0.4 4.6 ± 0.6

0.3 ± 1 × 10−2

b3 (S4
mix) −1.8 ± 0.6 −0.5± 0.1 −1.1 ± 0.1

−0.6 ± 1 × 10−2

b4 (S5
mix) 5.5 ± 2.2 0.4 ± 0.1 2.3 ± 0.4

0.8 ± 2 × 10−2

b5 (S6
mix) −9.2 ± 3.2 −0.03 ± 0.01 −3.0 ± 0.2

−0.4 ± 4 × 10−3

R2 0.52 0.67 0.73

R2
adj 0.46 0.52 0.68

RMSE 6.39 5.36 4.47

F−value F (5,36) = 7.93 F (5,36) = 7.93 F (5,36) = 7.93

p−value p < 0.001 p < 0.001 p < 0.001
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Figure 3. Comparison between observed and (A) MLR, (B) NLR and (C) PLR predicted extraction
efficiencies based on DESs Si

mix descriptors (−regression line, ···· 95 % confidence interval).

Taking into account the statement of Le Man et al. [54] that a regression model can
be considered applicable if R2 is greater than 0.75, the models based on σ-descriptors
should be further improved. Therefore, a second approach was evaluated, where glycerol
extraction efficiency (E) was modeled as the function of DESs physical properties including:
density (ρ), dynamic viscosity (η), specific conductance (σ), refractive index (nD), thermal
diffusivity (a), dynamic viscosity (λ), and specific heat capacity (cp). Estimated model
coefficients are given in Table 5 and comparisons between observed and model predicted
data are shown in Figure 4. As for the models based on σ-descriptors, the best agreement
between experimental data and model predicted data (the highest R2 > 0.9 and the lowest
RMSE) was obtained for the PLR model (Figure 4C). Furthermore, estimated regression co-
efficients showed that density, electrical conductivity, refractive index, thermal conductivity
and specific heat capacity had negative effects on the extraction efficiency, while dynamic
viscosity and thermal diffusivity exhibited positive effects. Also, in the cases of MLR and
PLR, all coefficients were significant, while in the case of NLR model, coefficients b3 and b4
describing the effects of specific conductance and refractive index, respectively, were non-
significant. Moreover, ANOVA analysis showed that all developed models, including those
based on σ-descriptors and those based on DESs physical properties, were significant with
p < 0.05 and F-values higher that F-critical = 2.29 (Table 5).
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Figure 4. Comparison between observed and (A) MLR, (B) NLR and (C) PLR predicted extraction
efficiencies based on DESs physical properties (−regression line, ···· 95 % confidence interval).

Table 5. MLR, NLR and PLR coefficients for prediction of extraction efficiencies based on DESs
physical properties (significant coefficients for p < 0.05 are marked bold).

MLR NLR PLR

Break point 52.9 ± 5.1

b0 2489 ± 561.4 1.4 ± 0.9 1310.6 ± 157.1
−4315.7 ± 237.2

b1 (ρ) −292.3 ± 83.8 −17.9 ± 4.3 −2604.4 ± 188.9
−367.9 ± 22.5

b2 (η) 2 × 10−2±1 × 10−3 −0.1 ± 3×10−2 2 × 10−2 ± 1 × 10−3

−46.9 ± 21.1

b3 (σ) −0.7 ± 0.5 −1 × 10−2 ± 3 ×
10−3

5.2 ± 2.1
1.5 ± 0.6

b4 (nD) −1573.7 ± 371.3 20.7 ± 1.7 −7991.6 ± 255.6
3084.7 ± 154.1

b5 (a) −220.5 ± 97.3 −13.9 ± 4.1 694.9 ± 115.7
−317.5 ± 59.7

b6 (λ) 738.1 ± 18.4 16.6 ± 4.22 4789.4 ± 321.5
1455.2 ± 118.7
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Table 5. Cont.

MLR NLR PLR

b7 (cp) −3.2 ± 1.2 −13.5 ± 3.9 217.2 ± 15.8
24.2 ± 3.8

R2 0.62 0.73 0.97

R2
adj 0.51 0.68 0.97

RMSE 5.89 4.47 1.45

F−value F (7,34) = 7.9 F (7,34) = 7.9 F (7,34) = 7.9

p−value p < 0.001 p < 0.001 p < 0.001

3.5. Extraction Optimization

After selecting the best DES for glycerol extraction, the next step was the optimiza-
tion of the extraction conditions since at this point mass fraction of glycerol was still
above the values prescribed by the ASTM D6751 and EN 14214 standards. The extraction
optimization was performed in a continuously operated PTFE microextractor with two
inlets and a T-junction. The effects of the (i) extraction temperature X1 (T = 25, 40, 55 ◦C),
(ii) residence time X2 (τ = 0.05, 0.5, 0.95 min) and (iii) volume ratio of biodiesel:DES X3
(9:1, 1:1, 1:9 v/v) were analyzed. The results obtained according to Box-Benkhen experi-
mental design are presented in Table 6. Extraction efficiencies achieved were in the range
from E = 26.3 ± 3.9 % to E = 57.2 ± 0.5%. The lowest extraction efficiency was obtained
for T = 25 ◦C, τ = 0.50 min and biodiesel:DES ratio of 90:10, while the highest extraction
efficiency was obtained for T = 40 ◦C, τ = 0.50 min and biodiesel:DES volume ratio of 1:9.

Table 6. Optimization of extraction by Box-Behnken experimental design (observed response factor
levels are shown in parentheses).

Exp. T/◦C τ/min Volume Ratio of
Biodiesel:DES E/%

1 25.00 (−1) 0.50 (0) 9:1 (1) 26.9 ± 3.9
2 55.00 (1) 0.50 (0) 9:1 (1) 52.3 ± 0.2
3 40.00 (0) 0.50 (0) 1:1 (0) 53.1 ± 0.2
4 40.00 (0) 0.50 (0) 1:1 (0) 51.2 ± 0.6
5 55.00 (1) 0.95 (1) 1:1 (0) 50.6 ± 0.4
6 40.00 (0) 0.05 (−1) 9:1 (1) 44.4 ± 0.1
7 40.00 (0) 0.95 (1) 1:9 (−1) 46.2 ± 0.5
8 40.00 (0) 0.50 (0) 1:1 (0) 53.2 ± 0.2
9 25.00 (−1) 0.05 (−1) 1:1 (0) 53.5 ± 0.1

10 55.00 (1) 0.05 (−1) 1:1 (0) 51.7 ± 0.4
11 25.00 (−1) 0.50 (0) 1:9 (−1) 55.3 ± 0.5
12 40.00 (0) 0.50 (0) 1:1 (0) 53.6 ± 0.1
13 40.00 (0) 0.05 (−1) 1:9 (−1) 57.2 ± 0.5
14 40.00 (0) 0.50 (0) 1:1 (0) 54.6 ± 0.7
15 55.00 (1) 0.50 (0) 1:9 (−1) 40.1 ± 1.6
16 25.00 (−1) 0.95 (1) 1:1 (0) 52.9 ± 0.6
17 40.00 (0) 0.95 (1) 9:1 (1) 55.7 ± 0.3

The obtained results were as expected. Several factors influence the extraction pro-
cesses while the extraction temperature, extraction time, characteristics of solid particles
(size, shape, and condition), and type of solvent are the most important ones [8].

Moreover, the DES/biodiesel molar ratio has a positive effect on the overall glycerol
removal efficiency. This means that if more DES is available, more glycerol will be removed.

To identify variables with a significant effect on the response variable, a second-order
polynomial model was used to describe the experimental data. The regression coefficients
of the developed models are given in Table 7. The results showed the significant influence
of residence time and biodiesel:DES volume ratio in linear and quadratic coefficients and
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the significant effect of temperature in the quadratic coefficient of RSM model for extraction
efficiency. By analyzing results presented in Table 7, it can be noticed that the residence time
and biodiesel:DES volume ratio have a negative effect on the extraction efficiency, while
temperature has a positive effect. Figure 5 depicts 3D response surfaces, which illustrate
the interaction effects of the independent factors on the extraction efficiency. The graphs
were created by correlating the response of two independent variables (the third was kept
constant). It can be noticed that the extraction efficiency increases with temperature until
optimum temperature is reached. Moreover, according to the R2 value and RMSE of the
proposed RSM model, it could be assumed that the RSM model accurately describes the
experimental data. ANOVA revealed that the proposed model was significant (p < 0.05)
and that the F-value for the model was higher than the F-critical (2.8).

Table 7. RSM model for description of glycerol extraction efficiency.

Coefficient Regression Coefficient ± St.
Error p-Value

β0 61.9 ± 5.2 <0.001
β1 (T) 0.7 ± 0.2 0.005
β2 (τ) −2 × 10−2 ± 3 × 10−3 <0.001

β3 (v/v) −30.9 ± 5.2 <0.001
β4 (T2) 15.9 ± 3.0 <0.001
β5 (τ) −0.6 ± 6 × 10−2 <0.001

β6 (v/v) −3 × 10−3 ± 1 × 10−3 <0.001
β7 (T × τ) −2 × 10−2 ± 1 × 10−2 0.823

β8 (T × v/v) 2 × 10−2 ± 1 × 10−3 <0.001
β9 (τ × v/v) 0.3 ± 4 × 10−2 <0.001

RSM model

R2 0.93
R2

adj 0.91
RMSE 1.96

F-value 10.12
p-value <0.001

Given that a high R2 value does not ensure that the model would fit the data well,
residual analysis was also carried out. The results of the residual analysis are shown
in Figure 6. Residuals were distributed approximately around the line (Figure 6A), and
histograms depicting residual classification (Figure 6C) exhibited a distinctive bell shape,
confirming the assumption of normality. Furthermore, by examining the plots of residuals
vs. estimated values (Figure 6B), it is clear that the residuals were randomly distributed,
indicating high agreement between the model and the experimental data. The residual
analysis further revealed that the sequence of the experimental runs had no effect on the
results, since the residuals distributed themselves around zero (Figure 6D). The acquired
results suggest that the proposed response surface model was reliable for the examined
range of input variables.

The optimal conditions were those that resulted in the highest extraction efficiency.
According to RSM model, the optimal extraction conditions were T = 55 ◦C, τ = 0.95 min
and biodiesel:DES volume ratio of 1:9. The optimal extraction conditions were estimated
based on the desirability profiles obtained from the RSM predictions. The desirability
scale ranged from 0 (undesirable) to 1 (very desirable). The estimated optimal conditions
represent the local maximum for the selected range of input variables.
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Figure 5. Three dimensional response surface plot for the interaction between (A) extraction temper-
ature and residence time, (B) extraction temperate and biodiesel:DES volume ratio and (C) residence
time and biodiesel:DES volume ratio.

Figure 6. RSM model residual analysis (A) normality plot, (B) dependence between model predicted
values and residuals, (C) histogram of residuals and (D) dependence between experiment number
and residual value.
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After optimizing the process conditions, the biodiesel purification process was carried
out in a microextractor with the selected DES under optimal conditions to validate the
mathematical model of the process. The obtained experimental results were compared
with the simulation of the mathematical model. According to the mathematical model, it
was predicted that 60.6% of glycerol would be removed from the biodiesel under optimal
conditions. The experimental results showed that 53 ± 5.2% (w = 0.2 ± 0.1 w/w) of
glycerol was removed during extraction under optimal conditions. Although there was
a good agreement between the model and the experimental results, the results were not
satisfactory since the mass fraction of glycerol was still higher than the values prescribed
by ASTM D6751 and EN 14214 standards. Considering that the results under optimal
conditions did not meet the standard requirements, the process of purification of biodiesel
with eutectic solvent was carried out in a microextractor with a smaller channel diameter
to increase the rate of glycerol transfer as a result of a shorter diffusion path, which
should lead to higher extraction efficiency. This assumption was based on our previous
work [8], where glycerol extraction was performed in three different microextractor channel
sizes (250, 350 and 500 µm). Therein it was demonstrated that the channel diameter had a
significant effect on the extraction efficiency. When the extraction was performed in the
narrowest channel, the maximum extraction efficiency was obtained in 13.61 s and in the
widest channel it took 55.03 s to obtain the same efficiency. In this study, up to this point,
only the microextractor with the channel diameter of 1000 µm was used; however, new
experiments were performed with the 500 µm diameter microchannel. When extraction
was performed in a narrower channel, only a 4 percent point increase in extraction efficiency
was observed. In addition to analyzing the influence of the diameter of the microextractor
channel on the extraction efficiency, the influence of the residence time on the success
of glycerol extraction was also investigated. It was found that the residence time in
the studied range (0.5–30 min) had no significant influence on the extraction process in
the microextractor, i.e., the achieved extraction efficiencies did not differ significantly
among the residence times. At this point, it became clear that despite the change in
extraction conditions, a higher efficiency of the process would not be achieved. However,
comparing the obtained results with the previous studies [8,26,46], in which successful
glycerol purification was achieved, it was observed that initial glycerol concentration in
this study was significantly higher than in the previous ones. In this study, the glycerol
concentration at the inlet of microextractor was 3.57 ± 0.78 mg/mL, while in the previous
studies it was 0.8 mg/mL or 1.5 mg/mL. One has to understand that the compositions
of the biodiesel and DES phase will approach equilibrium in the cases of sufficiently
long microchannels or sufficiently low flowrates. Thus, molar fractions cannot exceed
the equilibrium ones and, the higher is the initial molar fraction of glycerol on biodiesel,
the higher are the equilibrium molar fractions of glycerol in both phases. But such high
molar fractions of glycerol in biodiesel might exceed the standard requirements. It might
be necessary to perform the extraction in more than a single stage. To estimate how
many microextractors are required for the sufficient removal of glycerol, a mathematical
model was used that has been described and validated elsewhere [8]. According to the
mathematical model, two microextractors should be connected in series to remove the
glycerol so that biodiesel can meet ASTM D6751 and EN 14214 standards (Figure 7A,B). To
validate this, the outlet stream from the 1st microextractor was collected and biodiesel was
separated from DES. Collected biodiesel, now containing 1.75 ± 0.21 mg/mL glycerol was
introduced into the 2nd microextractor together with the fresh DES. As it can be seen from
Figure 7B, predictions of mathematical model were validated with the experimental results
and biodiesel of sufficient purity was obtained at the exit of microextractor.
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Figure 7. Influence of the residence time on the extraction of glycerol from biodiesel using DES
as a solvent (A) glycerol concentration in 1st microextractor, (B) glycerol concentration in a 2nd
microextractor and (C) proposed system composed of two microextractor connected into series for
extraction of glycerol from biodiesel [
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Based on the obtained results, an integrated system (Figure 7C) was proposed as
a possible solution for continuous glycerol extraction. In that system, partially purified
biodiesel would enter the microextractor as one process stream and DES as the other one. As
reported in our previous work [8], a stable and parallel flow is formed in this system, with
the interface located exactly in the middle of the microextractor channel. This allows for
complete phase separation at the outlet of the microextractor. Biodiesel that now contains
50% less glycerol than partially purified biodiesel at the inlet of the 1st microseparator is
fed into the 2nd microextractor along with fresh DES, resulting with purified biodiesel at
the exit. All DES waste streams could be collected, regenerated and returned to the process,
making the proposed system more sustainable.

It is also noted that the extraction of glycerol is very fast in both microextractors. As
it can be seen, the desirable extraction efficiency was reached after only 0.5 min in the 1st
microextractor, as well as in the 2nd microextractor. This indicates that if the flow rate
is chosen correctly and biodiesel can be completely purified in about one minute with
microextractors connected in series, making this process significantly faster than other
biodiesel purification processes.
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4. Conclusions

In this work, optimization of the biodiesel purification process using eutectic solvents
in a microextractor was carried out to obtain biodiesel suitable for use in internal combus-
tion engines. Mathematical models were used to determine which physical and chemical
properties of DES and to what extent affect the efficiency of extraction of glycerol from
biodiesel. It was found that the physical and chemical properties of DES have an impact on
glycerol separation. It was found that increasing density, electrical conductivity, refractive
index, thermal conductivity and specific heat capacity negatively impact the extraction
efficiency, while increasing dynamic viscosity and thermal diffusivity affects it positively.
Among the 12 DES candidates, which allowed for the effective removal of glycerol, the
highest extraction efficiency was observed when ChCl:Gly (1:3), ChlCl:EG (1:3) and B:PG
(1:3.5) DESs were used. DES ChCl:EG (1:3) was chosen for further extraction optimization
experiments due to its high extraction efficiency and the lowest viscosity compared to three
mentioned DESs, which makes the microextractor operation rather simple. To determine
the optimal process conditions (temperature, biodiesel:DES volume ratio, residence time),
the three-level-three-factor Box-Behnken experimental design was used. The highest extrac-
tion efficiency was obtained at T = 40 ◦C, τ = 0.50 min, and biodiesel:DES volume ratio of
1:9. After optimizing the conditions, the biodiesel purification process was carried out in a
microextractor with the selected DES under optimal conditions and only 52.99 ± 5.23% (w
= 0.19 ± 0.12 w/w) of glycerol was removed. In addition, different microchannel diameters
and different residence times were tested, which unfortunately also led to unsatisfactory
results. As a possible solution, an integrated system, consisting of two microextractors
connected in a series, was proposed for glycerol removal. The results obtained indicated
that this new approach could be a good solution for glycerol removal, since the biodiesel
was almost completely purified in about one minute, making this process much faster than
other biodiesel purification methods.
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32. Tišma, M.; Zelić, B.; Vasić-Rački, Ð.; Žnidaršič-Plazl, P.; Plazl, I. Modelling of laccase-catalyzed L-DOPA oxidation in a microreactor.
Chem. Eng. J. 2009, 149, 383–388. [CrossRef]

33. Aroso, I.M.; Paiva, A.; Reis, R.L.; Rita, A.; Duarte, C. Natural deep eutectic solvents from choline chloride and betaine—
Physicochemical properties. J. Mol. Liq. 2017, 241, 654–661. [CrossRef]

109



Bioengineering 2022, 9, 665

34. Cardellini, F.; Tiecco, M.; Germani, R.; Cardinali, G.; Corte, L.; Roscini, L.; Spreti, N. Novel zwitterionic deep eutectic solvents
from trimethylglycine and carboxylic acids: Characterization of their properties and their toxicity. RSC Adv. 2014, 4, 55990–56002.
[CrossRef]

35. Craveiro, R.; Aroso, I.; Flammia, V.; Carvalho, T.; Viciosa, M.T.; Dionısio, M.; Barreiros, S.; Reis, R.L.; Duarte, A.R.C.; Paiva, A.
Properties and thermal behavior of natural deep eutectic solvents. J. Mol. Liq. 2016, 215, 534–540. [CrossRef]

36. Dai, Y.; Witkamp, G.-J.; Verpoorte, R.; Choi., Y.H. Tailoring properties of natural deep eutectic solvents with water to facilitate
their applications. Food Chem. 2015, 187, 14–19. [CrossRef] [PubMed]

37. Lapeña, D.; Lomba, L.; Artal, M.; Lafuente, C.; Giner, B. Thermophysical characterization of the deep eutectic solvent choline
chloride: Ethylene glycol and one of its mixtures with water. Fluid Phase Equilib. 2019, 492, 1–9. [CrossRef]

38. Su, H.Z.; Yin, J.M.; Liu, Q.S.; Li, C.P. Properties of four deep eutectic solvents: Density, electrical conductivity, dynamic viscosity
and refractive index. Acta Phys. Chim. Sin. 2015, 31, 1468–1473. [CrossRef]

39. Zhu, J.; Yu, K.; Zhu, Y.; Zhu, R.; Ye, F.; Song, N.; Xu, Y. Physicochemical properties of deep eutectic solvents formed by choline
chloride and phenolic compounds at T = (293.15 to 333.15) K: The influence of electronic effect of substitution group. J. Mol. Liq.
2017, 232, 182–187. [CrossRef]

40. Lapeña, D.; Bergua, F.; Lomba, L.; Giner, B.; Lafuente, C. A comprehensive study of the thermophysical properties of reline and
hydrated reline. J. Mol. Liq. 2020, 303, 112679. [CrossRef]

41. Škulcová, A.; Majová, V.; Dubaj, T.; Jablonský, M. Physical properties and thermal behavior of novel ternary green solvents.
J. Mol. Liq. 2019, 287, 110991. [CrossRef]

42. Sedghamiz, M.A.; Raeissi, S. Physical properties of deep eutectic solvents formed by the sodium halide salts and ethylene glycol,
and their mixtures with water. J. Mol. Liq. 2018, 269, 694–702. [CrossRef]

43. Siongco, K.R.; Leron, R.B.; Li, M. Densities, refractive indices, and viscosities of N,N-diethylethanol ammonium chloride-glycerol
or ethylene glycol deep eutectic solvents and their aqueous solutions. J. Chem. Thermodyn. 2013, 65, 65–72. [CrossRef]

44. Sánchez, P.B.; González, B.; Salgado, J. José; J. Domínguez, Á. Physical properties of seven deep eutectic solvents based on L
-proline or betaine. J. Chem. Thermodyn. 2019, 131, 517–523. [CrossRef]

45. Jafari, K.; Fatemi, M.H.; Patrice Estellé, P. Deep eutectic solvents (DESs): A short overview of the thermophysical properties and
current use as base fluid for heat transfer nanofluids. J. Mol. Liq. 2021, 321, 114752. [CrossRef]

46. Abbott, A.P.; Capper, G.; Gray, S. Design of improved deep eutectic solvents using hole theory. Chemphyschem. 2006, 7, 803–806.
[CrossRef]

47. Zhang, Q.; De Oliveira Vigier, K.; Royer, S.; Jérôme, F. Deep eutectic solvents: Syntheses, properties and applications. Chem. Soc.
Rev. 2012, 41, 7108–7146. [CrossRef] [PubMed]
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Abstract: With regards to oil-based diesel fuel, the adoption of bio-derived diesel fuel was estimated
to reduce CO2 emissions by approximately 75%, considering the whole life cycle. In this paper,
we present a novel continuous-flow process able to transfer an equimolar amount of CO2 (through
urea) to glycerol, producing glycerol carbonate. This represents a convenient tool, able to both
improve the efficiency of the biodiesel production through the conversion of waste streams into
added-value chemicals and to beneficially contribute to the whole carbon cycle. By means of a Design
of Experiments approach, the influence of key operating variables on the product yield was studied
and statistically modeled.

Keywords: biodiesel; glycerol; flow chemistry; glycerol carbonate; carbon cycle; CO2 capture

1. Introduction

In addition to different natural dynamics outside of our control, such as solar activity,
developments over the last hundred years have been accompanied by a general and pro-
gressive increase in the mean global temperature, collectively known as ‘global warming’.
This variation is strictly related to several climate alterations such as melting glaciers and
rising sea levels, but also to extreme weather events, a change in wildlife habitats, and an
array of other impacts [1]. Beyond the heating due to direct irradiation from the sun, the
atmosphere plays a determinant role in retaining part of the thermal energy close to the
Earth’s surface [1]. This heat-trapping phenomenon, known as the “greenhouse effect”,
comes from some naturally occurring gases, such as CO2, methane, and nitrous oxides, and
helps our planet to maintain stable conditions for life.

The continuous and ever-increasing exploitation of fossil carbon resources to sustain
our development brought a symmetrical increase in greenhouse gas (GHG) emissions,
especially CO2, which have been linked to an increased greenhouse effect.

More sustainable strategies to drive our development without hampering the progress
of future generations are urgently required and, in this context, a great deal of attention has
recently been devoted to the study and implementation of biorefineries. Biorefineries are
production facilities able to exploit renewable biomass instead of a fossil carbon resource
and convert it into carbon-based products, such materials, fuels, or energy [2]. CO2
fixation during plant growth can considerably reduce the impact on carbon balance when a
vegetable source is exploited. This provides biorefineries with a greatly improved GHG
emissions profile compared to traditional refineries. Among the different biorefinery types,
biodiesel biorefineries focus on the production of carboxylic acid esters that can be directly
blended with regular diesel fuel, starting from vegetable or animal fats. The latter are
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subjected to acid- or base-catalyzed transesterification in the presence of an excess of
a short chain alcohol, to give a mixture of fatty acid methyl (or ethyl) esters, which is
biodiesel. Depending on the triglyceride source, it has been estimated that the adoption of
bio-derived diesel fuel brings between a 63% (energy crops) and 86% (waste fat) reduction
in GHG emission compared to oil-based diesel fuel [3]. Moreover, a common factor in all
transesterification processes is the co-production of glycerol (Gly) that is usually considered
a waste stream, especially in small-scale productions where further refining costs are not
justified. The present crude Gly price is as low as between USD 0.04 and 0.09/lb and it
is expected to decrease further according to the growing industrial availability. Current
global production is approximately 42 billion liters per year [4].

Gly shows some direct potential uses in the pharma, food, cosmetic, and polymer
industries; however, its features (limited miscibility with organics, high boiling point,
chemoselectivity of primary vs. secondary hydroxyl), as well as the presence of contam-
inants in the raw material, pose several barriers to its free applicability. As a result, the
identification of effective processes able to economically convert Gly into value-added
chemicals represents a key development needed to improve the sustainability of the whole
biodiesel industry [5].

Various Gly-derived upgraded structures with enhanced properties and extended
application profiles are well-described. Solketal [6] and other acetals, 1,3-propanediol [7,8]
and dihydroxy acetone [9], represent known examples, and among these, a leading position
is occupied by glycerol carbonate (GC), which represents the main focus of this work.
As a multiple-site electrophile, GC can efficiently and selectively interact with diverse
nucleophiles, such as amines [10–12], amino acids [13,14], phenols [15], carboxylates [16],
and others [17]. The nucleophilic property of the free hydroxyl function can be directly
exploited [18,19] or can be used to obtain a new electrophilic site capable of additional reac-
tivity [20,21]. Valuable GC-derived oligomers or polymers, especially polyglycerols [22,23],
polycarbonates, and polyesters [24], find application in biomedical tissue engineering [25]
and in the controlled release of active pharmaceutical ingredients [26]. Polyglycerols
are also applied in water-dispersible polymers, adhesives [27,28], and bio-based surfac-
tants [16]. As a building block, GC has been included in diverse classes of polymeric materials,
such as acrylates [29,30], polyesters [31–33], isocyanate-free polyurethanes [33–37], hybrid struc-
tures [38,39], and others [40,41]. Finally, GC can also be used as a carbonate carrier able to
transfer the same function to other polyols, including sugars [42,43], through transcarbony-
lation processes. The carbonate function can also be considered as a precursor to highly
electrophilic (and valuable) epoxy function [44,45].

Thanks to the excellent properties of GC, a number of methods able to convert Gly
into GC were devised [46,47]. Based on the nature of the main interacting reagent involved,
they can be divided into three groups, as follows:

(i). processes using activated phosgene-sourced reagents, such as phosgene itself, chloro-
formates, or carbonyldiimidazole;

(ii). processes using activated reagents not sourced from phosgene, such as dialkyl car-
bonates, diaryl carbonates, or CO + O2;

(iii). processes using non-activated CO2-sourced reagents, such as CO2 itself or urea.

Class (i) processes are characterized by high Gly conversion and product selectivity,
but also by health and environmental issues due to the toxicity of the involved reagent (or
precursor). The reactivity of class (ii) reagents allows high efficiency as well and, thanks
to the better sustainability profile, the related processes are the most investigated [48–50].
Different implementations of these processes are described, extending through various
catalysts and plant engineering, including continuous-flow techniques [51,52]. Organic
carbonates can, in principle, be prepared from CO2, however, aside from promising research
advancements [53,54], no industrial process is currently available, possibly due to known
issues such as process reversibility and hydrolytic instability of the product [55].

Dealing with class (iii) reagents, CO2 certainly represents the more atom economical
choice, but the same hurdles described to form alkyl carbonates also hamper the direct
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carbonylation of glycerol to GC [56,57]. The option to use highly toxic glycidol as an
activated Gly-sourced substrate [58,59] able to overcome the chemical inertness of CO2
presents critical toxicity features similar to phosgene or gaseous CO [60]. To pursue
chemical upgrading routes characterized by a non-toxic and stable reactant as well as
featuring high atom economy, our attention was devoted to urea. Urea is a white crystalline
solid containing 46 wt% of nitrogen and, being non-toxic, is largely used as an animal
feed additive and fertilizer [61]. It is even more resonance-stabilized [62] than CO2, thus,
its reactivity with polyols is expected to not be very manifest; in fact, thermally stable
mixtures between urea and polyols are well-described [63] and are used as deep eutectic
solvents. What makes urea an attractive carbonylation agent is its multi-basic nature [64],
which makes the coordination of metal cations possible [65]. These urea–cation complexes
are the key to converting urea into a highly electrophilic “masked” isocyanate species [66,
67], where the resonance is strongly reduced by the interaction with the metal center.
This allowed the easy nucleophilic attack by Gly, as shown in Figure 1. The process is
reversible [68] and proceeds stepwise, with the formation of a carbamic acid intermediate
(I) (Figure 1) [69], which is converted in the final product through the elimination of a
second ammonia molecule [70].
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Figure 1. Metal-catalyzed carbonylation of Gly with urea.

Urea is industrially prepared from ammonia and CO2 [71], therefore, it can be consid-
ered a CO2 carrier [72] and promises additional advantages regarding the overall carbon
balance, especially when the proper recycling of ammonia is implemented. In other words,
the upgrading of Gly to GC involves the fixation of one mole of CO2 per mole of vegetable
oil (i.e., ~5 wt%, when 880 g/mol is taken as a mean molecular mass of a vegetable oil),
a fact that, together with refined farming practices [3], can give additional support to
reducing GHG emissions within the whole biodiesel industry.

In this paper, we present a novel continuous-flow process able to convert Gly into GC.
The influence of key operating variables, such as time, temperature, and urea/Gly molar
ratio (MR), on the product yield and selectivity are studied and statistically modeled by
means of a Design of Experiments (DoE) approach.

2. Materials and Methods
2.1. General Information

Solvents and reagents were commercial grade and used as received. Glycerol (from
vegetable source) was purchased from Merck (Milano, Italy). ZnSO4·H2O was obtained by
heating ZnSO4·7H2O overnight in an oven at 130 ◦C, which was then stored in a desiccator.
Gly was vacuum dried for 4 h in the rotavapor (water bath 40 ◦C) and stored in a capped
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bottle. Urea was dried at 65 ◦C overnight and stored in a desiccator. 1H NMR spectra were
acquired with a Bruker Avance 400 spectrometer (Billerica, MA, USA).

2.2. Procedure for Preliminary Batch Reactions

In a 10 mL Schlenk tube with a screw cap and equipped with a stirring bar, Gly (1.0 g,
10.9 mmol), solid catalyst (0.05 mol/mol Gly, see later), and urea (0.82 g, 13.65 mmol,
1.25 mol/mol Gly) were inserted. A membrane vacuum pump was connected through the
side arm and the vacuum was set at 400 mmHg. The capped tube was inserted in an oil
bath (pre-heated at 150 ◦C) and stirred for 4 h. The crude reaction mixture, once cooled
to room temperature (r.t.), was extracted with EtOAc:Et2O (4:1 mixture, 3 × 5 mL), and
the crude colorless product, obtained from the dried organic phase, was analyzed with 1H
NMR using CDCl3 or D2O as the solvent.

2.3. Procedure for Continuous Flow Reactions

The plant assembly is depicted in Figure 2. The reacting mixture was continuously
recirculated through a heated tubular reactor (R) by means of a Bellco (model: BL 758,
Mirandola, Italy) peristaltic pump (P). A mixing chamber (M), composed of a 25 mL two-
necked round bottom flask, was heated and stirred through a standard stirring plate and
an oil bath. A three-arm distillation connector acted as an expanding chamber (E) and
connected the reactor output to an air-cooled condenser (A, also connected to M) and a
vacuum line, set at 400 mm Hg. The said reactor was composed of a metallic AISI 316
stainless steel tube (1/16 in od × 1.2 mm id, 3 m long, ~4 mL internal volume, sourced from
Restek, Milano, Italy) coiled around a 4 cm diameter cylindrical aluminum block, featuring
a slot for a heating resistor and temperature sensor. Both of these heating and measuring
elements were connected to a PID controller (Rex-C100, sourced from RobotDigg, Shangai,
China), which allowed for setting and maintaining the desired temperature. Some thermal
insulation (not shown in figure) was wrapped around the external side of the reactor.
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Gly (11.0 g, 0.119 mol), ZnSO4·H2O (0.643 g; 3.58 mmol, 0.03 mol/mol Gly), and urea
(e.g., 8.97 g, 0.149 mol for 1.25:1.00 urea:Gly molar ratio) were stirred at 65 ◦C within the
mixing chamber (M, Figure 2) until a homogeneous solution was obtained. By that time,
the temperature of the coiled reactor (R) was set at the desired value. Then, the peristaltic
pump was started at constant flow (3.0 mL/min), and the mixture was recirculated for
the desired time. To assess yield and conversion of each experiment, a 2.0 g portion of
the crude reaction mixture was extracted with EtOAc:Et2O (4:1 mixture, 3 × 5 mL), and
the raw colorless product, obtained from the organic phase, was carefully dried at the
rotavapor. Purity was directly assessed with 1H NMR spectroscopy (see Supplementary
Materials). GC gave the following signals (Figure S1): 1H NMR (400 MHz, CDCl3, 298 K):
δH (ppm) = 4.81 (1H, CH, m), 4.49 (2H, CH2, m), 3.99 (1H, CH2, dd, J = 12.84 Hz; 3.1 Hz),
3.72 (1H, CH2, dd, J = 12.84; 3.5 Hz), 2.21 (1H, OH, br). The metal catalyst and some
carbamic acid intermediates (currently not characterized) constituted the denser, polar
phase insoluble in the extracting mixture. No residual Gly was detected.

2.4. Design of Experiments (DoE)

Nineteen experiments were suggested, and the relative output data were statistically
analyzed by means of Design Expert® v.12 software (Stat-Ease Inc., 1300 Godward Street
NE, Suite 6400, Minneapolis, MN 55413 USA). A three-level face-centered cubic design
with five replicates of the central point was implemented. The investigated independent
parameters were time (90–210 min), temperature (175–195 ◦C), and urea/Gly ratio (1.2–1.8),
while output parameters were GC yield (%) and GC selectivity (%). Reagent flow was
demonstrated to be not significant during the preliminary experiments, therefore, it was
kept constant at 3.0 mL/min. Pressure was set to 400 mmHg because of hardware technical
limits (squeezing of peristaltic pump tube) as well as urea losses through sublimation.

3. Results

Gly carbonylation with urea commonly involves solventless operation, temperatures
ranging from 120 ◦C to 160 ◦C, reaction times from 3 to 24 h, and the presence of a catalyst
(metal salt or metal oxide). Some degree of vacuum is also commonly applied in order
to favor the removal of ammonia, obtaining a desired equilibrium shift [73,74] (Figure 1).
A number of catalysts were described for this transformation [75–78] and, among these,
zinc-containing species are by far the most active and popular. Irrespective of its initial
form, soluble zinc-based catalysts are expected to give the same performance thanks to the
formation of the metal glycerolate [79–81], while insoluble forms [67,82–84] are involved in
heterogeneous reactions.

It is interesting to note that most of the recent papers have focused on an accurate
description of the catalyst but have not given enough attention to the separation and
isolation of GC, which represent key steps for considering the industrial feasibility of the
chemical process [74].

Our investigations started with some preliminary experiments in which mixtures
composed of Gly:urea:catalyst in a 1.00:1.25:0.05 molar ratio (MR) were heated in batch
at 150 ◦C for 4 h, keeping the pressure at 400 mmHg (see materials and methods). After
extraction with organic solvents, the amount of GC was evaluated with 1H NMR spec-
troscopy [85]. This screening, of which the results are collected in Table 1, let us draw
some general observations, such as (i) yields are limited to 30%; (ii) longer reaction times
do not improve the result (entry 3 vs. 2, Table 1); (iii) temperatures higher than 150 ◦C
induce degradation (reaction mixture became brown and lower yields of GC were ob-
tained); (iv) pressures lower than 400 mmHg induce urea losses through sublimation [86];
(v) catalyst anhydrification is beneficial (entry 2 vs. 1).
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Table 1. Screening of alternative catalysts in the batch conversion of Gly to GC a.

Entry Catalyst Isolated Yield (%)

1 ZnSO4·7H2O 27

2 ZnSO4·H2O 30

3 b ZnSO4·H2O 27

4 ZnCl2 30

5 FeCl3 20

6 MgO 22
a Gly (1.00 g, 10.9 mmol), urea (0.815 g, 13.6 mmol), catalyst (5 mol% resp. to Gly), 150 ◦C, 4 h, 400 mmHg.
b reaction time extended to 6 h.

Cheap and easily available ZnSO4·H2O was chosen as the reference catalyst, especially
because of its ability to give homogeneous mixtures that, being simpler reacting systems,
let us focus on engineering approaches towards process improvement.

Some attempts to set up a reactive distillation [87] were carried out, however, the
high boiling point of GC (~140 ◦C at 0.5 mmHg) was a considerable hurdle to its isolation.
Better success comes from the known implementation of microwave-heated batch reactors,
giving improved isolated yields and reduced reaction times [88,89]. As this suggests, a
main problem of the batch process featuring traditional heating is likely to be the supply of
thermal energy to the reacting mixture that, being subjected to an endothermic event [73],
is affected by self-cooling, especially in the core (far from the heating bath). Therefore, to
improve such heat transfer limitations, our focus was directed to the implementation of a
high area-to-volume ratio reactor, such as a small diameter tubular reactor, together with a
continuous flow of reactants inside it.

Solventless operation is a valuable feature of this process, but the high viscosity of
Gly/urea mixtures poses serious troubles concerning their pumpability. Different HPLC
pumps were not able to give a reliable flow, possibly due to the inability of check valves
to promptly block the backflow. The addition of a high boiling point solvent such as
DMSO was proposed as a solution [90], but we judge this practice undesirable as it nullifies
the “solventless advantage” and makes the isolation of reaction products troublesome.
Fortunately, the use of a peristaltic pump in addition to a heated mixing chamber (M,
Figure 2) allowed us to obtain a steady flow of reactants. In fact, by keeping the Gly/urea
mixture at 65 ◦C, a useful reduction in viscosity was observed and, more importantly, the
precipitation of urea within the tubes was avoided.

Using the flow chemistry technique in small volume reactors, thanks to strongly
increased heat and mass transfer, typically benefits enhanced reaction control with respect
to batch processes, especially in fast reactions [91]. Nevertheless, the process under study
(Figure 1) features slow kinetics as evidenced by the long reaction times required for
complete conversion, such as 2 h at 150 ◦C with microwave irradiation [89]; the meagre
conversion obtained with reaction times of a few minutes, even with the implementation
of a capillary reactor [90], gives evidence of that. Using a coiled 3 m long tubular reactor,
we first tried to get the best conversion through a single pass, keeping flow at a minimum
(0.2 mL/min) and evaluating increased temperatures. Unluckily, unsatisfactory conversion
was obtained even at 195 ◦C, while greater temperatures resulted in brown (degraded)
mixtures, containing low amounts of GC. A possible solution was to consider multiple
passes through the reactor, thus, a recirculating layout was set up, as shown in Figure 2.

Gly, urea, and the catalyst were stirred at 65 ◦C in the mixing chamber (M, Figure 2)
to obtain a homogeneous mixture. This was continuously pumped through the heated
coiled tubular reactor (R, Figure 2) and the outflow was recirculated through an air-cooled
condenser (A) into the mixing chamber. The total volume of the reacting mixture was set
to ~1.2 times of the total piping volume (reactor and interconnections) to maximize the
number of passes through R. The entire system was maintained at reduced pressure by
a membrane pump connected to E. At time intervals, a sample of reacting mixture was

116



Bioengineering 2022, 9, 778

withdrawn from the mixing chamber to assess conversions and yields. Several trials let us
delineate the general features of the system, as follows:

• temperatures greater than 175 ◦C resulted in better GC yields;
• a minimum time of 90 min was required to obtain complete conversion of Gly;
• pressures lower than 400 mmHg resulted in unreliable flow due to peristaltic pump

malfunction (tube squeezing) and minor urea losses due to sublimation;
• yields were unaffected by changes in flow rate, within the range from 0.5–5.0 mL/min;
• yields were unaffected by changes in catalyst amount, within the range from

0.03–0.05 molZnSO4·H2O/molGly;
• diglycerol tricarbonate (DGTC) was identified as the main by-product [23].

In order to get a better understanding of the influence of multiple process parameters,
we decided to implement a multivariate statistical evaluation based on a DoE approach.
In particular, a three-level face-centered central composite design (CCD) was chosen and
was used to define an appropriate number of experiments within the variable domains
arising from the above observations. The included independent variables were the reactor
temperature (ranging from 175 to 195 ◦C), the recirculation time (from 90 to 210 min), and
the urea:Gly MR (from 1.2 to 1.8); while the other process parameters such as pressure,
flow, amount of catalyst, and mixing chamber temperature were fixed at 400 mmHg,
3.0 mL/min, 0.03 molZnSO4·H2O/molGly, and 65 ◦C, respectively. As suggested by the DoE
CCD model, we planned nineteen experiments, with five replicates of the central point, as
shown in Table 2. All the experiments were conducted by the same operator to minimize
systematic errors, while the order of experiments was randomized. The two monitored
responses were GC yield and GC purity. A quantitative evaluation of the reaction selectivity
(100·mol GC/(mol GC + mol DGTC)) was obtained by the integration of isolated 1H NMR
signals of the product and isolated 1H NMR signals of the main by-product (DGTC), as
described in the Supplementary Materials (Figure S2). This was supported by the fact that
the 1H NMR signals due to other substances always presented at a very low intensity.

Table 2. Experiments suggested by the DoE model a.

Exp. n. Temperature (◦C) Urea:Gly MR Time (min) GC Yield (%) GC Selectivity (%)

1 195 1.8 210 25.8 57

2 175 1.2 90 33.6 93

3 175 1.8 210 37.9 68

4 185 1.5 210 35.2 85

5 185 1.2 150 40.3 91

6 175 1.2 210 37.9 90

7 195 1.2 90 41.9 86

8 185 1.5 150 42.9 88

9 185 1.8 150 42.3 80

10 175 1.8 90 33.4 82

11 195 1.2 210 27.0 84

12 185 1.5 150 45.1 88

13 185 1.5 150 45.7 86

14 185 1.5 150 42.8 89

15 185 1.5 150 41.3 89

16 195 1.8 90 38.7 64

17 175 1.5 150 39.0 87

18 185 1.5 90 41.0 82

19 195 1.5 150 40.3 83
a. fixed parameters: P = 400 mmHg; flow = 3.0 mL/min; catalyst amount 0.03 molZnSO4·H2O/molGly.
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4. Discussion

The ability to statistically evaluate the interrelation between process variables is one of
the main advantages offered by the DoE approach. For instance, the influence of the three
independent variables on the output responses are shown in Figure 3. GC-isolated yields
(Figure 3a–c) strongly depends upon recirculation time and reactor temperature, while less
marked is the influence of the urea:Gly MR. Best GC yields are obtained at temperatures
between 180 and 190 ◦C, times between 110 and 160 min, and for urea:Gly MR in the
range from 1.3–1.7. GC selectivity (Figure 3d–f) strongly depends upon urea:Gly MR and
reactor temperature, while recirculation time is found to be the less influent parameter. Best
selectivities are obtained at lower temperatures, lower urea:Gly MR, and times between
110 and 170 min.
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Figure 3. All factors graphs. (a) GC yield% vs. temperature, (b) GC yield% vs. urea/Gly MR,
(c) GC yield% vs. recirculation time, (d) GC selectivity% vs. temperature, (e) GC selectivity% vs.
urea/Gly ratio and (f) GC selectivity% vs. recirculation time. Dashed blue lines refers to minimum
and maximum values of the data set. Continuous black lines refers to the mean values.

The simultaneous influence of two independent variables on each physical property is
of particular value. Figure 4 shows some “two factors response surfaces”, which put into
evidence the dependency of GC yield% (left of Figure 4) from time–temperature or urea:Gly
MR–time couples. On the right of the same figure, the influence of time–temperature or
ratio–temperature couples on GC selectivity% are shown.
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Figure 4. Two factors response surfaces.

Finally, both GC yield% and GC selectivity% response parameters can be conveniently
composed in a single factor, called “desirability”, which is able to describe the best process
conditions in a simple and effective way. In the present case, desirability is obtained by the
product of the said response parameters, normalized to unity. A desirability of 1.0 means
that both parameters are maximized, while the lowest desirability (0.0) describes conditions
where both responses are at minimum levels. In Figure 5, some contour heatmap plots of
desirability as a function of independent variable couples are shown.
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The strong reduction in process performance at high urea:Gly MR (Figure 5a,b) comes
from a loss of selectivity (see also Figure 3b,e), meaning an increased formation of DGTC.
This behavior is not surprising, as DGTC is described as an overreaction product of GC
when the carbonylation reagent is in high molar excess [23,92,93]. This also suggests
good potential for DGTC production as a possible future implementation of the process.
The significant yield decrement at high times and temperatures (Figures 3 and 5c) found
good correlation with the experimental observation of the brownish color acquired by
the reacting mixture in these circumstances, a sign of partial degradation. Overall, best
operating conditions of the process were found to be a reactor temperature from 180 to
185 ◦C, a recirculation time from 120 to 150 min, and a urea:Gly MR of 1.25.

Regarding the potential risk of isocyanic acid emission coming from carbamate de-
composition [94,95], the process conditions (low operating temperatures, low urea:Gly MR,
presence of glycerol) make this event highly unlikely. As an additional safety measure, it
might be considerable, for further developments, to add a “water trap” on the output of
the vacuum pump.

5. Conclusions

The most challenging issue we faced during the development of the process was the
pumping of the viscous reacting mixture. This was solved by means of a peristaltic pump (P,
Figure 2) and by a heated mixing chamber (M) able to lower the viscosity and increase urea
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solubility. The technical limits of this implementation were evidenced when we attempted
to operate at a pressure lower than 400 mmHg. This pressure constraint is thought to be
one of the factors limiting the GC-isolated yield to ~42%; therefore, the employment of
different pumping hardware could significatively improve performance. Moreover, to the
best of our knowledge, this is the first example of a multiple pass tubular reactor applied to
the conversion of Gly into GC. This plant layout (Figure 2) allowed for the management
of a kinetically slow process within a confined, highly thermally controlled reactor (R).
The same layout also features a closed loop with a single evacuation point (E), which has
the particular advantage of collecting the co-produced ammonia and recycling it to urea
(Figure 1). This feature, coupled with the modest molar excess of urea required for the
transformation, demonstrate the opportunity to sustainably transfer an equimolar amount
of CO2 to Gly, beneficially contributing to the entire carbon cycle of the biodiesel industry.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/bioengineering9120778/s1, Figure S1: Typical 1H NMR spectra
(CDCl3, 400 MHz) of a GC-rich raw mixture; Figure S2: Typical 1H NMR spectra (CDCl3, 400 MHz)
of a DGTC-rich raw mixture.
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Abstract: Biodiesel can be produced from vegetable oils, animal fats, frying oils, and from microorganism-
synthesized oils. These sources render biodiesel an easily biodegradable fuel. The aim of this work was to
perform an advanced bibliometric analysis of primary studies relating to biodiesel production worldwide
by identifying the key countries and regions that have shown a strong engagement in this area, and by
understanding the dynamics of their collaboration and research outputs. Additionally, an assessment
of the main primary feedstocks employed in this research was carried out, along with an analysis of
the current and future trends that are expected to define new paths and methodologies to be used in
the manufacture of biodegradable and renewable fuels. A total of 4586 academic outputs were selected,
including peer-reviewed research articles, conference papers, and literature reviews related to biodiesel
production, in the time period spanning from 2010 to 2021. Articles that focused on feedstocks for the
production of biodiesel were also included, with a search that returned 330 papers. Lastly, 60 articles
relating to biodiesel production via sewage were specifically included to allow for an analysis of this
source as a promising feedstock in the future of the biofuel market. Via the geocoding and the document
analyses performed, we concluded that China, Malaysia, and India are the largest writers of articles in this
area, revealing a great interest in biofuels in Asia. Additionally, it was noted that environmental concerns
have caused authors to conduct research on feedstocks that can address the sustainability challenges in
the production of biodiesel.

Keywords: biodiesel; biofuel; feedstocks; sustainability; research articles; bibliometric analysis

1. Introduction

The process of deescalating the use of conventional fuels faces several hurdles world-
wide, and despite the growing scientific evidence of the viability of other biofuel production
routes, governmental and regulatory limitations accentuate these difficulties and forestalls
further progress [1–7]. Despite these hindrances, biodiesel production shows a rapid
growth globally owing to the security offered by this type of fuel and its considerably
smaller environmental footprint [8–13]. There is also an increased pressure on governments
to adopt and implement more sustainable production processes. Thus, the demand for
biofuel consumption is predicted to grow significantly in the coming years due to gov-
ernmental policies in some countries pushing for a shift towards the use of renewable
energy, to the rising prices of petroleum-based fuels, and to the emerging concerns related
to pollutants [14].
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Bibliometric analyses are a well-known and rigorous method for the analysis of large
amounts of scientific information [15]. It allows for the visualization of the development
of a specific research topic, while also revealing important information about the areas
that are rapidly evolving in that field [16,17]. The data sets encompassing the structure
of a bibliometric analysis are usually extremely large, in the scale of hundreds or even
thousands, and they can describe specific research numbers, such as the volume of citations
and/or publications and the number of occurrences of certain keywords, among others.
However, the interpretations gathered and discussed are not only objective in nature, as in
performance analyses, but they can also comprise more subjective considerations, such as
topical analyses [18].

This article aimed to critically evaluate, from a qualitative and quantitative standpoint,
academic papers published on themes related to the specific aforementioned area via the
creation of a highly specific database. Articles in this database included those related to
biodiesel production and those that were published between 2010 and 2021. Quantitative
and qualitative conditions were set and entered within the search tool available on the Web
of Science Core Collection website (https://www-webofscience.ez373.periodicos.capes.
gov.br/wos/woscc/basic-search, accessed on 8 August 2022). The articles selected were
specifically related to feedstocks employed in the manufacture of biodiesel (e.g., animal
oils, vegetable oils, oils from microorganisms, etc.).

In addition to the considerations above, the relevance of sewage sludge as a specific
feedstock for biofuel production was analyzed, due to its strong future potential in this
specific market. Sewage sludge has been recognized worldwide as being a strong lipid
feedstock for biofuel production due to its wide availability and good concentration of
lipids. In the US alone, around 6.2 million dry metric tons of sludge are produced annually
by sewage treatment plants, and this number is expected to increase in the future due to the
ever-growing urbanization and industrialization observed in most countries [19]. This raw
material became attractive in the biofuel market in mid-2010, mainly owing to its increased
production at that time. In the European Union alone, sludge production is forecasted to
have reached the 13-million-ton mark in 2020 [20].

The main aim of this article was to showcase the evolution of the literature related
to the research on biofuel production worldwide via an analysis process that facilitates
the visualization of future trends in related emerging studies. Thus, the raw materials
that presented the highest relevance in the database built were assessed, along with the
frequency of studies citing these sources. Given the accumulation of a great number of
studies across the years, we had to set boundaries concerning search criteria and targeted
conditions, as described in Section 2.

As presented in Figure 1, the growth of publications on the manufacture of biodiesel
is noticeable. It is also noteworthy that, especially in the year 2021, the number of pub-
lications related to feedstocks for biodiesel production was considerably higher than in
previous years, with about 9.8% of the total number of publications coming from that year
(44 documents). The second most relevant year is 2018, with 8.9% of the total publications
(41 documents), followed by 2017, with approximately 7.2% (32 documents). Regarding
articles on sewage sludge, 2016 saw the greatest number of publications (with a total of 14).
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Figure 1. Annual publications on biodiesel production, relevant raw materials, and on sewage sludge
as a resource. The Google Sheets tool was used to produce this figure.

2. Materials and Methods
2.1. Data Sources

Some search parameters were previously set on the Web of Science Core Collection
website when using programs to collect the data to compose our advanced bibliometric
analysis. The database files were accessed and downloaded via the login credentials
provided by the CAPES PERIODICOS platform (https://www-periodicos-capes-gov-br.
ezl.periodicos.capes.gov.br/index.php, accessed on 9 August 2022).

As shown in Figure 2, first, the term “Biodiesel Production” was entered in the
search bar, along with the filter “Title”, into their central database, which contained all the
subsequent databases. Then, a new row was added and the term “2010–2021” was entered
within the filter “Year Published”. In total, 4917 articles fitting these search parameters were
returned, but to ensure a more refined analysis, we proceeded to discard the publications
that showed little relevance to this bibliometric analysis. Refinements were made for
“Document Types” (limiting the search to articles, conference papers, and review articles
only) and Language (English). The new, targeted search returned 4586 articles.
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In addition, two further databases were generated from the main one above in order
to allow us to delve deeper into other subtopics of interest. The first database was related
to feedstocks for biodiesel production, where a third search line was added with the term
“feedstocks” in the “All Fields” section and with the same previous refinements. Overall,
330 articles published between 2010 and 2021 matched these criteria. The second derived
database was related to biodiesel production using sewage sludge, with a third row being
added with these terms. A total of 60 related articles were then identified.

The methodology described and used in this research was chosen based on the lit-
erature evidenced by the article A bibliometric analysis of sustainable oil and gas production
research using VOSviewer published in 2022 [21]. The authors reinforce that such a strategy
facilitates the construction of a database that is consistent with the aim being proposed
and that improves the visualization and exploration of results in this area of research. The
three databases obtained in our work were all crucial for this analysis, with the largest
of them providing the comparison basis that created, with the delimitation and search
conditions shown in Figure 2, the second and third databases, which returned 330 and
60 documents, respectively. As the central objective of this work was to explore mainly
the second database, which deals with raw materials, the third could then serve as an
additional dataset to explore the importance of the topic it covers in the advancement of
this research topic. Despite the limitations observed, another differentiating characteristic
of this work was the inclusion of articles that provide important information, but that are
not necessarily a part of the repertoire usually treated in the programs used to process these
data for analysis. The literature on biodiesel is characterized by a wide variety of works
scattered through various areas of study, and those were used to enrich this work.

Figure 2 above is a categorical representation of the search process followed for
building the databases used in this work. Each block shows one step taken in our research,
from entering the key terms and constraints used in the Web of Science search engine, to the
analysis methodology to be followed. Such visual representations serve as more simplified
demonstrations, aiming to describe how the research was carried out, since they do not
contain any specific descriptions that can only be understood through reading the main
body of text.

2.2. Data Analysis

For the bibliometric analysis, three programs were used: CiteSpace (v.5.8.R3 Philadel-
phia, PA, USA), CiteSpace was developed by Dr. Chaomei Chen from Drexel University,
USA. VOSviewer (version 1.6.17 Leiden, South Holland, The Netherlands), VOSviewer
software, developed at Leiden University’s Centre for Science and Technology Studies
(CWTS), Leiden University, the Netherlands. ArcGIS (version 10.5 Redlands, California,
USA), ArcGIS is a product suite developed by Environmental Systems Research Institute
(Esri), Redlands, California, United States. ArcGIS 10.5 was used to analyze the geograph-
ical distribution of publications, while VOSviewer was used for data visualization [22].
CiteSpace identified and predicted the future possible research subareas in this area by
using keywords and clusters [23].

3. Results and Discussion
3.1. Bibliometric Analysis
3.1.1. Publications: General Results

The initial search on the Web of Science Database Core Collection website resulted
in 4586 research outputs from 2010 to 2021, the most relevant of which was published
in March 2012. The title of this specific article is Biodiesel production from microalgae, in
which the use of microalgae in the manufacture of different energy sources, such as oil and
biofuels, including biodiesel, were discussed [24]. Furthermore, the authors presented the
various factors of relevance in the area of microalgae valorization for biodiesel, microalgae
cultivation, lipid extraction, and transesterification reactions, among other aspects. By
analyzing all the articles in the database, it was possible to observe that, among the
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raw materials commonly mentioned, microalgae were the most widely employed, being
reported in 40 articles. This is higher than the number of mentions of soybean oil, a raw
material with a relatively high rate of employment in the production of biofuels.

Microalgae, however, as well as other feedstocks, still face a cost–benefit challenge.
Nevertheless, great advances are expected to be achieved in the areas of cultivation, harvest-
ing, lipid extraction, transesterification, and biomass-processing technologies that could
render biodiesel production from microalgae more viable and more easily commercialized
in the near future [25]. Optimizing the manufacture of biofuels is a paramount step to-
wards market acceptance and implementation, as this directly influences the economics
and yields of the final product. The optimization of the variables and conditions in these
processes are also of high relevance for the entire production process [26]. Additionally,
the studies carried out on the topics above have been successful in demonstrating how
key environmental concerns have been addressed through the steps that have been taken
to make the biofuel market more sustainable. This trend is confirmed by the prominence
of related articles present in the literature repertoire used in this research, mainly when
considering the number of citations and the relevance of the authors of the papers. These
factors are described in subsequent sections of this article.

3.1.2. Distribution of Scientific Journals

From the reference database created, we observed that the manuscripts relating to raw
materials for biodiesel were published across 154 journals, with an average of approximately
2.1 publications per journal. This indicates that a great interest in this research theme is
shared by several areas, but the number of relevant publications can still be considered low.
Judging by the vast number of journals analyzed, it is possible to note that distinct groups
of researchers have explored this topic via different methodologies of scientific analysis.

Table 1 shows the list of the ten most relevant scientific journals in the biodiesel
research area, classified by number of citations. Together, these ten journals are responsible
for more than a quarter of the total number of the publications analyzed. The journal
Renewable & Sustainable Energy Reviews, which ranks first on this list, has an impact factor
of 14.982 and a total of 33 articles published in the area. These account for 9.9% of the
total number of documents, and the articles published in this periodical have amassed
8250 citations over the years. The second journal on the list is Bioresource Technology, with an
impact factor of 9.642 and 16 articles published (4.8% of the total documents) that gathered
1785 citations. The ranking list is mostly composed of European journals, with Renewable &
Sustainable Energy Reviews being the only American journal. Nevertheless, it has the highest
impact factor of all the journals listed and the highest number of citations and publications,
with an average of 250 citations per article. This shows a high concentration of articles in
the area of feedstocks for biodiesel production in a single scientific journal.

Table 1. Top ten scientific journals with publications in the field of feedstocks for biodiesel production.

Rank Journal C IF NP NC AC P

1 Renewable & sustainable energy reviews USA 14.982 33 8250 250 9.9%
2 Bioresource technology NL 9.642 16 1785 111.5 4.8%
3 Energy conversion and management EN 9.709 13 789 61.4 3.9%
4 Biomass & bioenergy EN 5.061 6 750 125 1.8%
5 Fuel EN 6.609 18 729 40.5 5.4%
6 Biofuels, bioproducts & biorefining—Biofpr EN 4.102 5 151 30.2 1.5%
7 Journal of environmental chemical engineering EN 5.909 4 63 15.7 1.2%
8 Catalysts CH 4.146 6 59 9.8 1.8%
9 Biofuels-UK EN 2.956 4 57 14.2 1.2%

10 Environmental chemistry letters GER 9.027 4 53 13.2 1.2%

C = Country; IF = Impact Factor in 2020; NP = Number of Publications; NC = Number of Citations;
AC = Average Citations; P = Percentage in Relation to the Total Number of Papers. USA = United States of
America; NL = Netherlands; EN = England; CH = Switzerland; GER = Germany.
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3.1.3. Distribution by Country and Institution

Analyses made from the country information declared by the authors across the
articles in our database allowed us to verify that the ten countries that published most
articles on biodiesel feedstocks contributed 64.5% of the total amount of publications from
the 56 countries identified (Table 2).

Table 2. The 10 most prolific countries in the area of feedstocks for biodiesel production.

Rank Country NP NC AC Total Link Strength AC

1 China 53 2555 48.2 169 250
2 Malaysia 48 3715 77.4 353 111.5
3 India 48 2190 45.6 252 61.4
4 United States of America 33 2030 61.5 116 125
5 Thailand 17 164 9.6 55 40.5
6 Indonesia 16 1309 81.8 134 30.2
7 Brazil 15 531 35.4 51 15.7
8 Italy 13 164 12.6 42 9.8
9 Serbia 12 920 76.6 82 14.2

10 Saudi Arabia 12 492 41.0 100 13.2
NP = Number of Publications; NC = Number of citations; AC = Average citations (NC/NP).

It is noteworthy that, although there is a great demand and interest for this research
area, the resulting publications are concentrated within just a few regions of the world.
China is responsible for 12.8% of the published articles (53 articles), thus occupying first
place on the list. It is followed by Malaysia, with 11.6% (48 articles), and India, with 11.6%
(48 articles).

To evaluate the relevance and impact of the published articles, it is necessary to also
consider the number of citations. Malaysia has the highest number of citations (3715) across
its 48 published papers, followed by Portugal, with 10 published papers that have amassed
3323 citations, and China, with 53 published papers and 2555 citations. Figure 3 shows the
distribution of articles by country and specifies the 27 geographical regions that published
at least five articles on the topic.
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Figure 4 illustrates publication collaborations among countries, within the same con-
straints as above regarding research area and time period. China and the United States,
for example, present a strong collaborative relationship between authors despite being
located in different continents. This can be explained by the notable leadership of these two

129



Bioengineering 2022, 9, 539

countries concerning world economic power, so there is a natural interest in forming scien-
tific partnerships to address shared environmental concerns in the search for sustainable
products. This can be observed in Figure 1, where there is a clear growing interest in studies
related to feedstock for biodiesel production in both these countries. The most significant
collaborative relationship, however, is between Malaysia and Indonesia. This is most likely
due to their geographical proximity in Southeast Asia, which demonstrates the similar-
ity between their economic and socio-environmental interests towards the production
of biofuels.
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It can also be noted that the articles published were the result of the work of 481 organizations
across 56 different countries, which also confirms the high interest in research in this area. Never-
theless, the number of academic outputs is concentrated primarily in only ten countries, which
produced two-thirds of the total number of documents. Among them are China, India, the
United States, and Brazil, which indicates that there is a strong interest for this area especially in
countries with large economies and a notable involvement in socio-environmental policies.

Another point worthy of note was that more than 50% of the organizations identified
had only one publication in the field. In addition, only a small number of organizations
were perceived to conduct consistent research and constantly publish in the area. Among
the identified papers, there is a peculiarity related to the Polytechnic Institute of Porto (IPP).
This organization has published only one article, Microalgae for biodiesel production and other
applications: A review [27], but this output alone has gathered 3160 citations, the highest
number of citations among all documents. This shows that the importance of each article
is dictated by the high quality of the scientific research performed, thus some of them
receive a more significant number of citations than others. The University of Agriculture
in Faisalabad (UAF) can also be highlighted with three publications [28–30] that obtained
only seven citations (an average of 2.3 citations per document), also confirming the above
trend. Naturally, there may be other factors that cause this discrepancy, such as the point in
time when the article was published, among others.

It is clear that many of the collaboration links are geographically related. However,
there are some countries that have overcome the regional barrier and sought extracontinen-
tal academic cooperation, which is the case of (and between) the United States, China, and
Malaysia. Brazil, for example, is a country that cooperates strongly with European countries
such as Portugal and Spain. This is likely to happen due to their linguistic proximities and
the fact that the country has a great relevance for world agribusiness, apart from showing
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high interest in using sustainable and renewable raw materials for the manufacture of
various chemicals [31].

A network map representation was built to enable a better visualization of the links
between organizations, and it is shown in Figure 5. To build the map, a minimum re-
quirement of 250 citations per institution was set for the period analyzed, which identified
27 institutions from the database. The most relevant of them include the University of
Porto, the Polytechnic Institute of Porto (IPP), and the University of Malaya.
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In addition to the analyses performed by studying the above clusters, geocoding was
also used by transforming locations into points on the map. This allowed for a deeper
observation of the geographical reference of the institutions identified in the collated
database. Figure 6 illustrates the representation of the geocoded locations, which reveals
a large concentration of these organizations in North America, Europe, and South Asia.
The United States and India, which are countries of continental proportions, clearly stand
out when exploring the data from this perspective. Furthermore, Figure 5 shows that, of
the most relevant institutions, only a few have a co-authorship relationship among the
analyzed articles, showing that there may be a sense of individualism in the scientific groups
highlighted in this study. From the 27 institutions that published papers containing at least
250 cumulative citations, only 11 (40.7%) showed collaboration with other organizations.

A total of 1304 different authors were identified across the 332 documents in the
database, indicating a wide range of scientific collaboration among the researchers with the
most significant influence in this area. Figure 7, which was built by selecting authors with
450+ citations, depicts these collaborative relationships. The article with the highest number
of citations is entitled Microalgae for biodiesel production and other applications: A review [27],
with 3160 citations. However, it can be noted that its author, Mata, had little collaborative
input in other works. On the other hand, the author Mahlia collaborated in nine highly cited
documents, including Patent landscape review on biodiesel production: Technology updates [32],
published in 2020 and presenting 152 citations as of the writing of this review. Of the
977 authors with more than five citations, only two had no co-authorship relationship, i.e.,
were found isolated in two different clusters, which represented 1.07% of the collaboration
sets. It can be concluded that most of the research in this specific area is achieved through
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collaborative clusters, highlighting a high appreciation for cooperative research despite the
geographical dispersion of researchers.
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high level of collaboration.

3.1.4. Most Cited Articles

The ten most cited articles on raw materials for biodiesel production have gained a
collective number of 7219 citations, with the document occupying first place in this ranking
amassing 3160 (43.7%) of these. As mentioned earlier, Mata’s work discussed the current
status of biodiesel production by microalgae, focusing on the cultivation, harvesting, and
processing techniques of the main microalgae species, along with the advantages and
disadvantages of their use [27]. This article is of paramount relevance for the literature
on this specific feedstock, given its use in other articles that compose the list presented
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in Table 3. Apart from the first position, microalgae are also mentioned in the titles of
the articles in positions three, four, and nine. However, we can also note that outputs
using these materials are now considerably old (2010–2012), which may hint at a changing
scenario and a newfound appreciation of other raw materials that may currently be more
advantageous or relevant.

Table 3. Most cited papers in the field of feedstocks for biodiesel production.

Rank Article Title Authors Year Published Citations

1 Microalgae for biodiesel production and
other applications: A review [27].

Mata, Teresa M.; Martins, Antonio A.;
Caetano, Nidia. S. 2010 3162

2

Non-edible vegetable oils: A critical
evaluation of oil extraction, fatty acid
compositions, biodiesel production,

characteristics, engine performance, and
emissions production [33].

Atabani, A. E.; Silitonga, A. S.; Ong, H.
C.; Mahlia, T. M. I.; Masjuki, H. H.;
Badruddin, Irfan Anjum; Fayaz, H.

2013 645

3 Microalgae as a sustainable energy source
for biodiesel production: A review [34].

Ahmad, A. L.; Yasin, N. H. Mat; Derek,
C. J. C.; Lim, J. K. 2011 590

4 Extraction of oil from microalgae for
biodiesel production: A review [35].

Halim, Ronald; Danquah, Michael K.;
Webley, Paul A. 2012 586

5 Biodiesel production with immobilized
lipase: A review [36].

Tan, Tianwei; Lu, Jike; Nie, Kaili; Deng,
Li; Wang, Fang 2010 457

6 Properties of various plants and animal
feedstocks for biodiesel production [37].

Karmakar, Aninidita; Karmakar,
Subrata; Mukherjee, Souti 2010 421

7 A review of current technology for
biodiesel production: State of the art [38].

Aransiola, E. F.; Ojumu, T. V.; Oyekola,
O. O.; Madzimbamuto, T. F.;

Ikhu-Omoregbe, D. I. O.
2014 368

8 A review of biodiesel production from
jatropha curcas L. oil [39].

Koh, May Ying; Ghazi,
Tinia Idaty Mohd 2011 365

9

Biodiesel production by simultaneous
extraction and conversion of total lipids

from microalgae, cyanobacteria, and wild
mixed-cultures [40].

Wahlen, Bradley D.; Willis, Robert M.;
Seefeldt, Lance C. 2011 319

10 The effects of catalysts in biodiesel
production: A review [41].

Atadashi, I. M.; Aroua, M. K.; Aziz, A. R.
Abdul; Sulaiman, N. M. N. 2013 308

The second most cited article on the list is Non-edible vegetable oils: A critical evaluation of
oil extraction, fatty acid compositions, biodiesel production, characteristics, engine performance, and
emissions production [33], which was cited by 645 papers within the period analyzed. This
article discusses biodiesel production via non-edible vegetable oils, reviews recent related
studies, and analyzes general aspects, advantages, and disadvantages of the commodities
regarded as second-generation feedstocks. Among them are Jatropha curcas, Pongamia
pinnata (Karanja), Moringa oleifera, and Aleurites moluccanas.

The visualization and analysis done on the keywords of the articles from our database,
illustrated in Figure 8, revealed that, during the period spanning from January 2020 to De-
cember 2021, cooking oil residues showed the highest relevance (29 keyword occurrences),
which may indicate a strong interest in this material, considering that it stands out even
among other key words that are not necessarily raw materials. Palm oil and soy oil also
appear in this list, with nine and six occurrences, respectively.

It is important to highlight that the journals that occupy the first and second posi-
tions in the ranking shown in Table 1 (Renewable & Sustainable Energy Reviews and
Biotechnology Advances) are responsible for 8 of the 10 most cited in the area of feed-
stocks for biodiesel production (Table 3). This indicates that there is a large concentration
of studies carried out by specific scientific groups. In addition, they constitute almost
15% of all publications in the collated database, among the 154 journals analyzed. Re-
garding the number of citations, the first journal earned 8257 (43% of the total), and the
second, 1790 (9.3% of the total). This points to the high relevance of the publications in
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these journals and the wide dispersion of studies with less prominence across a great array
of periodicals.
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The article entitled Patent landscape review on biodiesel production: Technology
updates [32], despite its smaller number of citations comparatively to the articles in Table 3,
shows great relevance owing to its very recent publication date (February 2020), having
already gathered 152 citations. It appears to be more relevant, for example, than the
Fractional characterization of jatropha, neem, moringa, trisperma, castor and candlenut
seeds as potential feedstocks for biodiesel production in Cuba [42], which is almost 10 years
older and, comparatively, only received 114 citations. Mahlia is also a co-author in other
articles, as shown in Figure 7 (this author is in a prominent cluster), which attests to the
relevance of their research methodology. The article in question is a review of 1660 patents
related to biodiesel production. The paper organized the patents into five categories: raw
materials, pretreatment methods, catalysts, reactors, and processing methodologies.

3.1.5. Research Areas

From the database compiled, we could observe that the 330 selected documents
belonged to 25 research areas related to feedstocks for biodiesel production, from 2010 to
2021. Figure 9 shows that the most prominent them of was energy fuel, as 26.4% (163 out of
618) of the number of occurrences were from this area. Engineering was the second largest
research area, with 16% of the total number of entries (99 occurrences). However, it can be
seen that, despite the large number of occurrences in the area of energy fuels, there is not a
high concentration in one single research area. The percentages across areas are similar, and
the number of occurrences is fairly well distributed. The prominent relationship between
energy fuels and engineering reveals that the market seeks scientific research that creates
innovative solutions for solving existing problems related to the raw materials used for
biodiesel production.
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When analyzing the database keywords, which totaled 1536 occurrences, it was pos-
sible to observe that the most used terms were “biodiesel” (225 occurrences), followed
by “transesterification” (145 occurrences), and “waste cooking oil” (91 occurrences). This
shows that this raw material is the most significant in the studies related to biodiesel
production, given its prominence in the documents. In Figure 8, the keyword analysis was
limited to the years 2020 and 2021, in order to enable the observation of the direction of the
scientific research and the emerging feedstock trends for the future of biodiesel production.

There seem to not yet exist highly relevant studies on feedstocks that have great
potential for the future of the market, as is the case of sewage sludge. From the search
carried out on the Web of Science Core Collection site, there are only 60 documents that
mention this material. The article with the most relevance is entitled Recent development
on sustainable biodiesel production using sewage sludge [43], which gives an overview
of biodiesel production via the use of municipal sewage sludge as a highly available and
economical waste, since it is produced on a large scale due to increased urbanization
worldwide. It also has zero added value. This article only has 13 citations, suggesting that
the raw material is still underexplored, in comparison to soybean and waste cooking oil,
for example.

It is essential to point out that a refinement was made in the database search by
discarding the works that are not of interest for the visualization of trends in the proposed
theme. Therefore, the limitation of inclusion to only research articles, conference papers, and
review articles enabled us to obtain more precise and relevant conclusions. Furthermore,
the search for documents related to feedstocks in general and for sewage sludge as a
raw material made it necessary for us to search for these terms specifically, i.e., the terms
“Sewage Sludge” and “Feedstock” were entered in the search field “All fields”.

3.2. Feedstocks for Biodiesel Production
3.2.1. Classification of Feedstocks

The feedstocks used for biodiesel production are varied and can be classified into the
four following categories: edible oils, inedible oils (e.g., inedible vegetable oils, residual
oils), oils from microorganisms, and animal fats (Figure 10). The figure shows some of the
feedstocks most used in the production process of biofuel, along with their classification. It
is necessary to highlight the importance of those that are not edible, given that the biodiesel
market does not intend to compete with the food industry. Edible oils are highly valued,
which leads to price competition and causes these products to become more expensive [44].
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Figure 10. Various feedstocks used in the production of biodiesel. These are divided into four classes:
edible oils, inedible oils, microbial oils, and animal fats.

The rapid growth of the world population and the extensive human consumption
of edible oils can cause serious problems, such as starvation, in developing countries.
Therefore, a category that becomes very promising as an alternative material for biodiesel
production is non-edible oils. Due to the high demand for edible oils in the food industry,
their prices are higher than fossil fuels, and this fact alone highlights the importance
of the lower cost of cultivation of non-edible vegetable oils [45]. Oils classified as non-
edible can be obtained from native plants distributed in different geographical areas of
the globe. Some examples are babassu (Orbignya sp.), mahua (Madhuca indica), castor
oil plant (Ricinus communis), jatropha (Jatropha curcas L.), macaúba (Acrocomia aculeata),
andiroba (Carapa guianensis), karanja (Pongamia pinnata), seed oil from Pistacia chinensis bge
and crambe (Crambe abyssinica Hochst), pinnai (Calophyllum inophyllum), rubber tree seed
(Hevea brasiliensis), and coconut (Cocos nucifera) oil [31].

Among the raw materials reported, microalgae and waste cooking oil are highly
relevant. Among the 332 publications in the database, 20 and 19 publications present
the terms “waste cooking oil” or “microalgae” in their title, respectively. Together, they
represent 11.7% of the documents. Accordingly, it is important to highlight that the
evaluation criteria in this case maintained the same refinements of the initial search, but
with the added logical operator “AND” with the following text: “waste cooking oil” or
“microalgae”. The articles reporting research that employ microalgae as the main object of
study can be seen in Table 3, occupying prominent positions. The article with the highest
number of citations that uses waste cooking oil as raw material is entitled A magnetically
separable SO4/Fe-Al-TiO(2) solid acid catalyst for biodiesel production from waste cooking
oil [46]. It presents a new magnetic solid acid catalyst that was synthesized and used in the
production of biodiesel through the transesterification of waste raw material. This scientific
output merited 115 citations during the analyzed period.

Performing the same analysis on sewage sludge, it was possible to identify only two
documents that present this raw material in their title—Biodiesel Production from Sewage
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Sludge: New Paradigm for Mining Energy from Municipal Hazardous Material [47],
with 83 citations, and Efficient extraction of lipids from primary sewage sludge using
ionic liquids for biodiesel production [48], with 25 citations. The first article discusses
the economic feasibility of biodiesel production using the lipids extracted from sewage
sludge owing to the high oil yields and the lower value of this feedstock compared to
those conventionally used. The second describes a new lipid extraction method from wet
primary sludge for biodiesel production with ionic liquids.

3.2.2. Sewage Sludge

Studies involving biodiesel production through sewage sludge are scarce due to there
being currently little interest in this research. However, according to the publications
collected for this analysis, there are many advantages to using this raw material for manu-
facturing biofuels. Feedstocks that fall into the edible group (such as sunflower oil, rapeseed
oil, and soybean) show low cultivation costs and land use requirements, while recyclable
waste feedstocks (such as cooking oils and yellow grease) have limited availability. Thus,
interest in using sewage sludge as a feedstock for biodiesel production has grown signifi-
cantly [49] due to its excellent economic viability and a promising future intensification in
its research.

In Europe, the country with the highest annual production of sewage sludge is Ger-
many (1.85 million tons of dry solids), followed by the UK (1.14 million tons), and Spain
(1.03 million tons). It can also be mentioned that more sewage sludge is produced in Japan
than in the member countries in the EU. Despite scarce data on the USA, it is believed that
its sludge production is the second largest in the world. China, being the country with
the largest population (about 1.3 billion), has been experiencing a considerable continuous
increase in its sewage sludge generation since 2011, and it surpassed the 12-million-ton
mark in 2017. In that year, 45 million tons of this waste were produced worldwide [50].
Therefore, due to the huge economic potential and growth of municipal sewage sludge
production, this constitutes a raw material that may become a strong trend in the future in
this area.

Since about 85% of the total biodiesel production value is linked to feedstock, lipid-
rich sewage sludge is also highly interesting for biodiesel production from an economic
standpoint [51]. As stated in the European Union Report (Commission, 2008b), about
10 million tons of dry solids of sewage sludge were produced in the 26 European Union
Member States in 2008, of which 36% (or 3.7 million tons of dry solids) was recycled for use
in agriculture [52]. This shows that the material has great potential for production increase,
given the urbanization rates seen worldwide.

Sewage sludge comprises organic materials (lipids, proteins, carbohydrates, etc.) and
inorganic materials (heavy metals and ash, for example) from alternative waste treatment
processes. It is an unavoidable waste, its production is constantly increasing, and it causes
great concern regarding the risks imposed to human health and its significant potential
for environmental damage. For this reason, strict regulations have limited the disposal
of sewage sludge, causing alternative methods to be sought, including technological
processes that employ principles of thermochemistry, such as gasification, pyrolysis, and
direct combustion [53]. Using sludge for biodiesel production is an ecologically positive
methodology for reusing and recycling this waste in the obtainment of versatile products via
fermentation technology, with the potential aid of microorganisms. These approaches can
significantly curb the amount of sludge disposal and provide high-value-added products
with a lower cost of manufacture [54].

Figure 11A,B shows the number and ratio of occurrences among some of the raw mate-
rials used in the production of biodiesel and their presence in the titles of the 4586 analyzed
documents. By analyzing this graph, microalgae and cooking oil residue, as previously
mentioned, occupy a prominent place among the documents. Sewage sludge is the feed-
stock with the lowest relevance among these, as this is still in the research development
stage and may be an emerging trend in the future of the scientific literature in this area.
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Biodiesel production using sewage sludge as a feedstock is surrounded by complex chal-
lenges that must be addressed before it can see a breakthrough in the market. Some of these
challenges are not unique to biodiesel production, but to the biofuel industry in general.
A few of these challenges include sludge waste collection, product quality management,
regulatory concerns, suboptimal yields, process economics, pharmaceutical and chemical
contaminants, soap formation, and product separation, among others [35].
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Other advantages of sewage sludge are the fact that it is abundant and can deliver
a continuous yield. The higher the value of food commodities in the future, the more
competitive sewage sludge is set to become as a biodiesel feedstock [55]. Considering the
facts discussed so far, it is clear that a future viability of sewage sludge is highly probable,
given the drive towards ecological change for global sustainability. Municipal sewage
sludge has a high potential to be a reliable and high-energy feedstock for future use in
biodiesel production [56]. Increasingly more studies have been carried out on this topic,
as shown in the graph related to Figure 1, which points to a sustainable interest in more
intense biodiesel production using innovative feedstocks that contribute to this purpose.

Figure 12 illustrates the occurrence of the keywords from the 60 articles collected,
and it can be seen that other related terms are also found, such as “lipid extraction”
and “transesterification method”, which are topics highly discussed in the content of the
above documents. In addition, it is possible to notice the presence of discussions around
microalgae that, although not the main focus of the articles in question, is clearly seen as a
raw material of extreme importance in the literature on biofuel production. Figure 12 is a
quantitative representation in the form of a density map, which reveals the prominence of
some keywords over others, and enables the observation of a hierarchical formation of the
organization of the keywords according to the number of occurrences.
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3.2.3. Microalgae

As discussed earlier in this article, microalgae are an extremely important raw material
in most of the articles analyzed, given the fact they are the main subject of articles with very
large numbers of citations. Again, the most cited article is entitled Microalgae for biodiesel
production and other applications: A review [27], which has accumulated 3160 citations.
Microalgae are composed of many photosynthetic microorganisms that can use carbon
dioxide from the atmosphere to produce biomass faster and more efficiently than land
plants. They are considered promising raw materials in various industry segments, such
as feed, biofuels, food, pharmaceuticals, and nutraceuticals [57]. It is estimated that there
are more than 100,000 species of algae. These plants can be used as biofertilizers for
aquaculture, animal feed, and food, among other applications [58].

Microalgae cultivation can be carried out in environments considered unsuitable for
the cultivation of other plants, such as in saltwater, brackish water, fresh water, or non-
arable land that is unsuitable for conventional farming methods. In addition, cultivation
can also be done in farms or even in bioreactors. Due to their non-selective, per hectare
growth and development, microalgae can deliver higher production yields with better
ecological performance [34]. Harvesting microalgae can cost as little as 20% of the total
biodiesel production cost, depending on the farming method used [59].

Three main problems in algae-based biofuel production have been highlighted: sup-
porting algae cultivation in different climates, the high water demand, and the technology
deficit for commercialization. Nevertheless, the market is predicted to create future local
and regional partnerships and collaborations with a view to maximize adoption and enable
technologies for manufacturing them at a larger scale [60]. We can then conclude that this
continues to be a raw material of extreme importance in the studies, and for the future, of
the biofuel industry.

The potential of microalgae through high lipid productivity using small land areas,
as well as the ability to use unproductive lands to this end, justify the recent investments
in their culturing for fuels [61]. Therefore, given that there are significant economic ad-
vantages to the cultivation of this raw material and that the studies involving it are on the
rise, microalgae are strong players among the raw materials currently used for biodiesel
production, especially from a sustainability standpoint.

3.2.4. Waste Cooking Oil

After performing occurrence and relevance analyses, we also identify waste cooking
oil as a feedstock of high interest in the research on biofuel production. Among the
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documents collected on this area from 2010 to 2021, waste cooking oil occupies the second
place in the ranking of occurrences of articles with this specific feedstock in their title,
with 221 documents (4.8% of the total). Moreover, according to Figure 8, which shows
the keywords for the analysis of the emerging future trends in the research related to
biodiesel production in 2020 and 2021, used cooking oil is repeatedly shown even among
other terms related to methods and reactions inherent in different research topics (such as
“transesterification”, “heterogeneous catalyst”, and “conversion”).

Waste cooking oil is obtained from edible oils that have been used for frying food [62].
These types of food wastes are harmful to human health and to the environment when they
are improperly disposed of by not submitting them to any treatment processes [63]. Waste
cooking oil is seen as a promising feedstock for biodiesel production due to its low cost
and abundance in several countries [64]. The employment of previously used cooking oils
as raw materials does not create controversial issues, such as discussions about the clash
between the food and fuel industries, or environmental reservations [63]. The use of this
raw material for the production of biofuels was first reported a long time ago, and research
on the topic started as early as the 1970s [65]. Waste cooking oil can be obtained from homes,
hotels, restaurants, and food businesses that utilize frying operations and other similar
food preparation processes [66]. Waste oils generated from household, commercial, and
industrial sectors can be easily converted into biodiesel [67]. The production of biodiesel
using used cooking oil is environmentally friendly and is a recognized solution in waste
management practices [68].

Besides these raw materials, several others can be highlighted, especially in the non-
edible group of materials. An example is beef tallow, which in Brazil is the second main raw
material used in the production of biofuels after soybean oil. Biodiesel that is produced from
tallow only generates between 17% and 35% of the total impact caused by low-sulfur diesel,
thus showing an environmental advantage of using the former [69]. Another material is J.
hieronymi, an endemic species in the semi-arid and arid northwestern region of Argentina,
whose oil is not edible. It is a non-conventional oilseed species that does not compete with
the food industry and hence has great economic potential as an alternative oil [70].

This work reveals several aspects of the biodiesel research that are clearly present
across previously published review articles, such as the interest in researching feedstocks
for biodiesel production in Asia, in view of the needs and economic specificities of this
region. Additionally, new emerging trends are evidenced from the subsequent analysis
of the articles published within the years delimited in this research, which also shows
a constant search for sustainability approaches that are coupled with the maintenance
of economic viability. These research trends are directed towards raw materials that do
not create market competition with other industries, which is the case of the food sector,
which in many cases utilizes a range of raw materials that can also be used for biodiesel
production. Feedstocks such as sewage sludge, waste oils, and non-edible vegetable oils
are the research foci in many of the papers reviewed earlier in this work.

4. Trendy Research Topics
4.1. Quantitative Analysis of Frequent Keywords

To better understand the development of the research on a specific area, it is necessary
to carry out an analysis of the keywords in the published documents, as they reveal
essential information about the topic, such as applications, trends, relevance of documents,
discussions, and other general research characteristics. Table 4 lists the 24 most prominent
keywords mentioned in the articles analyzed. The top six keywords are biodiesel (225),
transesterification (145), residual cooking oil (91), optimization (62), soybean raw materials
(60), and esterification (50).
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Table 4. Ranking of the 24 most prominent keywords mentioned in the analyzed articles.

Rank Keyword Frequency TLS Rank Keyword Frequency TLS

1 biodiesel 225 978 13 performance 31 170
2 transesterification 145 714 14 fuel production 31 183
3 waste cooking oil 91 475 15 lipase 27 136
4 optimization 62 323 16 Jatropha curcas 26 130
5 feedstocks 61 285 17 heterogeneous catalyst 26 137
6 soybean oil 60 336 18 free fatty acids 25 158
7 esterification 50 272 19 seed oil 24 133
8 vegetable oil 47 252 20 extraction 22 100
9 oil 40 149 21 in situ transesterification 20 104

10 microalgae 40 189 22 rapeseed oil 20 111
11 palm oil 35 205 23 vegetable oil 20 111
12 fuel 31 159 24 kinetics 20 127

Note: TLS: Total Link Strength.

Figure 13 illustrates the visualization network map generated from the VOSviewer
program of the 60 most important keywords with at least eight occurrences in the collated
database. The “biodiesel” keyword is clearly the largest group, belonging to the yellow
cluster. This keyword is linked to “feedstocks”, “microalgae,” and “oil”, which define the
raw materials used in the research and are interconnected. The keyword “transesterifica-
tion” is the second most reported. It is linked to “waste cooking oil” and “vegetable oil”,
which are also part of the blue cluster. Transesterification is the procedure that replaces the
organic alkyl groups of a vegetable/plant oil (an ester) with a methyl alcohol group [71].
The cluster of optimization and general optimization encompasses some highly relevant
topics in the search, such as emission characteristics, heterogeneous optimization, process
optimization, and engine performance, giving us a good view into the important elements
in the field of optimization. Regarding the methodologies and materials, it can be seen
that this specific cluster illustrates the relationship of some keywords with “conversion”,
“esterification”, “methane”, and “acid”.
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4.2. Research Areas

The CiteSpace software was used to organize the collated database and to analyze
the emerging trends in the area. As mentioned earlier in this article, CiteSpace allows
the visualization of knowledge development in a given area of research [72]. Analyzing
a cluster enables the identification of study themes and data of greater relevance to the
specific research [73]. Keywords can determine the future research paths related to biodiesel
production and its raw materials. Table 5 illustrates the six primary sets of co-citations
among the articles linked to this topic.

Table 5. Top six co-citation research clusters on raw materials for biodiesel production based on the
CiteSpace analysis.

CID Label NS Mean Top Five Terms Representative Articles

#0 oleaginous yeast 70 2015 oleaginous yeast; lipid extraction; wild
strain; Egyptian freshwater habitat;
different species.

(CHTOUROU, 2015) and
(EL-SHEEKH, 2018)

#1 ionic liquid 63 2014 ionic liquid; ultrasound-assisted
transesterification; using calcium oxide
catalyst; economic variable; acyl acceptor.

(ZHANG, 2010) and
(MANSIR, 2018)

#2 process design 54 2013 process design; heterogeneous catalyst;
subcritical water; packed bed reactor;
soybean soap stock acid oil.

(ZENG, 2014) and
(SOARES, 2013)

#3 oil extraction 47 2014 oil extraction; plant seed; Ricinus
communis; Hevea brasiliensis; Calophyllum
inophyllum L.

(KENENI, 2017) and
(SILITONGA, 2016)

#4 enzymatic
biodiesel

production

42 2013 enzymatic biodiesel production; low-cost
feedstock; carbohydrate-derived solid
acid catalyst; brown rice; ethanol
fermentation.

(ADACHI, 2016) and
(LOKMAN, 2014)

#5 calcium oxide 27 2016 calcium oxide; current state;
technological progress; different type;
LCA studies.

(MAZAHERI, 2021) and
(FERNANDEZ,
PENARRUBIA, 2017)

Note: CID = Cluster ID, NS = Node Size.

4.2.1. Research Fields

Cluster #0 has “oleaginous yeast” as its main keyword. These yeasts have gained
significant prominence worldwide in metabolic engineering due to the fact they offer
facilitated pathway manipulation, fatty acid- or oleochemical-derived metabolite enhance-
ments, and simplified cultivation strategies [74]. The article that represents the cluster was
published by Chtourou [75], and the main objective of their research was to perform the
investigation of lipid accumulation in, and growth of, a new isolated marine microalgae
strain. The optimization of the composition of the culture medium and the application
of different stressful environmental conditions were used to this end. El-Sheekh [76] per-
formed research on different species of isolated Scenedesmus, comparing their efficiency as
feedstock for biodiesel production. The third reference article of the cluster was written
by Abomohra [77], in which ten macroalgae were collected and selected as a biodiesel
feedstock. The research confirmed that macroalgae are desirable potential alternatives as
renewable feedstocks for biodiesel production.

Cluster #1 is represented by the keyword “ionic liquid”. Ionic liquids are chemical
compounds with one cation and one anion, defined by melting points of below 100 ◦C.
Each of the above ions allows for the insertion of a unique property or function into a
molecule [78]. Mansir [79] conducted research whose main objective was to demonstrate
the current status of using heterogeneous bifunctional acid/base catalysts for biodiesel
production from green and non-edible waste cooking oil. Zhang [80] was responsible for
conducting a study that proposed a practical method used for biodiesel production from
high FFA feedstocks with a high reaction rate, fewer environmental problems, less toxicity,
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and minimal corrosion. Petchsoongsakul [81], who published an article that showed
great prominence in cluster #1, presented a novel hybridization of transesterification and
esterification processes in a single reactive distillation column to be used in the production
of biodiesel from waste cooking oil.

4.2.2. Emerging Trends

Cluster #2 shows the process designs involved in the various methodologies for producing
biodiesel from feedstocks. One work [82] reviewed the transesterification process of low-
content feedstocks for conversion to biodiesel via supercritical fluid technology, which is an
environmentally friendly technique that shows higher process efficiency. Soares [83], in turn,
performed an investigation of a new strategy used for a hydroesterification-based biodiesel
production from low-cost oil feedstocks. This involves the complete hydrolysis of the feedstock
to fatty acids in subcritical water, followed by the use of a packed bed reactor, which contains a
fermented solid with lipase that performs the conversion of fatty acids into their ethyl esters.
Jain [84] conducted a review of the kinetics of biodiesel production and reveals the results
obtained from a two-step kinetic study of the acid–base-catalyzed transesterification process
performed at preset temperatures of 65 and 50 ◦C in the esterification and transesterification
process, respectively, under an optimal methanol-to-oil condition.

Cluster #3 depicts oil extraction processes, listing the studies covering different
methodologies to this end. [85] carried out a study that presented, compared, and dis-
cussed several potential feedstocks for biofuel production, along with several oil extraction
methods, and the advantages and disadvantages of using the different methodologies. [86],
the second most relevant paper in cluster #3, deals with the biodiesel production from
non-edible seeds, specifically by using Hevea brasiliensis (HB) and Ricinus communis (RC)
as potential feedstocks. An esterification–neutralization–transesterification (ENT) process
was used for biodiesel production. [87] investigates the potential of the promising feed-
stock Calophyllum inophyllumas for biodiesel production. The author assessed many crucial
aspects of this process, such as the chemical and physical properties of the Calophyllum
inophyllum crude oil and methyl ester, the mixture and engine performances, fatty acid
composition, and the emissions of the Calophyllum inophyllum methyl ester.

In cluster #4, the focus is on the production of enzymatic biodiesel. Adachi [88]
attempted to carry out the integration of a lipase-catalyzed ethanolysis and a fermentative
bioethanol production process. Lokman’s work [89], on the other hand, covers and explores
the joint use of feedstocks that are considered to be of lower quality in tandem with
carbon-based catalysts to perform the conversion of a refinery crude palm oil residue that
contains a high percentage of free fatty acids. The production and characterization of the
carbohydrate-derived solid acid catalysts were critically discussed, also with a view to
measure their physicochemical properties. Another key article in this cluster is that of
Aransiola [38], which reviews the various technologies used for biodiesel production to
date, with a view to compare the commercial conformation of these methods based on
feedstock availability. It was noted that there is a strong emphasis on using microalgae oil
sources. The economic viability of the process is still a point that needs further discussion.

In cluster #5, calcium oxide is emphasized. CaO is an inexpensive material that can be
found in abundant quantities in the Earth’s lower mantle and a material that does not cause
harm to the environment [90]. The prominent paper by Mazaheri [91] shows an overview of
the advances in the use of calcium oxide-based catalysts in biodiesel production. The paper
highlights the various factors involved in the synthesis of calcium oxide-based catalysts,
and, furthermore, the effect of reaction parameters on their yield for biodiesel production
is assessed. Another central article produced by Penarrubia [92] shows an industrial-scale
simulation performed to compare the traditional alkali-catalyzed process via sodium hy-
droxide catalysis to an enzyme-catalyzed process that was developed by the research group
of one of the authors involved. Finally, Moser’s work [93] investigates the fuel character-
istics that are highly dependent on the fatty acid composition of the feedstocks used in
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biodiesel production. Thus, the fatty acid profile was defined as a powerful screening tool
to select feedstocks rich in monounsaturated fatty acids for further evaluation.

4.2.3. Two Key Insights

One issue with systematic reviews is that they may present data and conclusions
within a confidence level that does not always reflect the reality, or that is feasible. One
example is when systematic reviews for a particular emerging field of study do not yet
exist. In addition, reviews that have been conducted within a certain time period may be
out of date or may not have included all the scientific advances as comprehensively as it
should. The CiteSpace tool was created to provide a potential solution to these challenges
by enabling the use of customized datasets to answer questions about a field of knowledge
that is changing rapidly [94]. It can also help extract valuable information from articles
published on a specific subject matter. However, there is a need to consider its limitations
concerning the optimization tools and the accuracy of the analysis of information from
the database.

Node size is one of the key analysis points verified by CiteSpace. In Table 5, the
data regarding the node size of each cluster in the collected database are measured, thus
allowing for the quantification of the relevance of each cluster. It is also possible to observe
that, among those listed, the cluster with the most recent node size (2016) is the one in
position #5 and has “calcium oxide” as its most prominent keyword.

The first perspective pertains to studies related to the feedstocks used for biodiesel
production. The selection of raw materials is a significant point dictating the quality
and cost of the biodiesel produced [95]. There is some reported competition between
the biodiesel and the edible oil markets, as many feedstocks are of use to both. Many
studies have recently been performed with a view to try to find alternative feedstocks from
non-edible sources that are low-cost and sustainable [44]. Performing a shelf-life analysis
of feedstocks is crucial in biodiesel production [96], and many important aspects define the
assessments made in the research related to these feedstocks. Attention to environmental
degradation is becoming increasingly more important, and the scientific community sees
the urgent need to improve the production process of renewable alternatives to petroleum-
based fuels, and also to develop new ones. There is a high possibility that renewable fuels
are to become an essential product in bio-based economies [97].

The second important insight from this work regards the production of biodiesel from
sewage sludge, which can certainly provide a more sustainable angle to such processes,
given the environmental need for this. Using sewage sludge as a feedstock for biodiesel
production and therefore offering options to the resolution of the food–fuel debate can
also help solve some of the difficulties in treating sludge [49]. Biodiesel from sludge can
be a significantly superior alternative to other materials used as food-based feedstocks
in biodiesel production. As mentioned earlier, the material has very low or zero added
cost and is sustainably generated in wastewater treatment plants. The production value
of the resulting biodiesel would be much lower when compared to that produced from
other sources. This would eliminate the cost of feedstock materials, which is the most
expensive element in biodiesel production and can account for almost 90% of the total cost
of manufacture [53].

5. Conclusions

This article provided a comprehensive view into the literature related to feedstocks
for biodiesel production, the emerging trends that are the focus of current work, and the
promising alternatives to be explored in the future. In this work, a search methodology
was devised to refine the search for, and the selection of, a set of articles, which started with
a database of 4586 documents. From this initial database, two more targeted databases of
330 and 60 articles were created, respectively, in order to assess the direction of travel in
this research area. The period analyzed (2010 to 2021) reveals a particular emergence of
meaningful research relationships and collaborations, demonstrating a more sustainable
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vision among researchers for developing their work. Important conclusions from this
review include:

• One of the key raw materials highlighted in this work, sewage sludge, has received
little attention in the literature, considering that the number of cited articles is still
small and despite the economic and sustainability advantages cited above. This is
mostly due to the fact it is still a recent research theme and that raw materials that have
been explored for longer are more attractive owing to the vast knowledge repertoire.

• Waste cooking oil and microalgae are the raw materials of most significant presence
in the academic outputs analyzed. These are feedstocks that have been extensively
reported on in the literature, mainly due to their long-standing reputation in the area.
However, there has been a noticeable reduction in the volume of cited articles over
the years.

• China, Malaysia, and India are the countries with the greatest research outputs relating
to feedstocks for biodiesel production. It can be concluded, therefore, that Asia shows
a great interest in this area. One factor that can explain this interest may be the sheer
number of people concentrated in this region, since China, India, and Malaysia account
for more than 35% of the world’s total population.

• For a more specific analysis of this research, keywords collected by the CiteSpace
program were used. From a systematic verification of the terms, it was possible to ob-
serve that the main research topics in this area include oleaginous yeasts, ionic liquids,
process design, oil extraction, enzymatic biodiesel production, and calcium oxide.

• Two broad perspectives related to this research area have been emphasized. The
first is the generalized view of the articles that engage in the topic of feedstocks for
biodiesel production. It is concluded that there is a great deal of discussion regarding
the economy versus sustainability dilemma, and researchers have sought practical
solutions to the problems that arise from this. The second perspective concerns
the recent emergence of academic interest in studying sewage sludge for biodiesel
production. It is understood that this area will be further explored in the near future
due to the solution that this raw material represents to the conundrum above.

Future development prospects in the biofuel market are mostly linked to a vision
of sustainable change, as it was possible to observe with the analysis of the growth in
publication numbers on the topic. Importantly, there is a clear concern from the countries
that are active contributors to the global environmental degradation observed over the
years to seek to reduce the impacts caused by them. The most influential researchers
in this area are those who seek to fly the sustainability flag, as exemplified by Ahmad’s
article and also by the research topics underlying hundreds of papers in our database. In
addition, a great economic interest and concern was observed in most of the above works,
where authors described processes on the basis of financial costs and time or productivity.
This was the case for works that had sewage sludge as their main theme, for example,
which categorically sought to explain the advantages and productivity hurdles of this raw
material and ways in which it could become a key trend within the biodiesel market.

The direction of the literature concerning the research topic under study is constantly
being shaped due to the worldwide need for sustainability and a more environmentally
centered economy. A very pertinent problem is the alleged competition between the
biodiesel and the food industries for edible raw materials, in which, due to scale reasons,
the latter industry will always have a competitive advantage over the former. The solution
to this is in the exploitation of raw materials that are derived from non-edible oils. The
environmental concern of researchers has shaped the methodological advances for using
these oils in a way that can reconcile sustainability with the cost of manufacture, given that,
even if a feedstock is exceptionally sustainable, it can be economically unviable.

The research contained in this review proposed to elucidate and explore the directions
of travel of the research that will define the future approach to biodiesel production,
highlighting the concerns regarding environmental degradation. Nevertheless, there are
some limitations in this work, a major one being the fact that the Web of Science was
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the only database used to create our own databases. Apart from the refinements made
(language and type of documents), other articles were certainly inadvertently excluded by
not being in this specific database.

Furthermore, it is necessary to emphasize that the evaluation methodology used in
this work was developed from the individual vision of the research described throughout
the text. This should be considered, since several ways of approaching this research area
have led to significantly different results. It could also be highlighted that the research
domain encompassing feedstocks for biodiesel production is highly diverse due to the wide
variety of research approaches undertaken on the topic. There is a clear evolving trend
towards linking academic work and social compliance for sustainability. Some aspects of
collaborative work were verified, showing that some countries still opt for internalized
cooperation in their research development, in which authors mostly collaborate with others
of the same nationality. The scientific literature on feedstocks for biodiesel production is
extremely vast and can be analyzed further to allow for a comprehensive understanding of
its specific characteristics that are of interest to researchers, driven mainly by a pressing,
worldwide need for studies in this area.
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Abstract: Biodiesel is an alternative, carbon-neutral fuel compared to fossil-based diesel, which can
reduce greenhouse gas (GHGs) emissions. Biodiesel is a product of microorganisms, crop plants, and
animal-based oil and has the potential to prosper as a sustainable and renewable energy source and
tackle growing energy problems. Biodiesel has a similar composition and combustion properties
to fossil diesel and thus can be directly used in internal combustion engines as an energy source at
the commercial level. Since biodiesel produced using edible/non-edible crops raises concerns about
food vs. fuel, high production cost, monocropping crisis, and unintended environmental effects, such
as land utilization patterns, it is essential to explore new approaches, feedstock and technologies
to advance the production of biodiesel and maintain its sustainability. Adopting bioengineering
methods to produce biodiesel from various sources such as crop plants, yeast, algae, and plant-based
waste is one of the recent technologies, which could act as a promising alternative for creating
genuinely sustainable, technically feasible, and cost-competitive biodiesel. Advancements in genetic
engineering have enhanced lipid production in cellulosic crops and it can be used for biodiesel
generation. Bioengineering intervention to produce lipids/fat/oil (TGA) and further their chemical
or enzymatic transesterification to accelerate biodiesel production has a great future. Additionally,
the valorization of waste and adoption of the biorefinery concept for biodiesel production would
make it eco-friendly, cost-effective, energy positive, sustainable and fit for commercialization. A life
cycle assessment will not only provide a better understanding of the various approaches for biodiesel
production and waste valorization in the biorefinery model to identify the best technique for the
production of sustainable biodiesel, but also show a path to draw a new policy for the adoption and
commercialization of biodiesel.

Keywords: biodiesel; bioengineering; biorefinery; waste; valorization; life cycle assessment; sustainability

1. Introduction

The increasing GHG emissions and depleting fossil-based energy resources require
potential and environmentally sound sustainable energy alternatives to overcome these
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global problems. Surging energy demand owing to rapid population growth, industrial
and economic development, accelerated urbanization, and technological advancement
requires more energy harvesting from all available sources. Energy consumption was
increased from 109,583 terawatt hours in 2000 to 162,194 terawatt hours in 2019 [1] and it is
predicted to be 50% higher than the present consumption by 2050 [2]. Simultaneously, the
increase in CO2 emissions needs to be controlled to prevent climate change. Achieving CO2
emission within the range of a ‘safe zone’, i.e., 450 ppm, requires an emission reduction
of 50–85% by 2050 [3]. The report of Renewable Energy Policy Network (REN) indicated
that around 80% of primary energy comes from the fossil-based resources [4], which is
the major cause of GHG emissions. Thus, the emissions of carbon dioxide (CO2) from
energy-related applications is predicted to continue to increase globally [5]. Biobased
energy alternatives are showing potential and gaining significant global attention to replace
fossil fuels and resolve concerns regarding climate change. Biodiesel is the most tested
and prominent biofuel with similar a composition and combustion properties to fossil
diesel. It can be blended or directly used without modifying the engine [6,7]. Various first,
second and third-generation feedstocks for biodiesel production have led to promising
results [8] and biodiesel produced from various edible and non-edible (energy) crops has
already been commercialized [4,9]. Globally, the European Union, USA, Brazil, Argentina,
Indonesia and other countries constitute 43%, 15%, 13%, 13%, 6%, and 10% of biodiesel
production, respectively [10]. Figure 1 showed the global status of crops used for biodiesel
production. However, the debate over food or fuel has been a major concern to overcome
for the development of biodiesel [11,12]. Further, land use changes, monocropping for
energy crops that caused an impact on land fertility, converting grassland and deforestation
are often associated with biodiesel [8]. Thus, it is essential to explore new approaches,
including feedstock and those of technology to advance biodiesel production and maintain
its sustainability.
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Figure 1. Global oil production in 2018 from oilseed crops. Adapted with permission from
Nehmeh et al. [13].

Several potential feedstocks including vegetable oil, animal fat, lipid and fatty acids
from algae, yeast and other microbes and pathways have been identified to produce
biodiesel without affecting the present agricultural system. However, their production po-
tential necessitates bringing it to a commercial level. The high production cost of biodiesel is
a major constraint to substituting corresponding fossil diesel [14]. Approximately 75–80% of
the total manufacturing cost of biodiesel is attributed to vegetable oil feedstock, which leads
to biodiesel production costs reaching almost double that of commercial diesel costs [6,15].
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Further, the feedstock with higher free fatty acids, which declines the quality and yield,
requires treatment that involves added costs [6]. An economic model study of Jatropha
curcas biodiesel identified that the expenses would always be greater than income for an
annual production capacity of 10,000 m3 year−1 [16]. Analysis by Sun et al. [17] found sig-
nificantly higher production costs of microalgae-based biodiesel. This study also identified
that the microalgae yield, system operational days are the major obstructions to economical
feasible biodiesel production using microalgae. The literature survey demonstrates the
need for high lipid production through advancements in technology for cost reduction and
popularization of biodiesel.

Genetic engineering methods to produce biodiesel from various sources including
plant, yeast, algae, and agricultural or other waste is one of the recent technologies, which
could be a promising alternative for creating truly sustainable, technically feasible, and
cost-competitive biodiesel [18–20]. The higher production of microbial lipids with lower
production input may develop a commercial scalable biodiesel production system. Sig-
nificant progress in both cellular and bioprocess engineering has been achieved in past
decades [20]. The metabolic engineering approach includes improved carbon assimilation,
limiting fatty acid flux, higher precursors such as acetyl-CoA availability, higher activity of
lipid synthesis enzymes, added gene expression towards lipid synthesis, down- regulating
the catabolism of fatty acids by inhibiting β-oxidation or lipase hydrolysis and transcription
factor engineering [18,21]. Research showed that the metabolically engineered Yarrowia
lipolytica can accumulate 70–90% lipids of biomass from glucose only [22–24]. The Y. lipolyt-
ica yeast was also successfully engineered to directly use starch [25] or use both C5 and C6
sugars derived from lignocellulosic biomass [26] for oil production. Similarly, gene overex-
pression was another bioengineered approach adopted for enhanced lipid accumulation in
cells. Overexpression of acetyl-CoA carboxylase (ACC) and acyl-CoA synthetases (ACSs),
which are responsible to form malonyl-CoA from Acetyl-CoA and thioesterification of fatty
acids with coenzyme A to form activated intermediates, respectively, is another strategy
to enhance the fatty acid synthesis [21,27]. This approach is successfully demonstrated in
several organisms including plants, bacteria, and fungi [28–30]. Enhanced lipid synthesis
in microalgae was reported by Reik et al. [31] through overexpression of the zinc-finger
protein transcription factor.

As identified previously [26,32], the cost of the biofuel should be competitive with
corresponding fossil fuels to achieve maximum success. Major production costs come from
the raw material, thus, using cheaper feedstock, such as waste cooking oil, inexpensive
sugars or sugars obtained from lignocellulosic biomass or animal fat, is a feasible option
and can reduce the total cost of bulk chemicals [14]. Focusing on second and third- gen-
eration feedstock with the adoption of a biorefinery approach for biodiesel production
could be an economically viable option to enhance its sustainability [33]. Moreover, a
sustainability assessment for efficient GHGs saving and energy balance is also needed
to develop environment-friendly transportation fuel. This article shall henceforth be a
review of state-of-the-art research on accelerating biodiesel production using bioengineer-
ing approaches and identifying the gap to make biodiesel a sustainable and cost-effective
alternative to fossil fuel through a sustainable biorefinery model.

2. Scientometric Analysis

Scientometrics is becoming a leading tool for measuring the value of research activities.
It has extensive applications in understanding the structure of a discipline, research trends,
impact and networks, growth of knowledge and potentiality of cross-disciplinary/cross-
boundary work. It also helps in the decision-making for maximum visibility, the introduc-
tion of a new policy, tracking emerging trends and finding niche research areas [34].

The present scientometric analysis is conducted using the SCOPUS database using the
keywords ‘biodiesel’ and ‘biodiesel and bioengineering’. Figure 2 shows that researchers
are highly focused on biodiesel research, as about 3000 articles have been published every
year since the last decade and researchers have started applying bioengineering tools in
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biodiesel production. It has been observed that more than 45,000 documents have been
published on biodiesel out of which about 200 documents have been published on biodiesel
research involving bioengineering (Figure 3). Researchers have published patents for more
than 25,000 findings on biodiesel, out of which about 1200 patents covered the bioengineer-
ing aspect. The maximum number of patents, more than 20,000 on biodiesel research, out
of which about 1000 patents have bioengineering aspect, were published with the United
States Patent and Trademark Office (Figure 4). The majority of documents published on
biodiesel are articles (70%) followed by conference papers (16%) and reviews (6%), while
this trend gets shifted for biodiesel along with bioengineering, maximum documents are
article (60%), followed by reviews (31%) (Figure 5). The research on biodiesel along with
bioengineering aspects are majorly conducted under energy, chemical engineering, environ-
mental sciences, engineering, chemistry, agricultural and biological sciences, biochemistry,
genetics and molecular biology, immunology and microbiology disciplines (Figure 6).
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3. Approaches to Accelerate Biodiesel Production

Plants, microalgae, microbes-derived oil, fat, and lipids-based biodiesel are considered
the most promising and sustainable feedstock for fossil fuels [25,35]. Biodiesel, as an alter-
native to fossil diesel, is produced via transesterification mainly by three typical routes [20]:
(i) by using vegetable/crop seed oil, (ii) microbial conversion of carbohydrate/sugars to
lipid, and (iii) usage of microalgal oil/lipids as shown in Figure 7.

Bioengineering 2022, 9, x FOR PEER REVIEW 7 of 25 
 

 
Figure 7. Biodiesel production via the transesterification process through three important routes. 

3.1. Biomass Selection in a Carbon-Neutral Manner 
Biodiesel production with competitive pricing is among the key factor in the 

bio-based transportation fuels eventually developing the carbon neutral economy. Ad-
ditionally, biodiesel production contributes to a resource-efficient value-chain in the low 
carbon fuels and chemicals production. While the dwindling oil prices and political con-
flicts constituted some constraints in recent years for biofuel production, the bio-diesel 
industry still seems to have the momentum to continue its production [40,41]. Although a 
variety of potential feedstock has been evaluated, current biodiesel production processes 
are not economically and sustainably viable at a large scale, owing to the higher feed-
stock cost, round-the-year surplus availability of feedstock and energy/cost-intensive 
processing steps required for biodiesel production. It is evident from some studies that 
feedstock cost contributes approximately 80% of the total expenditure of biodiesel pro-
duction [42]. 

The selection of the right biomass plays a decisive factor in cost-efficient biodiesel 
production in a carbon-neutral manner. Vegetable oil, non-agricultural (animal fat), 
Jatropha and biomass-based feedstock are principal resources for biodiesel production in 
the world. Among the vegetal feedstock, rapeseed, palm, soya, and sunflower are com-
monly utilized for biodiesel production in the world. Tallow oil (animal fat) and recycled 
cooking oil are also considered as a sizeable feedstock for the biodiesel production. 
Rapeseed is the principal feedstock in the world, representing approximately 65% share 
of global biodiesel production. Palm oil is another major feedstock for the production of 
biodiesel in countries like Malaysia, Thailand and Indonesia, among others. It constitutes 
approximately 6% share of biodiesel production in the world. Soybean is the principal 
feedstock for biodiesel production in the USA and Brazil, constituting around 15% frac-
tion of total biodiesel production [43]. In Brazil, the total production of biodiesel was 5.8 
billion liters in 2019, showing an eight percent increase in production relative to 2018. In 
Brazil, soya alone represents an almost 81.36% share for biodiesel production, followed 
by animal fat (13.36%), cotton (4.11%), and other fatty material (1.17%) [44]. The use of 
food resources for biodiesel production developed concerns over food vs. fuel and en-
ergy vs. environment. This also caused high food costs and deforestation in turn ame-
liorating the greenhouse gas emissions [45]. 

The regular supply of feedstock in large amounts is pivotal to the successful de-
ployment of biodiesel production at a commercial scale. The oil yield in the feedstock 
(gallons/acre), biodiesel productivity from the feedstock (metric tons/hectare/year), and 

Figure 7. Biodiesel production via the transesterification process through three important routes.

Plant oils, i.e., various edible and non-edible seed oils and many other oil/lipid-
bearing materials, are used for biodiesel production [36]. Significant progress has been
made so far in biodiesel production from microalgae [37]. However, microalgal oil pro-
duction using current technologies is still too expensive to commercialize due to efficient
photo-bioreactor designs, contamination control methods, and downstream processing.
Microalgae biomass cultivation contributes 60–65% of the total production cost for 20–30%
of biomass recovery [37,38]. These challenges must be resolved to increase efficiency by
incorporating modern tools and bioengineering techniques.

Conversion of sugars/starch/lignocellulose or other C-containing biomass and its
bioprocess to lipids through microbial strain bioengineering have several advantages over
conventional biodiesel feedstocks. Microbes-based lipids/oils have also been identified
as more advantageous in terms of cost-effectiveness, process flexibility, and industrial
biotechnology platform for biodiesel production [20,39].

3.1. Biomass Selection in a Carbon-Neutral Manner

Biodiesel production with competitive pricing is among the key factor in the bio-based
transportation fuels eventually developing the carbon neutral economy. Additionally,
biodiesel production contributes to a resource-efficient value-chain in the low carbon fuels
and chemicals production. While the dwindling oil prices and political conflicts constituted
some constraints in recent years for biofuel production, the bio-diesel industry still seems
to have the momentum to continue its production [40,41]. Although a variety of potential
feedstock has been evaluated, current biodiesel production processes are not economically
and sustainably viable at a large scale, owing to the higher feedstock cost, round-the-
year surplus availability of feedstock and energy/cost-intensive processing steps required
for biodiesel production. It is evident from some studies that feedstock cost contributes
approximately 80% of the total expenditure of biodiesel production [42].
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The selection of the right biomass plays a decisive factor in cost-efficient biodiesel
production in a carbon-neutral manner. Vegetable oil, non-agricultural (animal fat), Jatropha
and biomass-based feedstock are principal resources for biodiesel production in the world.
Among the vegetal feedstock, rapeseed, palm, soya, and sunflower are commonly utilized
for biodiesel production in the world. Tallow oil (animal fat) and recycled cooking oil
are also considered as a sizeable feedstock for the biodiesel production. Rapeseed is
the principal feedstock in the world, representing approximately 65% share of global
biodiesel production. Palm oil is another major feedstock for the production of biodiesel in
countries like Malaysia, Thailand and Indonesia, among others. It constitutes approximately
6% share of biodiesel production in the world. Soybean is the principal feedstock for
biodiesel production in the USA and Brazil, constituting around 15% fraction of total
biodiesel production [43]. In Brazil, the total production of biodiesel was 5.8 billion liters
in 2019, showing an eight percent increase in production relative to 2018. In Brazil, soya
alone represents an almost 81.36% share for biodiesel production, followed by animal fat
(13.36%), cotton (4.11%), and other fatty material (1.17%) [44]. The use of food resources for
biodiesel production developed concerns over food vs. fuel and energy vs. environment.
This also caused high food costs and deforestation in turn ameliorating the greenhouse
gas emissions [45].

The regular supply of feedstock in large amounts is pivotal to the successful de-
ployment of biodiesel production at a commercial scale. The oil yield in the feedstock
(gallons/acre), biodiesel productivity from the feedstock (metric tons/hectare/year), and
energy content are the pivotal factors for the selection of an appropriate substrate for
biodiesel production. These are trinomial characteristics for commercially successful
biodiesel production. The surplus availability of feedstock throughout the year and the cost
of feedstocks are the main influencing factors for the successful deployment of biodiesel
production in long term. Readily available oil-rich feedstock, for example, soybean or
rapeseed looks more viable but in the long term when the concern arises for the selection of
food or fuel, then the non-edible feedstock such as Jatropha curcas, Karanja or Pongamia oil,
Neem oil, Jojoba oil, among others seems more sustainable [46]. Large populous countries
such as India and China mainly need to address these feedstocks for biodiesel production.
Waste cooking oil is also a substitute feedstock, but impurities and degree of saturation
are the possible constraints for using these oils in the transesterification process. The most
emerging feedstock for biodiesel production is algal feedstock, which looks more promis-
ing in terms of biomass productivity (140–255 Mt/ha/year), high oil content (35–65%),
biodiesel productivity (50–100 Mt/ha/year) and high energy content (1150–2000 barrel
of oil equivalent/1000 ha/day) [47]. Algal feedstock seems even more financially viable
since they are not only high oil-yielding substrates but also high value-added products
such as nutraceuticals (biopigments, amino acids, and vitamins, etc.) can also be derived
conforming within sustainability guidelines in 3G biorefineries [48]. Lignocellulose feed-
stocks are also considered important for biodiesel production indirectly. There are plenty of
microorganisms which produce oils and lipids and can be grown on lignocellulosic sugars.
These microorganisms can be harvested for oil recovery followed by oil transesterification
into biodiesel [49].

Considering the current debates on food vs. fuel, energy vs. environment, and the
burgeoning demand for transportation fuels, there is a primary concern over the selection
of appropriate feedstock for biodiesel production. The use of edible oil as feedstock of
biodiesel production may not be a practically viable option. Instead, feedstock such as
microalgae, lignocellulosic biomass and used cooking oil are viable options for biodiesel
production reducing dependency on conventional diesel eventually contributing to the
development of a low-carbon economy.

3.2. Constraints

Growing concerns for climate change and increasing energy demand requires the
adoption of bioenergy, particularly biofuels. Sustainable alternative energy sources, such
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as biofuels, limit greenhouse gas emissions and enable a carbon-neutral economy [50].
Nevertheless, the production and utilization of biofuels are influenced by socio-economic
environmental and political factors. The primary concern for biofuel production is the
choice of feedstock.

Biofuel feedstocks include crops, agricultural by-products, vegetable oils and organic
wastes. Based on the types of feedstocks and technology options, the biofuels are grouped
into different generations of biofuels. Generally, carbohydrate-rich plant biomass is used
as a feedstock for the production of “first-generation biofuels”. However, first-generation
biofuels are constrained by socio-economic and environmental issues such as “food secu-
rity” and greenhouse gas emissions. Lignocellulosic biomass considered second-generation
accounts for a major portion (50%) of the total available biomass on Earth [51]. Avail-
ability, renewability and cost-effectiveness make the lignocellulosic biomass a valuable
feedstock for biofuel production. The biochemical conversion of lignocellulosic biomass
involves processes like partial depolymerization of biomass (pre-treatment), formation
of simple sugars through the action of enzymes, fermentation of sugars and distillation.
Lignin, due to its complex and stable aromatic structures, is recalcitrant to degradation.
The pre-treatment methods including the biochemical and physical methods are important
to augment the conversion efficiency of biomass [52]. The biological methods are reported
to be cost-effective. Huge numbers of microbes including fungi, bacteria and actinobacteria
exhibited hemicellulolytic and cellulolytic capabilities [51]. The lignocellulolytic enzymes
involved in the biochemical transformation include the hydrolytic enzymes and ligninolytic
enzymes [53]. The cost of lignocellulolytic enzymes is a cause of concern for sustainable
biofuel production. However, advances in biochemical processes have the potential to
increase the conversion efficiency of lignocellulose into simple sugars. Bioengineering of
ligninolytic enzymes can augment biofuel production from lignocellulosic biomass [51].
Microbes can be employed for the production of second-generation biofuels by widening
the substrate range, increasing their productivity, increasing their tolerance abilities and en-
abling the production of value-added biochemicals. Metabolic engineering can improve the
efficiency of the microbial strain. Metabolic engineering aims to “design native or entirely
new metabolic pathways in a cell” [54]. Metabolic engineering improves cellular activities
by manipulating the metabolic, transport system and regulatory functions of the cells [50].
Recently, metabolic engineering has been employed to augment biofuel production. Studies
have documented the engineering of metabolic pathways for biofuel generation [51,55,56].

The third-generation biofuel feedstock includes cyanobacteria, algae and seaweeds
which are a significant source of the production of triglycerides, fatty acids, and lipids.
These feedstocks have advantages such as large biomass production and a shorter har-
vesting cycle [55]. Microalgae, by utilizing sunlight and atmospheric carbon dioxide as
energy and carbon sources, respectively, synthesize lipids. The high cost of microalgal
production and lipid extraction limits the use of microbially derived lipids for biodiesel
production and industrial applications. Challenges in the domain of strain improvement to
increase lipid production, growth and substrate requirements, utilization of non-expensive
substrates and lipid extraction need to be addressed to augment biodiesel production [55].
The sustainability of algal biofuel production rests on the cultivation system, choice of algal
species, source of nutrients, harvesting and downstream processing [57,58]. The production
cost of biodiesel using microalgae can be minimized by effective resource utilization, water
recycling, and adopting a biorefinery approach [59,60]. To increase the biodiesel production
from microalgae, Ranjbar and Malcata [56] suggested genetic engineering measures such
as improving lipid yield through manipulation of lipid biosynthesis pathway, increasing
metabolic flow towards lipid biosynthesis, lipid secretion, increasing the biomass yield,
“transcription factor engineering” and “transporter engineering”.

3.3. Bioengineering

Biodiesel contains fatty acid methyl esters (FAME), and it is considered a carbon-
neutral fuel as it is made from vegetable oils, hence reducing carbon emission as compared
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to conventional fossil fuel. Glycerol is widely used in various bioprocess due to its availabil-
ity and it is also a sub-product of biodiesel production. Khan et al. [61] optimized process
parameters for biodiesel production from microalgae using response surface methodology
(RSM) and genetic engineering (GA). Carbon dioxide is converted into carbon-rich lipids
by microalgae in the presence of sunlight and micronutrients. Microalgae, a non-edible
feedstock that can be found in the fresh water, ponds and marine habitats, is advantageous
for biodiesel production compared to other high lipid content sources. Process parameter
optimization is a very important aspect to produce a high quantity of carbon-rich lipids.
The RSM and GA are important techniques to optimize the processes such as molar ratio,
reaction time, operating pressure, catalyst concentration, carbon dioxide concentration, pH
and temperature.

Singh et al. [62] investigated the thermal pretreatment of bagasse of genetically en-
gineered sorghum for the high recovery of glucose and xylose. Due to advancements in
genetic engineering, lipid production is also enhanced in the cellulosic crop and it can be
used for bioethanol and biodiesel generation. They also reported that new enzymes can be
induced in the cellulosic crops to store more lipids. They used engineered sorghum bagasse
as a substrate for lipid and sugar recovery. They used liquid hot water pretreatment for
enhancing lipid and sugar recovery and reported that liquid hot water pretreatment at
170 ◦C for 20 min increases the recovery of lipids and glucose by two-fold [62].

Due to the increase in human population and decrease in cropland and resources,
metabolic engineering is required to boost the lipid content in seeds and other plant tissue.
In general, more lipid is stored in oil seeds while in other tissue, such as leaves, there is a
very minor amount (0.04% to 0.20%) of neutral lipid triacylglycerol (TAG). In the last two
decades, metabolic engineering approaches have been studied on various plants to increase
the lipid content in plants’ vegetative tissue [63]. In general, three different strategies are
used: (i) push: carbon quantity flux is increased through fatty acid and glycolysis pathways;
(ii) pull: optimizing TAG assembly; and (iii) protect: reducing the turnover of resulting oil
bodies. Vanhercke et al. [64] explained all three different genes that influence stored lipid
accumulation in the plant’s vegetative tissues.

Waste cooking oil (WCO) is another alternative for biodiesel generation as it is cheaper
and non-edible. The WCO contains a high amount of free fatty acids (FFAs) and its direct
use in the transesterification process forms soap in the presence of a base catalyst and
reduces the overall efficiency of biodiesel generation. To avoid its soap formation, an acid
catalyst can be used to convert FFAs into FAME before the addition of a base catalyst
to form TAG. Adding one more step increased the overall cost of the process. To avoid
this additional step, lipases can be used to convert both TAGs and FFAs into the FAME
in the mild condition of temperature and pH. Heater et al. [65] developed a single step,
genetically engineered immobilized lipase for the higher production rate of biodiesel from
WCO. They showed that genetic fusion of the Proteus mirabilis lipase to Cry3Aa allowed for
the production of immobilized lipase crystals (Cry3Aa–PML) directly in bacterial cells. The
novel approach showed a 4.3-fold higher enzyme efficiency compared to the conventional
lipase enzyme methods. Heater et al. [65] also showed the high activity of Cry3Aa–PML
catalyst for 15 cycles for the conversion of WCO to biodiesel. Takeshita et al. [66] genetically
muted Parachlorella kessleri using heavy-ion beam irradiation for the production of high
levels of both starch and lipids. The muted strain is named PK4 and compared to the
wild strain it accumulates more lipid, at 1.75 g/L compared to the wild strain of 1.17 g/L.
Advanced genetic engineering and metabolic engineering approaches will be used to
improve the lipid content in vegetable tissues and can also be used for further biodiesel
production. Various researchers reported that the target gene varied with the vegetative
part of the plant. Table 1 shows the details of targeted genes responsible for the increase in
the lipid content in the plant’s vegetative tissues.
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Table 1. Details of targeted genes responsible for the increase in the lipid content in the plant’s
vegetative tissues.

Species Tissue Target Gene (s) Total Fatty Acid (TFA) and
Triacylglycerol (TGA) Level Reference

Arabidopsis thaliana Leaf LEC2 TAG not quantified Santos Mendoza et al.
[67]

Nicotiana tabacum Leaf WRI1, DGAT1,
L-OLEOSIN 17.7% TFA (DW), 15.8% TAG (DW) Vanhercke et al. [64]

A. thaliana Leaf PDAT1 2.6% TAG (DW) Fan et al. [68]

A. thaliana Leaf tgd1 Not quantified Xu et al. [69]

Solanum tuberosum Tuber ACCase 0.03% TAG (DW) Klaus et al. [29]

A. thaliana Seedling WRI1, AGPase RNAi 5.8-fold increase Sanjaya et al. [70]

Nicotiana
benthamiana Seedling MGAT2 6.2-fold TAG increase Petrie et al. [71]

The production cost of biofuels can be significantly reduced using less biomass ex-
pensive materials. However, bacteria or yeasts can convert biomass-derived sugars to
lipids/fatty acids that transform into biodiesel via transesterification [20]. Advances in
synthetic and metabolic pathway bioengineering have expanded the substrate ranges. E.
coli was the first microbe studied to produce fatty acid ethyl esters (FAEEs) or methyl esters
(FAMEs) directly, which can be used to produce biodiesel. An overview of the synthesis
of lipid pathways to produce biodiesel in E. coli is shown in Figure 8. The expressions:
fatty acyl thioesterases (FATs) lead to the synthesis of free fatty acids (FFAs) converted to
fatty acid (FAMEs) by FAMT using AdoMet as FAEEs by acyl-CoA synthase (FadD) and
wax synthase (WS). Acyl-ACP is converted to fatty aldehyde by acyl-ACP reductase (ACR)
and then to alkanes/alkenes by ADC or fatty alcohols by fatty aldehyde reductase (ALR).
Acyl-CoA reductase (ACAR1) can facilitate acyl-CoA conversion to fatty alcohols.
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Kalscheuer et al. [72] investigated E. coli biosynthesis for FAEEs, and they achieved
1.28 g/L FAEE production in a 2-L fed-batch fermentation. Further, Steen et al. [73]
produced biodiesel by engineered E. coli and Z. mobilis. The engineered E. coli was capable
of producing FAEEs directly from hemicellulose. Elbahloul and Steinbuechel [74] reported
that an engineered E. coli can produce FAEEs at a pilot scale with glucose and oleic acid
as feeding substances. The classic yeast S. cerevisiae was employed by de Jong et al. [75]
to produce FAEEs from ethanol and fatty acyl-CoAs by heterologous expression of a wax
ester synthase (WS2) and reported the production of 10 mg/L FAEEs. They suggested
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examining the direct FAEE production using the oleaginous yeast Yarrowia lipolytica in
the future, as S. cerevisiae is not a typical fatty acid producer. Microbial strain engineering,
particularly in yeast Y. lipolytica, produces higher fatty acids from various industrial wastes
and bio-derived sugars (glucose and xylose) to produce biodiesel. High lipid was produced
from xylose by engineered xylose use pathway from lignocellulosic biomass [76].

4. Waste Valorization
4.1. Current Status

Energy is available in numerous forms, however, population upsurge in conjunction
with economic development has imposed a major strain on conventional fuels [77]. To
address its repercussion against adverse climatic change, efforts have been directed towards
sustainable practices. Sustainable development goals (SDGs) aim to orient economic de-
velopment with environmental protection owing to the close association of environmental
and ecological degradation with extensive economic activities. This has prompted a shift
from fossil-based fuels to non-conventional energy sources which includes biomass, solar,
geothermal and wind. The energy potential of biomass is considerably high owing to
its high availability, lesser emissions along with advanced technologies for its efficient
conversion. However, its market share in the energy sector is considerably less [78]. There
are a few bottlenecks that exist to obtain the entire energy potential of biomass, thereby,
a holistic waste management strategy is needed to recover energy as well as essential
nutrients from waste.

Biodiesel is a biodegradable and potential alternative fuel which is derived from renew-
able sources; however, its large-scale production generates different types of residues such
as oil cake and seed kernels in huge quantities after oil extraction. In this context, various re-
search initiatives have been carried out in the waste valorisation of biodiesel residues which
offers an excellent opportunity to derive value-added products for different applications.
The various findings regarding the valorization of waste generated during biodiesel pro-
duction are summarized in Table 2. Oilseed cakes or deoiled cakes and seed kernels are the
leftovers generated by extracting oils from them. According to the Food and Agricultural
Organisation (FAO)’s Food Outlook November 2020, the worldwide production of oilseed
cakes is predicted to be 158.3 million tonnes in 2020–2021 [79]. It includes edible oil cake
(e.g., sunflower, mustard, peanuts, soybean) having high protein content along with vita-
mins and antioxidants that are generally used as supplement feed for cattle, and non-edible
oil cake (e.g., castor, neem, mahua, karanja cakes) used in the production of bio-based
products such as biofuel, biogas, chemicals, organic fertilizers, pesticides, biopolymer,
etc. [80]. Oilseed cakes are an effective way of utilizing agro-waste with an integrated
biorefinery approach with the co-production of protein and vitamin-added value products,
enzymes, bioethanol, bioplastics and bioelectricity.

De-oiled cake as a biosorbent is studied for decontamination of wastewater or dye
in terms of its adsorption behavior. Jatropha oil cake is used as an effective biosorbent
in treating aqueous solution containing reactive red dye. The adsorption process was
dependent on pH, concentration, temperature, contact time and dose. It was found that
at normal conditions (T = 30 ± 2 ◦C; pH = 7 and 6 h adsorption period), the highest dye
adsorption capacity was obtained which was best represented by Redlich-Peterson and
Sip isotherms [81]. Hydrolyzed olive cake also exhibited good adsorption-desorption
cycles for the removal of copper (II) contaminated fertilizer industry wastewater, with
the highest adsorption capacity of 7.32 mg·g−1 and the desorption yield changed from
86% to 67.1% [82]. Equilibrium sorption of Cu (II) from synthetic solution by Jatropha
curcas deoiled cake was higher than Cr (VI) in terms of pH, adsorbent dosage, initial
metal concentration and dosage time, which was best fitted by Freundlich isotherm model.
Desorption involves the use of chemical reagents such as HNO3 [83] or HCl [82] are used
for maximum metal recovery. Activation of carbonized oil palm decanter cake (OPDC)
exhibited higher adsorption capacities on Cu (II), Pb (II) and Zn (II), but was not found
to be suitable for Cd (II) and Cr (VI) adsorption. The adsorption capacities were Pb (II)

161



Bioengineering 2022, 9, 618

(128.51 mg/g) > Cu (II) (45.01 mg/g) > Zn (II) (39.21 mg/g), while raw OPDC were
more effective in adsorbing Cd (II) and Cr (VI) [84]. Neem oil cake (NOC) finds its wide
usage in organic farming as a novel biopesticide and biofertilizer. Additionally, NOC
exhibits high adsorptivity for Pb (II) (98%) at low pH (pH = 4) with breakthrough capacity
of Pb (II) (30 mg/g) > Cd (II) (15 mg/g) > Cu (II) (10 mg/g) [85]. The occurrence of
Ni (II) concentration in the environment from several sources such as metal finishing,
tableware plating, forging as well as mine drainage is a serious concern as it may cause
several health issues. Jatropha oil cake possesses high affinity to sorb Ni (II) species via
different mechanisms, which include ion exchange, chemisorption and physical forces,
chelation, complexation and entrapment in the capillaries and pores of the polysaccharide
network. Ni (II) adsorption by Jatropha oil cake in its natural form exhibited a removal
efficiency of 62% within an hour and 63% in its immobilized form within 90 min [86].
Hydroxyl, carbonyl and carboxyl groups are primarily involved in the biosorption process
of Ni (II) [87]. The addition of sodium dodecyl sulfate (SDS) favored the adsorption process
of Ni (II) and Zn (II) on carbon derived from mustard oil cake. As revealed by Reichenberg
equation, along with pore diffusion, other processes like film diffusion were also the rate-
determining steps that were involved during the adsorption process [88]. CO2 adsorption
was studied using Pongamia pinnata seed cake that was processed by hydrothermal and
extraction treatments. Breakthrough curves revealed that hydrothermally treated curves
exhibited enhanced adsorption capacity, easy desorption as well as good recyclability,
thereby proving it to be a promising adsorbent [89].

Table 2. Different applications of biodiesel waste through valorization.

Waste from
Biodiesel

Type of
Feedstock Applications Outcomes Reference

Jatropha curcas
Deoiled Cake Non-edible Adsorption of Cr(VI) and

Cu (II) from wastewater

• Optimum contact time between
adsorbate and adsorbent were 15 min and
60 min for Cr(VI) and Cu(II) respectively

• Recommended pH of the absorbate were
2 and 6 for Cr(VI) and Cu(II) respectively

Rawat et al. [83]

Oil Palm decanter
cake (OPDC) Edible

Adsorption of heavy metals
such as Cu (II), Pb (II) and
Zn (II) from waste streams

• Maximum adsorption capacities of
activated carbon prepared from OPDC
were Pb(II) (128 mg/g) > Cu (II)
(45.01 mg/g) > Zn (II) (39.21 mg/g)

• Maximum adsorption capacities of
activated OPDC were higher than those
of the raw OPDC

Yusoff et al. [84]

Mustard Oil Cake Edible Adsorption of Ni (II) from
aqueous solution

• Optimum pH for biosorption: 8
• Highest breakthrough and exhaustive

capacities for 10 mg/L Ni (II)
concentration were 4.5 and
9.5 mg/g respectively

Khan et al. [87]

Carbon derived
from mustard oil

cake (CMOC)
Edible Adsorption of Zn (II) and Ni

(II) from aqueous solution

• Optimum adsorption capacity of Zn (II)
was Ni (II) were 45.8 mg/g and
47.2 mg/g respectively

• Recovery of Zn (II) and Ni (II) were 75%
and 78.97%

Rao et al. [88]

Neem Oil Cake Edible
Removal and recovery of Cu
(II), Cd (II) and Pb (II) from

wastewater

• Highest adsorptivity was found for Pb (II)
(98%) at pH 4

• Breakthrough capacities: Pb (II)
(30 mg/g) > Cd (II) (10 mg/g) > Cu (II)
(10 mg/g)

Rao and Khan [85]

Olive Oil Cake Edible Biogas Production • Cumulative yield of biogas: 1226 mL
(inoculum ratio: 0.64)

Sarkar [90]

Cotton Oil Cake Non-edible Biogas Production • Highest Methane production of 78 mL
from 1 g of cotton oil cake

Isci and
Demirer [91]
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Table 2. Cont.

Flaxseed Oil Cake Edible

Preparation of Spray-dried
functional powders for food

applications as emulsion
stabilizers

• Highest stability of the emulsions
prepared with the powder was at 200 ◦C

Drozlowska
et al. [92]

Neem Oil Cake Edible

Evaluation of the effect on
plant growth, yield, and

management of Alternaria
tenuissima leaf spot disease,

and rhizosphere
microorganisms in

chilli crop

• Effectiveness in improving plant growth
and reducing leaf spot disease:
Simarouba > Madhuca > Neem

VasudhaUdupa
et al. [93]

Madhuca Oil Cake Non-edible

Simarouba Edible

Coconut kernel cake Edible Used as substrate for lipase
production

• Highest lipase production: 698 U/g Dry
Substrate

Venkatesagowda
et al. [94]

Neem Cake Edible Used for soil amendment
against root knot nematode

(Meloidogyne incognita)
infecting Black gram

(Vigna mungo)

• Effectiveness in plant growth
enhancement: Neem > Mustard > Castor
> Linseed

• Neem oil cake was found to be most
effective in controlling root
knot nematode (Meloidogyne incognita)

Rehman et al. [95]Mustard Cake Edible

Castor Cake Non-edible

Linseed Cake Edible

De-oiled cakes contain micronutrients or different chemicals that might serve as
growth enhancers and bio-control agents of beneficial micro-organisms, such as soil bacteria
or fungi to antagonize crop-based pathogens and mitigate the use of synthetic agricultural
inputs. In a study, four different de-oiled cakes, namely mahua, neem, jatropha and karanja
were used as substrate to examine the survival, mass multiplication and population dy-
namics of Trichoderma harzianum. Out of the four substrates, it was found that neem cake
was the best substrate in terms of longevity and population dynamics, supporting the
survival and growth of T. harzanium for more than 105 days, while Jatropha, karanja and
mahua cakes could support the growth and longevity of T. harzanium for up to 90 days [96].
Eight different oil-seed cakes were used as substrates for lipase production by five different
fungi, namely Chalaropsis thielavioides, Aspergillus niger, Phoma glomerata, Colletotrichum
gloeosporioides and Lasiodiplodia theobromae. Out of these, coconut kernel cake as substrate
for Lasiodiplodia theobromae exhibited maximum lipase productivity, which was further opti-
mized in terms of different operating conditions and the lipase productivity was increased
to 698 U/g Dry Substrate [94]. Biopotency of oilcakes, namely neem, mustard, castor,
linseed, cotton, olive, flax, soybean, sesame, madhuca and simarouba were also found to
increase the yield and growth of Vigna mungo [95], tomato [97] and chilli [93] and aided
towards direct toxicity and protective action against Meloidogyne incognita and Alternaria
tenuissima, respectively. A reduction in crop productivity and tropical soil fertility causes
hindrances to attaining food security. Traditional approaches include the uneconomical us-
age of mineral fertilizers that cause eutrophication, soil acidity and leaching of phosphates
and nitrates that adversely affect the whole ecosystem. Jatropha cake has an abundance
of phosphorus, nitrogen, potassium and other organic nutrient sources that improves
water, air infiltration and allows for deeper root lengths. Jatropha cake supplemented
with compost at different optimized treatment conditions helped to improve the available
P, soil pH, exchangeable K, thereby enriching the soil fertility [98]. Nevertheless, Hirota
et al. [99] addressed biosafety issues with respect to cake application as soil amendment or
biofertilizer. The biopesticidal activity was exhibited by a non-edible oil cake produced
from karanja that was used as a substrate for the growth of the fungus Paecilomyces. At a
C/N ratio of 40:1 and pH = 7, potent termite mortality was observed [100].

Oil seed cakes are used for the preparation of functional powders for use in food
industries as emulsion stabilizers. Flaxseed oil cake extract was used as a substrate for the
preparation of powder having emulsifying activity. The study investigated the effect of
spray-drying process inlet temperature on physicochemical features, regarding oil binding
capacity, water holding capacity, solubility, antioxidant activity, chemical composition,
surface morphology, color and water activity. It was found that the inlet temperature
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played a crucial role in the functional and physicochemical properties of the powders in
such a way that with the rise in inlet temperature, the antioxidant activity and solubility
reduced, but the oil-binding capacity, water-holding capacity, as well as emulsifying activity
increased. The highest stability was achieved with emulsions prepared with the powder
at 200 ◦C [92]. Energy production from oil-seed cakes has also been utilized for biogas
and hydrogen generation. Biogas production from sunflower oil cakes was in the range
of 186–215 mL CH4/g volatile solids which reflects its low conversion efficiency that is
attributed to the lesser bioavailability of hollocellulose that is interlinked as an intricate
polymer of lignin, hemicellulose and cellulose to microbial action. Pre-treatment methods
aid to disintegrate these complex polysaccharide linkages to enhance the exposure of fer-
mentable sugars to microbial action. Pre-treatment with 1% H2SO4 and at 170 ◦C further
enhanced the methane yield to 302 ± 10 mL CH4/g volatile solid [101]. Hydrothermal
pretreatment enhances cellulose accessibility by increasing the surface area and minimiz-
ing the crystallinity of lignocellulosic biomass. Under batch fermentation in mesophilic
conditions of sunflower oil cake at 25, 100, 150 and 200 ◦C, highest methane yield of
310 ± 4 mL CH4/g CODadded for the liquid fraction and 105 ± 7 mL CH4/g CODadded for
solid fraction was obtained [102]. Hydrogen is an emerging and alternative fuel due to
its unique characteristics such as high energy yield and emission of water vapor upon
combustion that altogether represents its carbon neutral property. De-oiled jatropha waste
was subjected to direct, semicontinuous hydrogen fermentation and the obtained hydrogen
yield was 8.7 mL H2/g and hydrogen production rate was 1.48 L/L-d when the operational
parameters of the reactor were as follows: hydraulic retention time: 2 days, concentration
of de-oiled jatropha cake: 200 g/L, pH: 6.5 and temperature: 55 ◦C [103].

4.2. Opportunities

The composition and quantity of oil cake obtained mainly vary with the type of
feedstock used, plant growing and processing conditions. Oil cake can be edible or inedible.
Edible oil cakes are rich in proteins which adds nutritional value to their use as an animal
feed supplement. Oil cakes compose of different nutrients and minerals which makes them
a valuable source of nitrogenous fertilizers. Oil cake/meal can be utilized as a substrate for
growing microorganisms, and they have been widely used for the production of essential
nutrients and chemicals such as amino acids, enzymes, ethanol, organic acids, antibiotics,
antioxidants, vitamins, and other bio-chemicals which can be utilized in various foods and
pharmaceutical industries [104,105]. Oil cakes and oil seeds are also being investigated as
promising sources for the production of biochar, bio-oil and syngas which have many useful
applications. Biochar produced can be used as adsorbents for the removal of dyes [106], ion
adsorption [107], and many others which highlights the significance of the feedstock. The
bio-oil obtained can be upgraded to advanced biofuels and it is a potential storehouse of
different chemicals. Oil cakes and oil seeds can be utilized for the generation of hydrogen
and biogas and proper integration of biodiesel and non-edible seeds can be used to produce
biogas for bioenergy generation which is an economically viable technique [80].

The development of an integrated biodiesel refinery with the simultaneous valoriza-
tion of its residues and by-products presents opportunities to lower biodiesel production
costs as well as the exploitation of biodiesel wastes to derive value-added products is bene-
ficial which increases the overall economic value with reduced emissions and addresses
waste disposal issues make biodiesel a sustainable energy resource.

4.3. Challenges

As discussed, earlier oil cakes are rich in dietary fibers, proteins and compounds with
antioxidant properties, that can be used in bakeries, infant products and supplements [108].
In addition, substrates for producing vitamins, amino acids, antibiotics, enzymes, flavors,
pigments, surfactants and bioactive compounds can also be derived from it [109]. Although
the production of oil cake is increasing as a result of seed oil production, its application
is limited, resulting in low yields from abundant resources. Varieties of applications of
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the by-products are possible with suitable procedures. Significant pollution is caused by
improper management of the oil cakes. The extraction, utilization, and incorporation of
dietary fiber and antioxidants in food products need further investigation.

Due to their high nutritional value and moisture content, oil cakes are prone to
deterioration. The natural drying is ineffective owing to unpredictable weather and time
requirements, causing the product to rot before drying [110]. Hence, effective drying
methods with respect to energy, time, cost, and acceptable product quality need to be
addressed. Oil cakes also include anti-nutrients such as tannins, phytic acid, antivitamins,
saponins and trypsin inhibitors [111]. Although multiple techniques are available for
anti-nutrient removal, a common and cost-effective method is yet to be developed.

The high nutritional value and functional benefits of oil cake come with allergenicity
due to plant proteins, which stand as a barrier to human consumption. The allergens need
to be identified before the introduction of a new protein source as a food ingredient. In
addition to that, the digestive aspects of the dose of protein, physicochemical properties
and immune response need to be studied in detail. Another challenge with the novel
food product is acceptance by consumers. Despite higher nutritional value and added
health benefits, not all individuals are willing to try new products, which is known as
food neophobia [112].

Biogas production from oil cake is another approach towards value generation from
waste. Several factors need to be considered to make it sustainable. Land protection
laws in different countries hinder the growth of biogas projects. This is due to increasing
population density in certain countries. Thus, biogas production from oil press-cakes needs
an in-depth study of social acceptance, related policies and techno-economic feasibility.
The supply chain of press cake, including collection, storage and transportation must be
clearly identified.

Alkaline-hydrolysis of Jatropha press cake results in a nitrogen source for growing
fungi and the production of lipase [113]. Glucose and maltodextrin as carbon sources
stimulate fungal biomass formation but decreases lipase production due to catabolite re-
pression. The utilization of alternative carbon sources to overcome catabolite repression
and maximization of fungal biomass as well as lipase production needs further research.
Oil cakes are not given importance with respect to the amount of bioenergy and valuable
products that can be generated. The valorization of oil cakes may help to solve the environ-
mental issue related to waste disposal and support the zero-waste concept. Moreover, to
popularize the concept of oil cake valorization, multiple awareness and training programs
needs to be conducted. The farmers and industries dealing with seed oil production should
be encouraged to learn more about waste valorization and resultant benefits.

As oil cake valorization is a relatively new technology, identification of the supply
chain is a major challenge. Technical knowledge towards efficient oil cake generation and
its economic value determination is lacking. This will reduce the chances of investment by
various stakeholders like farmers, oil millers, traders, power plants and the food industry.
Well-defined policies and incentives are also required for the optimal development of this
sector. Agri-based products are facilitated by the cooperative expansion of associated
organizations [80]. The lack of subsidy, legal issues and lack of cooperative culture in many
countries is a serious drawback to the oil cake valorization sector.

5. Lifecycle Assessment and Sustainability

Biofuels should be environmentally and economically advantageous to become a
sustainable alternative to petroleum [114]. The sustainability of biofuel production systems
incorporates energy saving and reduction in greenhouse gas (GHG) emissions and cleaner
environmental and social acceptability. A life cycle assessment (LCA) is an internationally
recognized tool for determining the associated environmental impacts with all the life cycle
stages of biofuel production, processing and utilization, making biofuels more sustain-
able [8]. LCA is a methodology customarily employed to assess the impact of the product
on the environment induced by industrial operations and services, from acquisition, manu-

165



Bioengineering 2022, 9, 618

facturing, and usage of raw material and its maintenance until the final disposal of products
or utilization of services [115]. LCA can also suggest alternative sub-processes to make
the process sustainable [35]. With the help of the LCA study, Foteinis et al. [116] explained
that the transportation of feedstock is the primary cause of environmental burden for used
cooking oil biodiesel, while overall, its environmental sustainability is higher with a 40%
reduction of GHGs and ecological footprint. Further, gaining value-added by-products
(glycerol, potassium sulfate, and other by-produce) has extra monetary and environmental
benefits. Correspondingly, Arguelles-Arguelles et al. [115] conducted an LCA study to
produce renewable diesel from palm oil, and reported around a 110% decrease in CO2
emissions compared to fossil diesel combustions. Nevertheless, this investigation also
reported the impact of palm oil-based biodiesel on the environment and its toxicity to
humans due to high agrochemical use in palm plantations.

The LCA of biofuel production systems needs a meticulous design to define the
study’s goals, scope, functional units, system boundaries, reference system, comprehen-
sive inventory establishment and detailed information on emissions from products and
by-products [117,118]. For example, Larson [119] represented four input parameters that
cause more significant variation and uncertainties in LCA results of energy production,
which include climate-active plant species (species capability to adjust under altered cli-
mate change), N2O emission assumption, method allocation for co-product, credits, and
dynamics of soil organic carbon. Therefore, in the LCA study, the defining of a goal and
scope are two basic steps to determine the system boundary of the study.

Biorefinery is an industrial establishment that sustainably transforms biomass waste
materials into biofuels and valuable biochemicals. It is much more complicated than a
single biofuel generation system. It is a multi-functional system that creates multiple
biochemicals similar to traditional biorefineries. However, it needs a different assessment
to determine the goal and scope of such a multi-functional system. In a LCA, various
allocation techniques, such as physical or economic allocation are employed to separate the
environmental burden of a process or product when numerous functions reflect the same
process. Therefore, allocation methods varied by system expansion, monetary value, mass
(wet or dry), energy and C-content [114], which may influence the results of LCA studies.
Karka et al. [120] assessed the effect of various allocation strategies on LCA results of multi-
product biofuel refineries. They figured deviation in the results according to the allocation
method followed. Many investigators have recommended adopting an expanded system
strategy to compare the environment-related burden of biofuels with fossil fuels [121,122].
In the case when an allocation cannot be avoided, inputs and outputs of the system may be
partitioned between various products and by-products [123], which may be performed based
on the mass, volume, energy, or C-content of the co-products [124]. The selection of the
allocation process dramatically affects the results [121,125]. Allocation based on C-content
may be preferred in the investigations pertaining to bioenergy generation because such
investigations are targeted to reduce emissions by substituting the traditional fuel resource.

Sheehan et al. [126] conducted a study on LCA to assess energy consumption. They
reported that the effectiveness of fossil energy resources using biodiesel produced 3.2 units
of fuel product energy per unit of fossil fuel use in LCA. In comparison, fossil diesel
LCA produced only 0.83 units of fuel product energy per unit of fossil fuel consumed.
Biodiesel use also decreases net CO2 emissions by approximately 78.5%, corresponding to
diesel per unit of work performed by a bus engine. Such measures confirm the renewable
nature of biodiesel. Sieira et al. [127] conducted an LCA study and estimated that biodiesel
production generates about 174 times less CO2 than diesel production. Nguyen et al. [128]
conducted ‘a multi-product landscape life-cycle assessment approach for evaluating local
climate mitigation potential’. They reported that the GHG mitigation potential was higher
than the C-sequestration value of leaving the corn stover in place for biofuel generation.
While intensified and realistic solutions are usually considered through the lens of a
stark trade-off, the landscape–LCA results suggest synergies can be achieved when these
strategies are combined. Co-adoption of corn-stover collection in fields, no-till system and
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cover cropping enhances SOC levels, fetch farm revenues, and total landscape production
compared to business-as-usual (BAU) management. Malik et al. [129] indicated that the
integration of multi-product algal biorefineries and wastewater treatment approach is more
sustainable for producing green products in a circular bioeconomy paradigm while keeping
the water-energy-environment nexus sustainable. They found a novel and sustainable
algal biorefinery route that is more efficient in achieving better biomass valorization by
adaptation and use of wastewater for biomass production and efficient removal of N, P,
COD, and BOD in the wastewater, sedimentation-based harvesting system, production of
alfa-amylase and mycoproteins from residual algal biomass along with recovery of most of
the solvents utilized in the process, making it a zero-waste approach.

Singh and Olsen [130], in a LCA study of microalgal biodiesel production considering
cultivation of Nannochloropsis sp. in a flat-panel photobioreactor (FPPBR), compared six dif-
ferent biodiesel production pathways (three different harvesting techniques, i.e., aluminum
as flocculent, lime flocculent and centrifugation and two different oil extraction methods,
i.e., supercritical CO2 (sCO2) and press & co-solvent extraction). They reported that har-
vesting with lime flocculation and press & co-solvent oil extraction scenarios of biodiesel
production provides maximum savings on total impacts. They also reported that scenarios
considered in this study also offer GHG savings over fossil diesel, but algal biodiesel is
not better in terms of impacts on human health, ecosystem quality, and resources. They
suggested that it can be improved by expanding the system boundaries to include the
utilization of coproducts and by-products. Arguelles-Arguelles et al. [109] studied the
environmental impact of renewable diesel production using an attributional life cycle
assessment considering five production stages regarding palm cultivation and harvest, oil
extraction, refining, diesel production, and its use and concluded that biodiesel significantly
reduces GHG emissions (about 110%) compared to fossil ones. Gupta et al. [131] com-
pared centralized and decentralized rapeseed-biorefinery using the life cycle assessment
technique and concluded that centralized biorefinery emitted lesser while energy demand
is higher than decentralized ones. They suggested that the system can be improved by
the use of low nitrogen nutrients during cultivation, use of biodiesel in farm machineries,
improved heating techniques, utilization of waste like glycerol, rape straw, rape cake, etc.,
and better oil extraction techniques.

LCA can be used as a tool to identify the best combination of various processes in-
volved in the biodiesel refinery by comparing various pathways/techniques available.
LCA may also indicate possibilities to improve the system by the adoption of alternate pro-
cesses/techniques and/or by inclusion of waste valorization within the system boundaries
to get sustainable biorefinery.

6. Conclusions and Future Prospects

In recent decades, serious efforts have been made to develop strategies to enhance
renewable resource efficiency to produce sustainable and eco-friendly energy carriers.
Top priority has been given to the compatibility of biofuels with internal combustion (IC)
engines. Among the diverse renewable energy resources, biodiesel is reportedly more
compatible with IC engines and more environment-friendly. Hence, biodiesel has the
capability of meeting energy needs and is also helpful in the transition toward replacing
conventional fossil-derived diesel fuels [132]. An increased production of global biodiesel
of 19%, from 34.3 billion liters in 2018 to 40.9 billion liters in 2019 was reported in the
Renewables 2020—Global Status Report [133]. However, its production is restricted by
limited and inadequate raw materials, low economic benefits, lengthy life cycles, impact
on food commodities prices, utilization of by-products, net energy ratio (NER) and eco-
friendliness limit its application and industrialization.

The extent of these challenges demands several approaches and strategies to capture
from the environment and employ bioengineering technologies for efficient waste valoriza-
tion to establish and achieve circular economy goals [134]. Hossain [135] indicated that the
food vs. fuel security conflict might arise due to the utilization of arable land resources for
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fuel raw materials production. As the oilseed crop remains the primary source of edible
oil, its limited oil and lipid production capacity and uncertainty to cater sufficient oils to
produce biodiesel in a country like India and China. The utilization of microalgal or ligno-
cellulosic biomass for lipid production is an excellent alternative feedstock. However, lipid
production cost and quantity are significant factors behind its applicability. Bioengineer-
ing intervention to produce lipids/fat/oil (TGA) and further their chemical or enzymatic
transesterification to accelerate biodiesel production has a great future [18,20,62,136]. Mi-
croalgal oil production from current technologies is still too expensive to commercialize
due to efficient photo-bioreactor designs, contamination control methods, and downstream
processing. Such limitations and technological challenges must be tackled, leading to the
development of new genetic and bioengineering strategies to improve biodiesel produc-
tion. Recent advancements in process technology and bioengineering intervention provide
promising results in terms of production potential and cost-effectiveness. Microbes, i.e.,
non-conventional yeast, algae, and bacterial strains, have enormous potential to produce
oil/fat/lipids under aerobic fermentation conditions from various economical substrates.
Metabolic engineering of microbial strains to synthesize higher lipids and fatty acids by
efficiently utilizing substrates has a great future and excellent potential to lower operational
costs, improve its economics and accelerate biodiesel production [136–138].

The biorefinery for biodiesel and other valuable by-products physically symbolizes
the circular bioeconomy concept. While biorefineries are not equally economically strong
compared to petroleum hydrocarbon refineries, adoption of a biorefinery model similar to a
conventional refinery along with by-products utilization provides economical sustainability
through additional income to compensate for the production costs and make it more
eco-friendly as emission burdens will be allocated among biodiesel and its by-products.
Therefore, biodiesel commercialization will require arduous and combined efforts of R&D
work for its capacity for scalability [139]. The biorefinery concept of biodiesel production
will also help in improving the NER as some energy inputs will also be apportioned to by-
products. A comprehensive environmental sustainability analysis of biodiesel production
based on lifecycle assessment (LCA) and various multi-dimensional decision-making
techniques would help to develop and prioritize for the achievement of future goals and
the aim of sustainable biodiesel biorefinery.

The following outcomes could be made from the present literature survey:

â The second and third generation feedstocks are latent resources that can overcome
the feedstock restriction.

â Advancements in bioengineering approaches used in biodiesel production can en-
hance production capacity and reduce production costs.

â Adopting biorefinery approach provides additional benefit for commercial
biodiesel production.

â The LCA could be employed as the best tool to identify the best combination of
various processes involved in the biodiesel refinery by comparing various path-
ways/techniques available for the sustainable biodiesel production system.
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Abstract: Metal–organic frameworks (MOFs) have widespread application prospects in the field of
catalysis owing to their functionally adjustable metal sites and adjustable structure. In this minireview,
we summarize the current advancements in zirconium-based metal–organic framework (Zr-based
MOF) catalysts (including single Zr-based MOFs, modified Zr-based MOFs, and Zr-based MOF
derivatives) for green biofuel synthesis. Additionally, the yields, conversions, and reusability of
Zr-based MOF catalysts for the production of biodiesel are compared. Finally, the challenges and
future prospects regarding Zr-based MOFs and their derivatives for catalytic application in the
biorefinery field are highlighted.

Keywords: Zr-based MOFs; heterogeneous catalysis; esterification; transesterification; biofuels

1. Introduction

With rapid population growth and high industrial energy demand from fossil fuel re-
sources, fossil fuel usage leading to the energy security crisis and climate change (e.g., green-
house gas emissions) has been of great concern [1]. Based on this, it is necessary to search
for alternative fuel resources. Currently, renewable biofuels derived from biomass have
gained enormous attention, and one of these liquid biofuels is biodiesel [2]. Chemically,
biodiesel (fatty acid alkyl ester, FAME) is generally produced via the transesterification of
edible oils (e.g., rapeseed oil, palm oil, sunflower oil), non-edible oils (e.g., Jatropha curcus,
Euphorbia lathyris L., Monotheca buxifolia, Sinapis Arvensis), microalgal oils, or waste cooking
oil or via the esterification of free fatty acids (e.g., oleic acid, lauric acid, palmitic acid) and
methanol or ethanol using acid/alkali as catalysts [3–8].

Traditionally, biodiesel production is carried out using liquid acid/alkali catalysts
due to their high catalytic activity. Unfortunately, these homogeneous catalytic processes
exhibit numerous disadvantages, such as high operating costs for steps such as product pu-
rification, catalyst neutralization, and a large amount of industrial wastewater that requires
treatment [9]. With regard to this, the utilization of heterogeneous catalysts is becoming an
efficient candidate for the production of biodiesel, because of their simple recovery, ease of
reuse, insolubility in reaction solvents, and reduction in waste treatment [10]. According to
Figure 1, various kinds of heterogeneous acid/alkali catalysts are available for different
types of organic reactions, including metal oxides, ionic liquids, heteropoly acids, zeolites,
sulfonic-acid-functionalized catalysts, etc. [11,12]. However, some problems such as leach-
ing, lesser activity, low stability, and longer reaction time for some heterogeneous catalysts
are found in the transesterification/esterification reaction process [13].

Quite recently, metal–organic frameworks (MOFs) have gained enormous attention
due to their unique features, such as great specific surface area, uniformity in pore size, large
porosity, adjustable properties, tunable structures, and controllable functional groups [14].
In addition, MOFs are suitable to be functionalized by coordinating acid/base functional
groups, which have been widely studied in catalysis [15–17]. Among the numerous types
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of MOFs, zirconium-based MOFs (Zr-based MOFs) have been frequently applied as po-
tential porous materials owing to the presence of Lewis and Brønsted acidity [18,19]. At
present, several reviews have summarized the applications of Zr-MOFs in catalysis [20,21].
However, none has given a detailed study on the applications of Zr-MOFs and derivatives
for green biodiesel synthesis. Thus, the present review focuses on the current development
of Zr-based MOFs and derivatives for green biofuel production. More importantly, the
catalytic performance and reusability of single Zr-based MOFs, modified Zr-based MOFs,
and Zr-based MOF derivatives are systematically discussed. Finally, the conclusions and
prospects are emphasized.
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2. Zr-Based MOF Catalysts

In 2008, a zirconium-based inorganic building brick (Zr-MOFs) was first reported by
Lillerud et al. [22], and the results showed that Zr-MOFs possess high stability due to the
combination of strong Zr-O bonds, the inner Zr6 cluster, and the addition of µ3-OH groups.
A large number of Zr-based MOF catalysts have been widely used for fuel synthesis,
including UiO-66 (see Figure 2), UiO-67, MOF-801, MOF-808, UiO-66-NH2, etc., owing to
their excellent chemical and thermal stability under harsh conditions, large specific surface
areas, smaller particle size, and strong acid sites by the tuning of structural defects [23,24].
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2.1. Single Zr-Based MOF Catalysts

Single Zr-based MOFs usually show fewer Lewis acid characteristics due to the
saturated Zr atom, and they have exhibited less catalytic activity in acid-catalyzed organic
reactions. In view of this, the synthesis of various zirconium-containing UiO-66 samples
by varying the synthesis temperatures and terephthalic acid/ZrCl4 ratios was reported
by Zhou, et al. [25]. They found that UiO-66 catalysts with different amounts of defects
could be synthesized under various synthesis conditions, and the catalytic activities of
the UiO-66 depended on the defect amount. The obtained catalyst was used to catalyze
the transesterification of soybean oil with methanol, and a conversion rate of 98.5% was
acquired through a catalyst amount of 9%, with an oil/methanol molar ratio of 1:40, and
at 140 ◦C for 5 h. UiO-66 with defects can be especially easily reused. Caratelli and his
co-workers [26] also utilized UiO-66 MOFs as an acid catalyst for the production of ethyl
levulinate via esterification from levulinic acid and ethanol. Various defective hydrated
and dehydrated UiO-66 materials demonstrated excellent performance, and a maximum
yield (>70%) of ethyl levulinate was achieved.

A similar study was conducted by Jrad, et al. [27], in which three isostructural Zr-
based MOFs (UiO-66, UiO-66(COOH)2, and UiO-66(NH2)) were prepared (Figure 3). UiO-
66(COOH)2 demonstrated superior catalytic activity in the esterification of butyric acid and
butanol, and a 90% conversion rate of butyl butyrate was achieved. This better catalytic
activity was possibly related to the smaller particle size of the catalyst and the additional
active acid functional groups grafted onto the original organic linker.
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Wei’s group [28] also designed a series of defective UiO-66 catalysts for the esterifica-
tion of levulinic acid with ethanol. The results showed that the synergistic effects between
unsaturated Zr6 nodes and hydroxyl groups can have a significant influence on catalytic
activity. The synthesized defective UiO-66 catalyst possessed excellent stability and could
retain 75% of its initial activity after five cycles. Similarly, Chaemchuen and co-workers [29]
synthesized UiO-66 catalyst for the esterification reaction between oleic acid and methanol.
According to the kinetic analysis, an activation energy of 54.9 ± 1.8 kJ/mol was obtained,
and the desorption of methyl oleate was found to be irreversible. Desidery, et al. [30]
tested MOF-808 for the conversion of dimethyl carbonate into ethyl methyl carbonate. The
MOF-808 catalyst exhibited superior catalytic performance and could be recycled for up to
four cycles without any major change in activity or structure. Shaik, et al. [31] developed
the Zr-fumarate MOF (MOF-801) as a heterogeneous catalyst for biodiesel production.
The characterization results demonstrated that MOF-801 possessed cubic structure, high
crystallinity, good thermal stability, and moderate catalytic activity. Under optimal reaction
conditions, the conversion rate of used vegetable oil was 60%; the activity of MOF-801 is
probably due to the cationic Zr and anionic O2 sites in the crystal structure.

Besides this, de la Flor, et al. [32] reported the synthesis of defective UiO-66(Zr)
catalyst for the production of jet-fuel precursors via aldol-condensation, and total furfural
conversion and selectivity (~100%) were obtained. Rapeyko, et al. [33] also reported that
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the as-synthesized UiO-66 could efficiently catalyze the selective ketalization of levulinic
acid and 1,2-propanediol, and high selectivity (91–93%) was attained.

From the studied literature, it is derived that the single Zr-based MOFs can be con-
sidered as a catalyst for acid-catalyzed reactions. However, the activity of single Zr-based
MOFs still needs to be further improved, and facilely tuning the defect density on nodes by
introducing modulators may be a very interesting approach to developing highly active
Zr-based MOF catalysts.

2.2. Modified Zr-Based MOF Catalysts

To improve the catalytic activity and chemical stability of Zr-based MOFs, several
researchers have investigated various types of modification methods, including functional
organic linkers, loading active components (e.g., lipase, ionic liquids, heteropoly acid, etc.),
and the incorporation of metal ions into Zr-based MOFs (Table 1).

Table 1. Recent findings on green fuel production using modified Zr-based MOF catalysts.

Entry Raw Material Catalyst

Reaction Conditions
(Time, Temperature,

Catalyst Amount,
Molar Ratio

(Acid(Oil):Alcohol))

Yield (Y/%) or
Conversion

(C/%)
Reusability Ea

(KJ/mol) Ref.

1 Lauric acid +
Methanol UiO-66-NH2 2 h, 60 ◦C, 8%, 1:26 Y > 99 Not reported \ [34]

2 Levulinic acid
+ n-butanol UiO-66-NH2 5 h, 120 ◦C, 1.8%, 1:6 Y = 99%

3 cycles, no
significant

loss
\ [35]

3 Levulinic acid
+ Ethanol UiO-66-(COOH)2

24 h, 78 ◦C, 0.39%,
1:20 Y = 97% 5 cycles,

Y = 93.9% \ [36]

4 Oleic acid +
Methanol UiO-66(Zr)-NH2 4 h, 60 ◦C, 6%, 1:39 C = 97% 4 cycles,

C > 50% 15.13 [37]

5 Oleic acid +
Methanol 10SA/UiO-66(Zr) 4 h, 25 ◦C, 6%, 1:39 C = 94.5% 6 cycles,

C = 83% 32.53 [38]

6 Levulinic acid
+ Ethanol UiO66-SO3H(100) 6 h, 80 ◦C, 0.4%, 1:10 Y = 87% 4 cycles,

Y = 84% \ [39]

7
Ricinus

communis oil +
Methanol

Lipase/Zr-MOF/PVP 12 h, 50 ◦C, 2 mg, 1:3 C = 83% 7 cycles,
C = 66% \ [40]

8 Oleic acid +
Methanol UiO-G 2 h, 70 ◦C, 8%, 1:12 C = 91.3% 4 cycles,

C = 66.6% 28.61 [41]

9
Acetic acid +

Isooctyl
alcohol

UiO-67-CF3SO3 18 h, 90 ◦C, 0.2 g, 6:1 C = 98.6% 5 cycles,
C = 95.9% \ [42]

10 Tripalmitin +
Methanol

UiO-66-[C3NH2]
[SO3CF3]

12 h, 85 ◦C, 0.025 g,
1:121.5 Y = 86.6–98.4% Not reported 38.9 [43]

11 Jatropha oil +
Methanol PSH/UiO-66-NO2 4 h, 70 ◦C, 4%, 1:25 C= 97.57% 3 cycles,

C= 77.14% \ [44]

12 Oleic acid +
Methanol AIL@NH2-UiO-66 6 h, 75 ◦C, 5%, 1:14 C = 95.22% 6 cycles,

C = 90.42% \ [45]

13 Oleic acid +
Methanol Ca2+/UiO-66(Zr) 4 h, 60 ◦C, 6%, 1:39 Y = 98% 5 cycles,

Y = 84% 36.73 [46]

14 Oleic acid +
Methanol K-PW12@UIO-66(Zr) 4 h, 75 ◦C, 5%, 1:20 C = 90%

10 cycles, no
significant

loss
\ [47]

15 Acetic acid +
n-butanol HPW@UiO-66 3 h, 120 ◦C, 3%, 1:2 C = 80.2% 4 cycles,

C = 63% \ [48]

16 Soybean oil +
C8 + C10

Cs2.5H0.5PW12O40@UiO-
66 10 h, 150 ◦C, 7%,1:5:5

FA
incorporation

=20.3%

5 cycles, no
significant

loss
\ [49]

17 Soybean oil +
Methanol

AILs/HPW/UiO-66-
2COOH 6 h, 110 ◦C, 10%, 1:35 C = 95.8% 5 cycles,

C > 80% \ [50]

18
Euphorbia

Lathyris L. oil
+ Methanol

HPW/UiO-66-NH2 8 h, 180 ◦C, 3.5%, 1:40 Y = 91.2%
4 cycles, no
significant

loss
31.0 [51]
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Table 1. Cont.

Entry Raw Material Catalyst

Reaction Conditions
(Time, Temperature,

Catalyst Amount,
Molar Ratio

(Acid(Oil):Alcohol))

Yield (Y/%) or
Conversion

(C/%)
Reusability Ea

(KJ/mol) Ref.

19 Oleic acid +
Methanol FDCA/SA-UiO-66(Zr) 24 h, 60 ◦C, 6%, 1:40 Y = 98.4% 6 cycles,

Y > 90% \ [52]

20 Soybean oil +
Methanol PW12@UIO-66 4 h, 75 ◦C, 0.2 g, 1

g:5.5 ml C = 91.1%
4 cycles, no
significant

loss
\ [53]

21 Lauric acid +
Methanol HSiW-UiO-66 4 h, 160 ◦C, 7%, 1:20 C = 80.5% 4 cycles,

C = 70.2% 27.5 [54]

22 Oleic acid +
Methanol ZrSiW/UiO-66 4 h, 150 ◦C, 8%, 1:20 C = 98.0% 4 cycles,

C = 88.9% \ [55]

23 Lauric acid +
Methanol

Ag1(NH4)2PW12O40/
UiO-66 3 h, 150 ◦C, 10%, 1:15 C = 75.6% 4 cycles,

C = 70.6% 35.2 [56]

24 Oleic acid +
Methanol

Ce-BDC@HSiW@UiO-
66 4 h, 130 ◦C, 0.2 g, 1:30 C = 81.5% 6 cycles,

C = 76.9% \ [57]

Cirujano’s group [34,35] prepared an UiO-66-NH2 catalyst to convert lauric acid to
methyl laurate via an esterification reaction. The high activity of UiO-66-NH2 with respect
to UiO-66 is attributed to the occurrence of cooperative acid–base catalysis in the frame
network. In addition, UiO-66-NH2 has been successfully used for esterification of levulinic
acid with various alcohols. A possible bifunctional acid–base catalyst mechanism for
esterification was proposed, as displayed in Figure 4.

Likewise, Wang, et al. [36] employed UiO-66-(COOH)2 as a heterogeneous catalyst
for the esterification of levulinic acid, and Abou-Elyazed, et al. [37] also employed UiO-
66(Zr)-NH2 for the esterification of oleic acid. Meanwhile, Abou-Elyazed’s group [38] also
demonstrated the direct preparation of Ca2+-doped UiO-66(Zr) under solvent-free condi-
tions. In detail, the introduction of Ca2+ could greatly enhance the catalytic performance
and stability in the esterification because of the existence of double active sites with the
formation of more defects.

Desidery, et al. [39] investigated partially and fully sulfonated hydrated UiO66 cat-
alysts prepared by one-step solvothermal synthesis. Compared to that of commercial
Amberlyst 15, the activity of the fully sulfonated hydrated UiO66 afforded the highest yield
of ethyl levulinate.

UiO-66(Zr) used as a support for p-toluenesulfonic acid (PTSA) through a defect
coordination strategy was proposed by Li, et al. [41]. Their results indicated that the PTSA
was successfully introduced into UiO-66(Zr), and the highest conversion rate of oleic acid
to biodiesel of 91.3% was acquired under mild conditions. More specifically, a reusability
study showed that the conversion was dramatically reduced from 91.3% to 76.65% after
four cycles, and they verified a loss of Zr and S in the reaction system.

Recently, acidic or basic ionic liquids (ILs) have shown efficient catalytic activities in
various organic reactions. However, they also suffer from several shortcomings, such as
high viscosity, diffusion limitations, and difficulty in separation. In order to overcome these
problems, the introduction of ILs into Zr-based MOFs has been studied [42–45]. Acidic ILs
(AIL) were introduced into the NH2-UiO-66 matrix (See Figure 5) via acid–base interaction
by Lu, et al. [45]. Accordingly, the best mass ratio of AIL to NH2-UiO-66 in 3AIL/NH2-UiO-
66 displayed excellent activity and reusability in the esterification of oleic acid; a conversion
rate of 95.22% was achieved in 6 h, and it could still reach 90.42% conversion after six
cycles. Moreover, it was concluded that the good conversion rate was attributed to the
stimulating synergy between the -SO3H group of AIL and the -NH2 group of NH2-UiO-66
on the MOFs.
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Apart from active ILs, heteropoly acids (HPAs) with structural diversity and tunable
Brønsted/Lewis acidity have also been reported as efficient acid catalysts for biodiesel
synthesis. This is despite their high activity, solubility in many polar solvents, and very low
surface area, which limit their application for catalysis. Therefore, the loading of various
HPAs on Zr-based MOF materials has been performed [47,48].

Xie’s group [50] studied the one-pot transesterification–esterification of acidic veg-
etable oils to produce biodiesel by employing UiO-66-2COOH modified with HPW and
sulfonated ILs as an acid catalyst (AILs/POM/UiO-66-2COOH). In their study, the surface
area, pore volume, and mean pore size of the as-prepared composite catalyst were found to
be 8.63 m2/g, 0.04 cm3/g, and 16.07 nm, respectively. Furthermore, the highest observed
conversion rate was 95.8%, and the solid catalyst could maintain high activity even when
9 wt% free fatty acid and 3 wt% water were added into the feedstock.

As reported in much of the literature, Yang’s group [51] synthesized HPW/UiO-
66-NH2 Lewis/Brønsted acid bifunctional hybrid catalyst by the electrovalent assembly
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of HPW and UiO-66-NH2. The resulting HPW/UiO-66-NH2 exhibited a highest acid
density of 1.7 mmol/g, larger surface area of 301.6 m2/g, and both Lewis and Brønsted
acid sites. The biodiesel yield obtained from the (trans)esterification of Lathyris L. oil
was more than 91.2%. Notably, the composite catalyst was reusable for four cycles with
no significant decrease in activity, and hot filtration experiments showed that the com-
posite has heterogeneous characteristics. Another study conducted by Yang’s group [52]
examined the synthesis of FDCA/SA-UiO-66(Zr) catalyst by a facile grinding method.
Accordingly, DCA/SA-UiO-66(Zr) demonstrated superior or equivalent catalytic activity
in the esterification of oleic acid due to its Lewis acidity and hydrophobicity.

Recently, our group also studied the production of biodiesel from free fatty acid with
methanol over HPAs or doped HPAs incorporated into UiO-66 frameworks (e.g., ZrSiW/UiO-66,
Ag1(NH4)2PW12O40/UiO-66, and Ce-BDC@HSiW@UiO-66) [54–57]. All these composite
catalysts exhibited good catalytic activity and reusability. Table 1 summarizes the modified
Zr-based MOF catalysts used for biofuel production. As can be seen here, many researchers
agree that modified Zr-based MOF catalysts can effectively catalyze esterification or trans-
esterification processes.

2.3. Zr-Based MOF-Derived Catalysts

Recently, MOFs have also been employed as a precursor substrate and template
support for derived material synthesis. The synthesis of porous carbon and metal oxide
via a thermal decomposition process was first reported by Xu’s group [58,59]. Since then,
MOF derivatives have been attracted increasing attention as novel catalysts. In particular,
the pyrolysis of defective Zr-based MOFs can provide a promising platform for various
functional materials’ synthesis.

Lu, et al. [60] successfully synthesized flower-like mesoporous sulfated zirconia
nanosheets via the thermal decomposition of in situ sulfated Zr-MOFs as the S/Zr ra-
tio increased to 0.5. Investigations on the sulfated zirconia nanosheets at a calcination
temperature of 500 ◦C showed a large surface area (186.1 m2/g) and strong interaction
between the sulfate and zirconia atoms, affording excellent catalytic performance and
stability for the production of biodiesel. Besides this, the mechanism of transesterification
was studied, as shown in Figure 6.

Li, et al. [61] employed a UiO-66(Zr) support impregnated with calcium acetate for
CaO/ZrO2 catalyst synthesis via an activation process in nitrogen (UCN) and air (UCA)
atmosphere. Among these catalysts, UCN650 calcined at 650 ◦C attained a relatively
large specific surface area (24.06 m2/g); meanwhile, the catalyst generated active sites
of CaxZryOx+2y and CaO inside and was shown to be effective in catalyzing palm oil
transesterification, reaching a maximum conversion rate of 98.2%. Moreover, the UCN650
catalyst maintained its catalytic properties when it was recycled three times. The properties
of the resulting biodiesel (density, kinetic viscosity, acid value, etc.) were also found to
comply with the EN 14214 standards.

Our group also employed UiO-66 as a precursor for HSiW@ZrO2 hybrid synthesis, and
SEM images of HSiW@UiO-66 at different calcination temperatures (300 ◦C, 400 ◦C, 500 ◦C)
are shown in Figure 7. Nanoporous HSiW@ZrO2 was obtained by calcinating at 300 ◦C,
exhibiting relatively high surface area (338 m2/g), appropriate pore size (2.5 nm), strong
acidity (6.2 mmol/g), and the highest catalytic activity in the esterification of oleic acid; its
conversion rate was high at 94.0% and stayed above 80% after nine catalytic cycles [62].

Dimethyl ether (DME) has gained attention for its application as a second-generation
fuel, and it can be synthesized through a methanol dehydration process. Goda, et al. [63]
used UiO-66 as a precursor for the synthesis of ZrOSO4@C catalyst. In the experiment,
it was observed that ZrOSO4@C has weak and intermediate acidic sites and could be
effectively applied for methanol dehydration to DME, with the highest conversion (100%)
and selectivity (100%).
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Hong, et al. [64] prepared 3D porous Cu@ZrOx catalysts via in situ reconstruction
of size-confined Cu@UiO-66 for methanol synthesis from CO2 hydrogenation, and the
optimized catalyst exhibited quite high methanol selectivity of 78.8% at 260 ◦C and 4.5 MPa,
attributed to the many Cu+−ZrOx interfaces present as active sites in the material frame-
work. Zeng’s group [65] also designed and prepared porous hydrous zirconia via UiO-66
pyrolysis as a support for NiII centers. In methane production from CO2 hydrogenation,
the resultant catalyst exhibited excellent activity and stability.

Based on the literature, Zr-based MOF-derived materials with stable porous struc-
tures and many active sites are expected to be widely used for the development of high-
performance composite catalysts in the future.

3. Conclusions and Future Prospects

Herein, a comprehensive review was presented on the synthesis of Zr-based MOFs and
their derived composite materials for their catalytic application in green biofuel synthesis
in recent years. The current review attempted to thoroughly demonstrate the use of single
Zr-based MOF catalysts, modified Zr-based MOF catalysts, and Zr-based MOF-derived
catalysts in the literature. Their high surface area, adjustable pore structure, acceptable
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recyclability, and strong acid sites obtained by tuning structural defects make Zr-based
MOFs suitable for esterification or transesterification process.

However, looking ahead, many challenges for the large-scale application of Zr-based
MOFs still exist, such as the design and development of inexpensive Zr-based MOFs at
an industrial scale with high yields. The self-assembly mechanism of Zr-based MOFs
and their derived materials is still unclear, and further exploration via both experimental
and theoretical approaches is still required. The chemical and thermal stability of Zr-
based MOFs is still not adequate and needs to be further improved. Facilely tuning the
defect density on nodes by exploring new modification approaches could bring beneficial
changes to the catalytic performance. By combining Zr-based MOFs with appropriate active
materials such as enzymes, graphene derivatives, and magnetic substances, composite
materials could be synthesized to improve their catalytic performance. Controlling the
structure, composition, and distribution of the active component of Zr-based MOF-derived
catalysts, while aiming to maintain the original structure of the Zr-based MOFs, still needs
to be further studied.

As a whole, the application of Zr-based MOFs and catalysts derived from them is
important not only for green biodiesel synthesis but also for the conversion of biomass.
Despite facing many challenges, hopefully, the existing issues will be resolved sooner or
later, and the application prospects of biorefineries will also be very bright.
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Abstract: The need to arrest the continued environmental contamination and degradation associated
with the consumption of fossil-based fuels has continued to serve as an impetus for the increased uti-
lization of renewable fuels. The demand for biodiesel has continued to escalate in the past few decades
due to urbanization, industrialization, and stringent government policies in favor of renewable fuels
for diverse applications. One of the strategies for ensuring the intensification, commercialization, and
increased utilization of biodiesel is the adaptation of reactor technologies, especially tubular reactors.
The current study reviewed the deployment of different types and configurations of tubular reactors
for the acceleration of biodiesel production. The feedstocks, catalysts, conversion techniques, and
modes of biodiesel conversion by reactor technologies are highlighted. The peculiarities, applications,
merits, drawbacks, and instances of biodiesel synthesis through a packed bed, fluidized bed, trickle
bed, oscillatory flow, and micro-channel tubular reactor technologies are discussed to facilitate a
better comprehension of the mechanisms behind the technology. Indeed, the deployment of the
transesterification technique in tubular reactor technologies will ensure the ecofriendly, low-cost, and
large-scale production of biodiesel, a high product yield, and will generate high-quality biodiesel. The
outcome of this study will enrich scholarship and stimulate a renewed interest in the application of
tubular reactors for large-scale biodiesel production among biodiesel refiners and other stakeholders.
Going forward, the use of innovative technologies such as robotics, machine learning, smart metering,
artificial intelligent, and other modeling tools should be deployed to monitor reactor technologies for
biodiesel production.

Keywords: tubular reactor; biodiesel; catalyst; transesterification; feedstock; reactor technologies

1. Introduction

Rapid population growth, industrialization, urbanization, economic growth, social
development, and technological advancement have continued to increase energy con-
sumption worldwide. Credible available statistics show that the global primary energy
consumption was 109,583 terawatt hours (TWh) in 2000, became 140,562 TWh in 2010,
and rose to 162,194 TWh in 2019 [1]. The International Association for Energy Economics
has predicted that primary energy consumption will grow by over 39% over the next
20 years [2] while the International Energy Agency predicts more than a 50% increment
in global primary energy consumption by 2050 [3]. The continuous energy demand is
premeditated on the importance of the availability of a sustainable, reliable, affordable,
and accessible energy supply to the social, economic, and industrial development of any
country. However, most of the world’s energy is sourced from fossil fuels. REN21, an
international renewable energy policy network, reports that about 80% of the global energy
mix still comes from fossil fuels [4]. Consumption of fossil-based (FB) fuels in the trans-
portation, industrial, agricultural, commercial, household, and power generation sectors
has continued to increase despite the efforts to stem the tide by various governments,
organizations, and interests. The emission of carbon dioxide (CO2) from energy-related
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applications is predicted to continue to increase globally. Though the CO2 emissions from
the Organization for Economic Cooperation and Development (OECD) countries have
remained flat, that of the non-OECD nations are predicted to continue to rise, as shown
in Figure 1 [5]. This trend is not likely to change in the foreseeable future as the share of
FB fuels in the transportation sector has been predicted to be no less than 88% in 2040 [5].
This has led to the release of toxic emissions and other serious environmental degradation
concerns and exacerbated global warming and climate change.
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Figure 1. Energy-related CO2 emissions (billion metric tons).

To stem this tide, researchers have shown more interest and committed more resources
in terms of investments to finding sustainable and environmentally friendly alternatives to
the dangerous FB fuels. Primarily, attention has been placed on finding renewable energy
sources such as solar, hydroelectric, hydrogen, wind, biodiesel, green diesel, bioethanol,
biofuels, and biomass [6]. Biodiesel is seen as one of the sustainable and affordable replace-
ments for FB fuels for various applications. Biodiesel, also known as fatty acid methyl ester,
is a renewable, cost-effective, and biodegradable liquid fuel synthesized from vegetable
oils, recovered restaurant oil, animal fat, tallow, non-edible plant oil, waste cooking oil,
microalgal plants, and other triglycerides-bearing feedstocks [7]. The use of biodiesel is to
remedy the uninspiring performance of FB fuels in internal combustion engines, emission
of toxic gases, and the impacts on the environment and humanity in general. It is believed
that the application of biodiesel, particularly in internal combustion engines will improve
engine performance, reduce tailpipe emissions, and mitigate the unpleasant effects on the
environment and global health [8]. Though there are a few drawbacks related to the appli-
cation of biodiesel, the fact that the benefits of biodiesel far outweigh these shortcomings
makes biodiesel a sustainable alternative to FB diesel fuel (Table 1).
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Table 1. Benefits and drawbacks of biodiesel [9–11].

Criteria Benefits Drawbacks

Renewability Renewable and biodegradable

Safety Safe and non-toxic

Environment Ecofriendly
Environmentally sustainable

Storage
Safer to handle, store, and transport Can deteriorate in storage

Compatible with FB fuel storage facilities

Properties

High energy content High viscosity

Low sulfur content High pour point

High cetane number

High flash point

Performance

Performs better than FB diesel fuel High fuel consumption

Contributes to power generation Clogging of fuel filter and fuel
lines

Better thermal efficiency

Lower noise level

Emission

Emits less carbon and other
GHGs Emits more NOx

High combustion efficiency in ICEs

Lower smoke generation

Combustion
Improved combustion in ICEs Low cylinder pressure

Better combustion speed Reduction in heat release

Feedstocks

Readily available and low-cost feedstock Some of the feedstocks conflict
with food supply

Synthesized from renewable feedstocks Some feedstocks need to be
cultivated

Conversion of wastes to fuel

Economy

Reduces fuel importation and saves foreign
exchange

Contributes to economic growth and
environmental sustainability

Employment generation along the value
chain

Application

Can be used without engine modifications
Unsuitable for cold

temperature
regions

Contributes to power generation Can harm rubber hoses in
engines

Production Can be produced locally by households Unpredictable standards

There has been increased research and investment in the production of biodiesel over
the past few years to be able to meet up the global demand. Indonesia, the United States,
and Brazil are the three leading biodiesel producers in 2019 with 7.9 billion liters, 6.5 billion
liters, and 5.9 billion liters, respectively (Figure 2) [12]. Global biodiesel production in-
creased from 38 billion liters in 2018 to 48.3 billion liters in 2019 and 60.7 billion liters in
2022. The annual growth rate of biodiesel production increased from 4% in 2017 to 9% in
2021. The negative growth rate recorded in 2020 was due to the impact of the dreaded
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COVID-19 pandemic that restricted movement and slowed down economic activities in
most countries (Figure 3) [13]. Concerted efforts including research and development,
infrastructure, policy framework, incentives, and investments have been put in place to
ensure the increased production of biodiesel for diverse applications.
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Motivation, Aim, and Objectives

Investigations have been conducted on the various technologies for the synthesis
of biodiesel in commercial quantities. Chuah et al. [14], Kant Bhatia et al. [15], and
Bashir et al. [16] studied the various advanced technologies for low-cost and high con-
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version yield for biodiesel production. They reported that the intensification of production
techniques such as microwave, ultrasonic radiation, cavitation, plasma discharge, transes-
terification, pyrolysis, supercritical, and emulsification was ecofriendly and resulted in a
higher product yield and lower wastes during biodiesel production. Roick et al. [17] inves-
tigated the various thermochemical, biomechanical, chemical, and other novel technologies
for the commercial production of biodiesel and reported that these technologies were
viable from the economic and ecological points of view. The works of Mohiddin et al. [18],
Okolie et al. [19], and Lv et al. [20] investigated the impact of feedstocks, catalysts, produc-
tion methods, and production infrastructure on the commercialization of biodiesel. They
reported that to achieve the return on investment in biodiesel production, the choice of
feedstock, catalysts, and selection of converting infrastructure plays an important role.
The choice of reactor technology and other processing parameters affects the conversion
rate, cost of production, and yield of biodiesel irrespective of the types of feedstock and
catalyst [21].

Despite these reported cases, there are ongoing studies on how to meet the continuous
demand for biodiesel for diverse applications. There is near unanimity of opinions on the
need to interrogate and carry out further investigations on the mechanisms for achieving
the acceleration of biodiesel production through the deployment of reactor technologies.
In addition, there is an urgent need to extend the frontiers of available knowledge on
the infrastructure for accelerated biodiesel generation to meet the ever-growing demand.
These form the motivations for the current study. The aim of this study, therefore, is to
interrogate the application of tubular reactor technologies available for the production of
biodiesel with a view to further escalate further research and utilization of tubular reactors
for accelerated biodiesel production. Consequently, this study presents a brief overview
of biodiesel feedstocks and production techniques, modes of biodiesel production using
reactor technologies, and the varieties of tubular reactor technologies for the production
of biodiesel. Instances of the application of tubular reactors for biodiesel production are
highlighted. The outcomes of this research will enrich scholarship by providing necessary
information on the types, operations, and peculiarities of various tubular reactors for
biodiesel production. Refiners, researchers, and consumers of biodiesel will be better
informed on the strategies and infrastructure needed for effective, economically friendly,
and environmentally sustainable biodiesel production.

2. Feedstocks and Biodiesel Conversion Techniques
2.1. Feedstock for Biodiesel Production

Over the years, various techniques have been adopted for the generation of biodiesel
from diverse feedstocks. Depending on the choice of feedstocks, catalysts, and costs,
refiners choose the method of converting various feedstocks to biodiesel. Biodiesel is
classified into generations depending on the types of feedstocks used in synthesizing them.
For example, first generation biodiesel is produced from edible oils such as palm oil, olive
oil, coconut oil, etc., while second generation biodiesel is generated from rubber sed oil,
castor oil, jojomba oil, karanja oil, and other non-edible oils. Waste cooking oil, animal
fats, recovered fats, and chicken fats are converted into third generation biodiesel. Fourth
generation biodiesel is produced from algal biomass, waste cooking oil, and genetically
modified biomass.

The use of edible oils for biodiesel reduces the amount of food available for human
consumption, leads to high global food prices, and exacerbates food scarcity. The de-
ployment of non-edible oils, animal fats, and waste cooking oils eliminates food vs. fuel
debates and reduces the reliance on edible food crops for the production of fuel. However,
non-edible oils need a large expanse of arable land, water, and time for cultivation. These
not only compete with land for growing food for human consumption but also contribute
to deforestation and erosion. The use of waste cooking oil, animal fats, and recovered
fats allows for the conversion of wastes to fuel, does not conflict with the food chain, and
serves as a sustainable means of waste disposal [6,22]. Moreover, the use of microalgae
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as a feedstock for biodiesel production does not conflict with the food chain, requires
no fertile land and water, and has the potential to yield about 15–300 times more than
other non-edible oils [23]. Fourth generation biodiesel includes photobiological solar fuels
and electro-fuels. It is a novel research area where solar energy is used to convert some
feedstocks into biodiesel. Such feedstocks are renewable, broadly available, inexpensive,
and ecofriendly. However, the technology is not yet fully developed and requires high
financial investment [24]. Table 2 shows the feedstocks, advantages, and disadvantages of
the four generations of biodiesel.

Table 2. Examples of feedstocks for the four generations of biodiesel [6,24,25].

Generations of
Biodiesel

Feedstocks
Advantages Disadvantages

Types Examples

First Edible oils

Coconut oil
Palm oil
Corn oil
Olive oil

Mustard oil
Sunflower
Rice bran

Rapeseed oil
Hazelnut oil

• Readily available
• Simple conversion

process
• Safe handling and

transportation
• Easily adaptable

to existing
infrastructure

• Easy to mix with
FB diesel fuel

• Affect food
security

• Initiate food vs.
fuel debate

• Rising food costs
• Cultivation of

feedstocks
requires land and
time

• Shortage of arable
land for
cultivation

Second Nonedible oils

Rubber seed oil
Sapindus oil

Mukorossi oil
Thevettia peruviana oil

Jatropha curcus
Jojoba oil

Karanja oil
Neem oil

Mahua indica oil

• Do not affect the
food supply

• Cheap feedstock
• Seed, grains, and

residues are used
as feedstock

• Low conversion
cost

• Readily available
• Generation of

other products
• Ecofriendly

• Large expanse of
land and water
needed to grow
feedstock

• Underdeveloped
conversion
technologies

• Complicated
production
processes

• Induce soil
degradation,
erosion,
deforestation, and
bush burning

Third Waste oils
algae

Animal tallow
Chicken fat
Poultry fat

Recovered fat
Fish oil

Waste cooking oil

• Do not require
land

• Do not affect food
security

• Cheap feedstock
• Contribute to

sanitation
• Avenues for waste

to fuel
• Algae useful for

water purification
• Feedstocks can be

engineered

• Costly production
process

• High energy
consumption

• Expensive oil
extraction process

• Commercial
production is not
sustainable

• Underdeveloped
technologies
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Table 2. Cont.

Generations of
Biodiesel

Feedstocks
Advantages Disadvantages

Types Examples

Fourth Solar biodiesel
Algae

Microalgae Synthetic cell
Electronbiofuel

Waste cooking oil

• Low carbon
emission

• Energy security
• Increased carbon

entrapment ability
• High oil contents
• Better cultivation,

extraction, and
production
process

• High initial
investment

• More efforts are
needed in R&D

• High energy
requirement

• Research at
infancy stage

2.2. Biodiesel Production Techniques

Biodiesel can be synthesized through two different production techniques: the physi-
cal technique and the chemical technique. The physical technique is a method of biodiesel
production that does not involve any chemical reaction. This includes dilution and mi-
croemulsion. During dilution, a given volume of FB diesel fuel and other selected additives
are added to natural oils to improve their viscosity and volatility. In chemical techniques,
biodiesel production is achieved through the chemical modification of natural oils and fats.
During the process, the physicochemical properties, and hence the behavior of the natural
oils are altered. Notable examples include the pyrolysis, superfluid/ supercritical, and
transesterification processes.

2.2.1. Direct Use and Dilution

During dilution, more solvent is added to the solute to reduce the concentration of
the solute in the solution. In physical biodiesel production, ethanol and FB diesel fuel act
as the solvents for the dilution of vegetable oil. The process generates a fuel with a lower
density and viscosity than vegetable oil. For example, the addition of ethanol to FB diesel
fuel produces a fuel with a better combustion efficiency, an improved brake power, and
brake thermal efficiency. However, the brake torque and brake specific fuel consumption
of the resulting fuel is reduced. Though dilution is an easy and non-technical process,
the resulting fuel suffers from incomplete combustion and more carbon deposition in the
engine cylinder. Moreover, products of dilution suffer from low volatility, poor atomization,
and plugging of injector nozzles [21].

2.2.2. Micro Emulsion

Among the characteristics of vegetable oil which make it unsuitable as fuel for CI
engine is its viscosity. The viscosity impediment of vegetable oil can be corrected by the
microemulsion process. During the process, a co-solvent, alcohol, cetane improver, and
surfactant are added to the vegetable oil to improve the viscosity and low liquidity. When
butanol, hexanol, octanol, and methanol are added to vegetable oil or animal fats, the resul-
tant fuel meets the optimum viscosity requirement for CI engine fuel. For example, when
soybean oil was mixed with 2-octanol, methanol, cetane improver, and some surfactants
(such as rhamnolipid), a clear, thermodynamically stable, and ecofriendly microemulsion
biodiesel was produced. Biodiesel generated by microemulsion exhibits better cold flow
properties, an enhanced stability and solubility, a lower activation energy, acceptable vis-
cosity, and a shorter ignition delay. Moreover, the micro-emulsion of vegetable oils ensures
a reduction in viscosity, a better cetane number, and improved spray characteristics in the
CI engine. However, fuel synthesized by the micro-emulsification of vegetable oils and
animal fats demonstrates incomplete combustion, a high deposit of carbon residue, and
thickening of lubrication oils [21,24,26,27].
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2.2.3. Pyrolysis

Pyrolysis is a chemical method of biodiesel production during which there is the
thermal decomposition of materials at elevated temperatures in the absence of air and
oxygen but in an inert atmosphere. Pyrolysis can also be achieved at high temperatures
(usually 400 ◦C–1000 ◦C) in the presence of a catalyst which leads to the bond formation and
the coming together of small molecules. The products of pyrolyzed vegetable oils, animal
fats, natural fatty acids, and methyl esters of fatty acids possess physicochemical properties,
fingerprints, and characteristics similar to FB diesel fuel. Products of pyrolysis from
vegetable oils, animal fats, and other feedstocks demonstrate lower viscosities, flash points,
pour points, and cetane numbers when compared with FB diesel fuel. Such pyrolyzate
contains satisfactory sulfur, water, and sediment contents. However, their ash content,
carbon residue, and pour points are unacceptable. In addition, the high cost of infrastructure
for thermal cracking, high energy cost, the use of high temperature, and problems of
environmental degradation are some of the drawbacks of the process [21,26,28].

2.2.4. Transesterification

Transesterification, also known as alcoholysis, is arguably the most commonly used
chemical method for converting vegetable oil, natural fats, and recovered fats into biodiesel.
During the process, three moles of alcohol (methanol or ethanol) stoichiometrically react
with one mole of triglyceride in the presence of a catalyst to produce mono-alkyl ester and
glycerol. The three steps involved, and the general equation are depicted in Figure 4. The
process occurs under moderate operating conditions of about 60–80 ◦C, ambient pressure,
and for 90 min. Other process parameters that affect the transesterification reaction include
types of catalyst, a dose of catalyst, catalyst particle size, alcohol/oil molar ratio, residence
time, reaction temperature, mixing/agitation speed, choice of alcohol, and composition of
oil [29].

Bioengineering 2022, 9, x FOR PEER REVIEW 8 of 36 
 

ratio, residence time, reaction temperature, mixing/agitation speed, choice of alcohol, and 
composition of oil [29]. 

 
Figure 4. Transesterification reaction equation. 

Methanol is the more popular alcohol for transesterification owing to its higher reac-
tivity, cheaper cost, and lower operating temperature. If methanol is used as an alcohol, 
the process is called methanolysis and the product is fatty acid methyl ester (FAME). If 
ethanol is used as an alcohol, the process is known as ethanolysis and the product is fatty 
acid ethyl ester (FAEE). FAEEs are less toxic and have a better cetane number, higher ox-
idative stability, cloud point, pour point, lubricity properties, lower iodine value, and a 
higher heat capacity when compared with FAMEs. However, ethanolysis is reputed for 
its higher cost, energy consumption, lower transesterification reactivity, higher viscosity, 
formation of an azeotrope with water, and formation of more stable emulsions than meth-
anolysis. Moreover, from the ecological point of view, FAEEs emit less exhaust gas and 
possess a higher biodegradability in water [30,31]. 

In the catalytic transesterification process, the choice of catalyst greatly affects the 
conversion efficiency and product yield. Generally, transesterification reactions can be 
catalyzed by homogeneous, heterogeneous, bio-based (enzymes) catalysts, or nanocata-
lysts [32]. The transesterification process can be heterogeneous when the catalyst is in a 
different phase from the reactants and products. In this case, solid catalysts are used. 
However, when liquid catalysts are used, the reactants and the products are in the same 
phase and the process is termed homogeneous. Biobased catalysts can be either in liquid 
or solid phases. Table 3 compares the examples, pros, and cons of the four major classes 
of catalysts for the transesterification process. Though catalytic transesterification occurs 

Figure 4. Transesterification reaction equation.

193



Bioengineering 2022, 9, 347

Methanol is the more popular alcohol for transesterification owing to its higher reac-
tivity, cheaper cost, and lower operating temperature. If methanol is used as an alcohol, the
process is called methanolysis and the product is fatty acid methyl ester (FAME). If ethanol
is used as an alcohol, the process is known as ethanolysis and the product is fatty acid
ethyl ester (FAEE). FAEEs are less toxic and have a better cetane number, higher oxidative
stability, cloud point, pour point, lubricity properties, lower iodine value, and a higher
heat capacity when compared with FAMEs. However, ethanolysis is reputed for its higher
cost, energy consumption, lower transesterification reactivity, higher viscosity, formation
of an azeotrope with water, and formation of more stable emulsions than methanolysis.
Moreover, from the ecological point of view, FAEEs emit less exhaust gas and possess a
higher biodegradability in water [30,31].

In the catalytic transesterification process, the choice of catalyst greatly affects the
conversion efficiency and product yield. Generally, transesterification reactions can be
catalyzed by homogeneous, heterogeneous, bio-based (enzymes) catalysts, or nanocata-
lysts [32]. The transesterification process can be heterogeneous when the catalyst is in
a different phase from the reactants and products. In this case, solid catalysts are used.
However, when liquid catalysts are used, the reactants and the products are in the same
phase and the process is termed homogeneous. Biobased catalysts can be either in liquid or
solid phases. Table 3 compares the examples, pros, and cons of the four major classes of
catalysts for the transesterification process. Though catalytic transesterification occurs at
lower temperatures and has a shorter residence time, the cost of the catalyst escalates the
production cost.

Table 3. Examples, pros, and cons of classes of catalysts for the transesterification process.

Class of Catalyst Examples Pros Cons Ref.

Homogeneous

Base: NaOH, KOH,
NaOCH3, KOCH3,

NaOCH2CH3

• Strong catalytic activity
• Fast reaction
• Less energy

requirements
• Mild reaction

conditions
• Economically viable
• Readily available
• Not corrosive

• Not suitable for oil
with a high FFA

• Possible soap
formation

• Low biodiesel yield
• Requires excessive

washing
• Requires water for

purification
• Large volume of

wastewater generated
• Not reusable

[33,34]

Acid: H2SO4, HCl

• Strong catalytic activity
• Suitable for oil with a

high FFA
• Not affected by oil FFA

and water
• Effective with

low-grade oil
• Esterification and

transesterification occur
simultaneously

• No soap formation
• High product yield

• Slow reaction rate
• Equipment corrosion
• Complex separation

process
• Separation and reuse

of the unused catalyst

[35,36]
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Table 3. Cont.

Class of Catalyst Examples Pros Cons Ref.

Heterogeneous

Base: CaO, Mg/Zr,
Mg-Al

hydrotalcite, ZnO/KF,
ZnO/Ba, Na/BaO,

MgO,
Al2O3/ZrO2/WO3

• Reusability
• Easily separatable
• Fast reaction rate
• Reaction occurs in

moderate conditions
• Low energy

consumption
• Long catalyst life
• Non-corrosive
• Comparatively cheap
• Minimum effluent

generation

• Prone to
saponification

• Generate more
wastewater

• Complex separation
and purification
process

• Sensitive to the acid
value of oil

• Low biodiesel yield
• Require a high

methanol/oil molar
ratio

• High cost of catalyst
synthesis

[37,38]

Acid: Titanium-doped
amorphous

zirconia, sulfated
zirconia,

carbon-basedsolid acid
catalyst

• Insensitive to the water
content of the feedstock

• Effective with waste oil
• Easy to separate from

product
• High reusability
• Highly recyclable
• Spent catalyst can be

reused

• Slow reaction rate
• Expensive
• Long residence time
• High energy

requirements
• Likelihood of product

contamination
• Leaching of catalyst
• Limited diffusion

[39,40]

Biobased

Lipase, candida
Antarctica,

immobilized
lipase on SiO2

• Completely bio-based
• Prevent saponification
• Environmentally

friendly
• Ecofriendly and

nonpolluting
• Easy product removal
• Easy purification

needed
• Requires low

temperature
• Zero by-product
• High reusability

• Expensive
• Slow reaction rate
• Sensitive to methanol
• Can easily become

inactive and
denatured

• Complexity of
separation and
purification

[41–43]

Nanocatalyst Zn, Ca, Mg, Zr-based
nanocatalyst

• Highly active
• Strong stability
• Moderate reaction

conditions
• High reusability
• Strong resistance to

saponification

• High cost of synthesis [44,45]

2.2.5. Superfluid/Supercritical

The deployment of supercritical techniques for biodiesel production is one of the
methods of biodiesel production and a possible substitute for the traditional biodiesel
synthesis process. By definition, a supercritical fluid or superfluid is any substance existing
above its critical pressure and temperature. It is a highly compressed fluid that combines
the properties of both a gas and liquid. At a supercritical temperature and pressure
conditions, there is no distinct liquid or gaseous phase of the substance. For example,
the critical temperature and pressure of methanol, ethanol, acetone, methane, and ethane
are 239.2 ◦C and 8.09 MPa, 240.9 ◦C and 6.14 MPa, 235.1 ◦C and 4.70 MPa, −82.6 ◦C and
4.60 MPa, and 32.3 ◦C and 4.88 MPa, respectively [46]. The use of any of these fluids under
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supercritical conditions greatly influences biodiesel production. Moreover, the choice of
feedstock, reaction time, solvent/oil molar ratio, reactor type, and agitation speed influence
the conversion efficiency of feedstock to biodiesel.

With the supercritical method of biodiesel production, there is no need for catalysts,
and the process is guaranteed to produce high-quality biodiesel. When compared with
other biodiesel generation methods, the supercritical technique allows for lower energy
consumption. Available economic and energy analysis showed a reduction of about 71% in
the cost of producing energy [47]. Notwithstanding the cost-effective and energy-efficient
process, the supercritical method of biodiesel synthesis requires a high cost of production
infrastructure and can denature the product. Table 4 compiles the different biodiesel
production techniques and their advantages and disadvantages.

Table 4. Advantages and disadvantages of biodiesel production techniques [6,9,21,24,26,27].

Production Techniques Advantages Disadvantages

Dilution

• Easy to produce
• Does not cause pollution
• Low capital and production cost

• Products suffer from low volatility, poor
atomization, and high viscosity

• Causes the plugging of injector nozzles
and fuel lines

• Results in incomplete fuel combustion
and increased pollution

• Increased emission of smoke and CO
• High engine wear and low engine

durability
• Gum formation
• Oil deterioration
• High cost of engine maintenance
• Lubricating oil thickening
• Inappropriate for CI engine
• Products coagulate at low temperatures
• High free fatty acid

Microemulsion

• Lower NOx emissions
• Generation of fuel with reduced

viscosity and better liquidity
• No generation of derivatives
• Generation of quality fuel

• Improper and incomplete combustion
• Deposition of carbon residue in the

engine
• Occasional injector needle sticking
• Thickening of lubricating oil

Pyrolysis

• Highly versatile process
• Easy process
• Satisfactory physicochemical properties

of products
• Generation syngas and other

value-added by-products
• High product yield

• High production cost
• Complex equipment requirement
• High cost of equipment
• Low oxygen content of the product
• Involves elevated temperatures
• Product contains sulfur
• No environmental benefits
• High carbon residue
• Lower fuel purity

Transesterification

• Simple process
• Allows feedstock flexibility
• Moderate production conditions
• Product meets international standards
• Lower operation cost
• Industrial-scale production
• Properties of biodiesel produced similar

FB diesel fuel
• Flexibility in catalyst selection

• Several separation processes needed
• High moisture content in product
• Generation of adulterated product
• Expensive catalysts
• Production of wastewater
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Table 4. Cont.

Production Techniques Advantages Disadvantages

Superfluid/ supercritical

• Fast reaction rate
• High conversion efficiency
• No need for a catalyst
• Production efficiency
• Low cost
• Energy-efficient process

• High cost of apparatus
• High reaction temperature and pressure
• Denatured biodiesel generated

Moreover, since the spent catalyst must be removed from the product at the end of
the reaction, time, energy, and water are expended during the catalyst removal process. To
reduce the cost and environmental impact of commercial catalysts, researchers have turned
attention to the use of waste-derived heterogeneous catalysts. Food wastes, crop residues,
and agricultural wastes are now converted and developed into catalysts for biodiesel
production. These efforts not only reduce the cost of production, and ensure the proper
disposal of wastes, but also reduce the number of wastes at dumpsites and contribute
to ecological sustainability [9,32]. At the end of the transesterification process, the spent
solid catalysts are separated from the products by using a laboratory filter paper and
reused. Products of the transesterification process must be purified to meet the established
international standards, particularly the ASTM D6751 and EN 14214.

3. Modes of Biodiesel Production in Reactor Technologies

Transesterification is the most widely used method for biodiesel production. Basically,
there are four steps involved in biodiesel production via transesterification. The first step
is the collection of the feedstock, reagents, and other materials needed for the process. In
this stage, the production reaction parameters and conditions are also determined and
implemented in the reacting vessel. When the process in the reacting vessel is completed,
the second step, which involves separating the slurry comprising the crude biodiesel, glyc-
erol, catalyst, excess methanol, and other water is activated. This involves the use of the
difference in densities to achieve phase separation among the resultant slurry. During this
process, one of the major and predominantly low-cost gravity separation techniques includ-
ing filtration, centrifugation, floatation, decantation, or sedimentation is deployed [48,49].
The heterogeneous catalyst is recovered in this stage for reuse.

In the third step, crude biodiesel is subjected to gentle heating with stirring to remove
unreacted alcohol and excess moisture trapped in the biodiesel. In the fourth and final step,
the biodiesel is purified to further remove any undesirable compounds such as the catalyst,
soap, unconverted triglyceride, and moisture. The purification can involve the use of wet
or dry washing methods, membrane filtration, and evaporation to obtain clean biodiesel.
The biodiesel produced at this stage must meet the ASTM D6751 and EN 14214 standards.
The wet washing purification process, though most frequently used, extends production
duration, requires a large volume of clean water, and generates lots of wastewater. The
treatment and disposal of wastewater and the drying of the water-washed biodiesel are
energy-intensive and expensive. Drying washing is more ecofriendly, does not require
water, and produces fuel of better quality when compared with wet washing. However, the
cost of adsorbents and other additional apparatus makes the process uneconomical. The
membrane separation technique, though still largely undeveloped and not commonly used,
is environmentally benign, consumes less energy, requires no chemicals, and generates high
quality products [50–52]. The biodiesel generation processes can be intensified by the use
of reactor technologies. The deployment of reactor technologies contributes significantly to
ensuring the mass production of biodiesel.

A reactor is a device or vessel with compartments where chemical reactions take
place for the transformation of raw materials into desired products under specific and
predetermined conditions. A reactor can also be an enclosed volume, an apparatus, or
a specialized container where specific chemical reactions take place under a controlled
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atmosphere. A good reactor must contain mechanisms or facilities for the injection of the
raw materials and other reagents, provide enough residence time for the chemical reaction
to take place, and discharge the products. There must be facilities for heat addition and
heat removal, safe operation and maintenance, and effective control to ensure operational
safety, effectiveness, and an acceptable level of productivity. To achieve an optimum reactor
operation, effective performance, and high product yield, the design stage must consider
the configuration, construction materials, cost, reaction kinetics, heat and mass transfer,
reaction parameters, and the environmental sustainability of the reactor [53,54]. A reactor
can be operated either as a batch or a continuous process. In recent years, some researchers
have reported an amalgamation of the batch and continuous process, which they dubbed
the semi-batch/semi-continuous process to overcome some technical and operational
associated with both batch and continuous production of biodiesel by transesterification.

3.1. Batch-Mode Reactors

The batch-mode reactors are the oldest, most convenient, and most popular method of
biodiesel synthesis. The batch-mode reactor of biodiesel production was developed from a
laboratory-scale production process by the optimization of the production parameters [16,55].
It involved the upgrading of the laboratory-scale production into commercial and industrial
production scale to meet the increasing demand for biodiesel. The main feature of a batch
production method is the intermittency of the process. There is no continuous flow of
materials into and out of the reactor during the production period. Rather, a known quantity
of raw materials is injected into the reaction and allowed to be converted into the desired
product in a specified period. At the end of the process, the resultant slurry is allowed to
exit the reactor and transmitted for separation, purification, and further processing [56].
When operating under the batch production mode, there is control of the inflow, adequate
mixing of the reactants, and monitoring of the outflow of the materials. Despite the
simplicity in the design and operation of batch reactors, the major drawbacks of the process
include a longer residence time, a high operation cost, higher energy consumption, and
large space requirements [57]. Figure 5 shows 20 L [58] and a 70 L [59] batch reactors for
biodiesel production.
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3.2. Semi Batch-Mode Reactors

In the semi-batch/semi continuous mode reactor, there is the intermittent addition or
removal of one more reagent or product during the process. There can also be a variation of
the reaction parameters as the reaction proceeds. For example, more feedstock or methanol
can be introduced into the reactor during the process to improve the reaction rate or product
yield. In this way, the reaction equilibrium is altered in support of biodiesel formation
by the gradual removal of the product during the process. Similar to the batch process,
the semi-batch mode is characterized by a high operation cost, low production rate, and
high energy consumption. There is a high rate of human intervention during the process
leading to a highly strenuous and labor-intensive process [60–62]. Figure 6 shows the
schematic diagram of a semi-continuous flow reactor for biodiesel production as reported
by Malpartida et al. [63].
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3.3. Continuous-Mode Reactors

The continuous mode reactor allows for the continuous inflow of reactants into the
reactor and the simultaneous outflow of the products from the system throughout the oper-
ation period. After the initial loading of the reactor with feedstock, catalyst, and methanol,
the process is initiated and agitated at the required speed to ensure a homogeneous mixing
of the reactants, adequate mass, and heat transfer. At the expiration of the set residence
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time, the reactants are converted into products and allowed to flow out of the reactor. The
process continues almost seamlessly with little or no human intervention [54,64]. The
process is inbuilt with mechanisms set up to control the inflow of feedstock, catalyst, and
methanol, monitoring agitation speed, residence time, and discharge of the resultant slurry.

It must be noted that the biodiesel production industry is moving towards a continuous
mode of production and the use of automation and other innovative technologies to
ensure large scale and industrial biodiesel production processes. When compared with
the batch production process, the continuous production of biodiesel is achieved at lower
operating costs, a reduced energy consumption, and with a less labor-intensive process [65].
The deployment of a continuous flow reactor for biodiesel synthesis increases the mass
interfacial transport between methanol and oil leading to the synthesis of quality products
at the lowest cost per unit volume of fuel [66]. Figure 7 shows the schematic representation
of a continuous flow reactor for biodiesel production as presented by Buasri et al. [67] while
Table 5 compares the three modes of the reactor operation for biodiesel production.
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Table 5. Merits and demerits of batch, semi-batch, and continuous reactors.

Reactor Modes Process Description Merits Demerits Ref.

Batch

• A specified quantity
of reactants is allowed
into the reactor

• No materials added
during the process

• The entire slurry is
emptied at the end of
the process

• Simple to operate
• Monitoring of inflow

and outflow of
materials

• Can be upscaled
• Adequate mixing of

the reactants
• Good flexibility
• Enough residence

time for product
formation

• High operation cost
• High energy

consumption
• Large space

requirements
• Slow process
• Highly laborious
• Product quality

depends on each
batch

• Long residence time

[16,55–57]

Semi-batch

• Intermittent addition
or removal of
reactants or products
during the process

• Variation of
production
parameters during
the reaction

• High production rate
• Easy monitoring
• Better control
• Reduce material

wastage
• Highly flexible
• Improved production

rate
• Moderate space

requirements
• Moderate operation

cost
• Better heat transfer
• Faster production

reaction
• High selectivity

• Expensive operation
cost

• High energy
consumption

• Lower versatility
• Highly strenuous
• Labor-intensive

process

[60–63]

Continuous

• Continuous inflow of
raw materials

• Continuous outflow
of finished products

• Presence of
mechanisms for the
control of reactants
addition and
residence time

• Low cost of operation
• Low space

requirement
• Production of quality

product
• Less energy

consumption
• Better heat and mass

transfer
• Fast rate of reaction

• Opportunity to scale
up

• High selectivity
• Low versatility
• High initial cost of

automation
technologies

[64,65]

4. Tubular Reactor Technologies for Biodiesel Production

Reactor technologies for the conversion of feedstocks into biodiesel by transesterifica-
tion are classified by various factors. Some of these factors include the mode of operation,
operating conditions, phase numbers, mixing systems, nature of reactants and products,
operating temperature and pressure, production size, residence time, mass transfer, heat
exchange, and control system.

The tubular or plug-flow reactors are the simplest form of reactor technology for
biodiesel production. In this type of reactor technology, reactants and reagents are fed
into the reactor through the inlet and are allowed to spend some time in the reactor before
being allowed to flow out from the outlet at a constant velocity. The mixing of the reactants
and reagents takes place in the tubes or pipe fittings. At a constant velocity, the longer the
length of the pipes, the longer the mixing time and the longer the residence time. However,
the length of the mixing device and the residence time can be adjusted by altering the
system pressure. Moreover, an increase in the viscosity of the mixture of the reactants and
reagents will lead to laminar flow in the tubular reactors. The improvement in the reaction,
length of the mixing device, and reactor size can be achieved by deploying various mixers
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such as in-line mechanical mixers, static mixers, and other injection devices. Moreover, the
application of static mixers ensures effective radial mixing of multiple immiscible flowing
liquids. Figure 8 shows the different configurations of static mixers. The suitability of a
typical static mixer is determined by the type of reaction, reaction temperature, reactor
configuration, Reynolds number, and viscosity of the fluids. These configurations facilitate
the efficient transesterification of the different oils used as feedstock.
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When compared with other reactor technologies, tubular reactors are more efficient,
require minimum maintenance, and ensure the fast and homogeneous mixing of the fluids.
They are not capital intensive and require less space for the construction. Reactors operating
on the tubular technology can be used at high pressure and under steady-state conditions.
The reactor technology allows continuous operation over a long period and easy product
separation. This ensures adequate product separation and recovery of excess methanol
and unreacted oils for recycling. Moreover, there is a short residence time when using
tubular reactors due to the reduced length of the reactor [68,69]. However, there is a
noticeable temperature and pressure drop during the reaction and between the inlet and
the outlet points. Moreover, these reactors experience significant temperature changes at
different points between the inlet and outlet. Moreover, the reactor requires a large length-
to-diameter ratio and a limitation for the Reynolds number. In most cases, tubular reactors
require a slow mixing process which often leads to large hold-ups and clogging [21,70].
Notable examples of tubular/plug flow reactors include packed bed reactors, fluidized bed
reactors, trickle bed reactors, oscillatory flow reactors, and micro-channel reactors.

4.1. Packed Bed Reactors

Packed bed reactors, also known as fixed bed reactors, are one of the most used tubular
reactors in chemical industries, especially for biodiesel production using heterogeneous
catalysts. They can also work in the supercritical mode for improved biodiesel production.
During the transesterification process for biodiesel production, the packed bed reactor
provides a substrate for enzyme immobilization to improve production. Much more than
the size or volume of the reactor, the amount of the solid catalyst in the tube influences the
conversion of the feedstock into biodiesel [21]. The reactors are in tubular forms and the
tubes are filled with packing materials including heterogeneous catalysts and activated
carbon. The performance of a packed bed reactor is greatly affected by the catalyst particle
size, bed structure, and the spaces between catalyst particles. The arrangement of the
packing materials is governed by factors such as (i) physical attributes of the tube, (ii) the
shape, size, and the surface structure of the catalyst, and (iii) the intensity, method, and
speed of deposition [71]. Figure 9a shows the schematic representation of a packed bed
reactor while (b) shows a packed bed reactor for biodiesel production [72].
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Figure 9. Packed bed reactor. (a) schematic representation; (b) a packed bed reactor for biodiesel
production. Adapted from [72].

With packed bed reactors, the higher conversion efficiency of oils per unit of solid
catalysts is feasible and shortens the residence time. Another major benefit of using packed
bed reactors is the downstream elimination of catalysts from the product since the catalysts
are packed in the tube. According to Sakdasri et al. [73], the greatest advantage of the
deployment of packed bed reactors is their high conversion efficiency and ability to use
heterogeneous catalysts. Despite these advantages, the reactor suffers from acute and
sudden pressure drops, increased cost of operation, and high energy consumption. The
pressure drops can be attributed to fluid friction, fluid viscosity, and reactor tube length.
Because of these advantages, several researchers have utilized packed bed reactors for
biodiesel production.

4.2. Fluidized Bed Reactors

Fluidized bed reactors, also known as expanded bed reactors, are the most popular
configurations employed for the conversion of oils into biodiesel on a laboratory or com-
mercial scale. The basic principle of the operation of a fluidized bed reactor involves a
fluidization medium (gas or liquid) made to flow through the bed of solid reactants at
a velocity high enough to suspend the solid and make it behave as a fluid. The reactor
consists of a reservoir and a column. The reservoir is for the housing and preparation of
the liquid feedstock while the column consists of a calming section, distributor, fluidized
bed, and freeboard. The calming section helps to equalize the liquid feedstock flow while
the distributor creates enough pressure difference across the fluidized bed. At a low fluid
velocity, the particle in the vessel is stagnant, similar to the packed bed reactors. However,
as the fluid velocity increases, the drag force will overcome the weight of the fluid and
propel the particles into an upward movement which signifies the start of the fluidization
process. At a higher fluid velocity, the particles expand and swirl around and upward in the
fluidized bed. The freeboard disallows the catalyst from flowing out of the column [21,74].
Figure 10a shows the schematic representation of a packed bed reactor while (b) shows a
packed bed reactor for biodiesel production as used by the authors of [75].
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Figure 10. (a) schematic representation of a fluidized bed reactor; (b) a typical fluidized bed reactor
for biodiesel production. (1 = reactor; 2 = reactor column; 3 = substrate reservoir; 4 = product vessel;
5 and 6 = peristaltic pumps; 7 = thermostatic bath; 8 = reflux condenser). Adapted from [75].

Fluidized bed reactors have become popular for the transesterification of oil into
biodiesel due to their ability to ensure uniform particle mixing, uniform temperature
gradients, and the ability to be operated effectively on a continuous scale [76]. However,
the sudden pressure loss in the column creates a pressure loss scenario and the possible
erosion of internal components. Moreover, due to the likely expansion of the bed materials
in the reactor, there is a need for an increment in the reactor size and consequently, the cost
of the reactor construction. Other disadvantages of fluidized bed reactors include a high
operating cost, reactor wall erosion, the likelihood of particle entrainment, and high catalyst
attrition [77]. The practical application of a fluidized bed reactor by Kutálek et al. [78],
Fidalgo et al. [75], and Wang et al. [79] yielded a biodiesel conversion efficiency of 77%,
98.1%, and 91.5% respectively.

4.3. Trickle Bed Reactors

Trickle bed reactors are some of the most used industrial reactors in chemical and
related industries including the electrochemical, petroleum, petrochemical, coal, pharma-
ceutical, oil and gas, waste treatment, and biochemical processes. A notable application of
trickle bed reactors includes the conversion of vegetable oil into biodiesel, hydrogenation
of biooils, polymerization of monomers, purification of feedstocks, and manufacturing of
pharmaceuticals [80]. It is a continuous system where liquids are made to flow through a
packed bed containing a packing medium. There is a platform for the solid, liquid, and gas
based on gravity or pressure forces.

The trickle bed reactors for biodiesel production consist of a tubular tank and structure
for solid catalysts at the base of the reactor [81]. The feedstock is introduced from the top of
the column while the alcohol can be fed either top or bottom. The heating jacket mounted
at the reactor wall helps to maintain the reaction temperature. The continuous heating
ensures that the alcohol is vaporized while the unreacted alcohol can be separated from
the product. The outlet at the top of the reactor allows for alcohol gas recycling while the
outlet at the bottom of the reactor is for the products and unreacted oil to flow out [82].
Figure 11a shows the schematic representation of a trickle bed reactor while Figure 11b
shows a typical trickle bed reactor for biodiesel production as used by Jindapon et al. [83].
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Figure 11. (a) Schematic representation of a trickle bed reactor; (b) a typical trickle bed reactor for
biodiesel production. Adapted from [83].

Major advantages of using trickle bed reactors include simplicity in operation even at
a high temperature and pressure, high catalyst loading per unit volume, and low capital
and operating costs. Moreover, trickle bed reactors can be used for diverse applications
and can accommodate a large volume of production. When used for biodiesel production,
trickle bed reactors ensure a higher feedstock conversion rate and improve product produc-
tivity [81]. Despite these benefits, trickle bed reactors suffer from poor heat transfer rate,
limited diffusion among particles, and unequal fluid distribution. Trickle bed reactors are
difficult to scale up and controlling vessel parameters might pose a huge challenge [84].
In research, Muharam et al. [80] reported a 78.22% conversion efficiency while Jindapon
et al. [83] reported a biodiesel yield of 92.3% and a product purity of 93.6%.

4.4. Oscillatory Bed Reactors

This type of tubular reactor contains equally spaced tubes with orifice plate constric-
tions arranged to generate oscillatory flow with intermittent changes in the flow direction
using a piston drive. This unique oscillation motion produces vortex mixing that results in
the filling of the entire cross-section of the baffles cavity due to fluid obstruction. The config-
uration of the baffles, rather than the Reynolds number of the fluid, plays an important role
in the effectiveness of the reactor. Typically, baffles can be of helical, axial, integral, or wire
wool configurations with a tube diameter of less than 15 mm to ensure vigorous mixing
and to minimize frictional loss. For the purpose of biodiesel production from vegetable oil
using heterogeneous catalysts, a tube diameter of about 5 mm is recommended to minimize
the overbearing construction and feedstock costs. In the same vein, an oscillatory Reynolds
number of 10 is adequate to ensure turbulent flow in the tube [85].

The use of oscillatory flow reactors ameliorates the challenges associated with the de-
ployment of conventional flow reactors by ensuring vigorous mixing, superb heat transfer,
and an excellent plug flow experience. The flow generated by the oscillatory motion is
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not affected by the net flow rate, the residence time, and the hydrodynamic properties of
the slurry. Similarly, the moderation of the net flow rate ensures a smaller reactor volume,
a compact setup, minimizes space requirement, and guarantees quality mixing [86]. To
achieve efficient and economically viable biodiesel production, oscillatory flow reactors
should have a short length/diameter ratio [87]. Figure 12a depicts the schematic represen-
tation of an oscillatory flow reactor while Figure 12b shows a typical oscillatory flow for
biodiesel production as reported by Masngut et al. [88].
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Figure 12. (a) Schematic representation of an oscillatory flow reactor; (b) a typical oscillatory flow
reactor for biodiesel production. Adapted from [88].

When compared with conventional reactors, oscillatory flow reactors consume less
energy and generate less waste. They also offer improved mixing efficiency and better mass
and heat transfer. The reactor can be operated on both baths and continuous modes offer
process flexibility and can easily be scaled up to accommodate increased production [89].
However, the oscillatory flow reactor suffers acute pressure drops as a result of persistent
frictional loss. The generation of gas bubbles during operation dampens the oscillations
and upsets the plug flow [90].

4.5. Micro-Channel Reactors

Micro-channel reactors are another type of tubular reactor using micro-channel tech-
nology for processing chemicals and other diverse applications. They are made up of
narrow channels or tubes, in the millimeter range, which allow a high surface/volume ra-
tio, minimize diffusion length, and improve mass and heat transfer. The flow of fluid in this
type of reactor is orderly, predictable, and measurable, which also requires a lengthy pipe to
ensure thorough mixing [91]. The requirement of a lengthy mixing path is a challenge that
is addressed by the application of passive micromixers. The deployment of micromixers of
diverse configurations and arrangements achieves an improved contact surface through the
mixing of two or more liquids. For example, serial lamination micromixers split the inlet
flow and merge them first horizontally and then vertically. For injection micromixers, the
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oil is allowed to split into substreams before the injection of methanol through a collection
of nozzles. Droplet micromixers employ an internal flow field to ensure the mixing of the
liquids and transport them by capillary effects, pressure gradient, and flow instability of
two or more fluids [92,93].

When compared with conventional reactors, micro-channel reactors demonstrate a
high surface/volume ratio, better heat and mass transfer, and improved homogeneous
fluid mixing. This type of reactor also allows a shorter reaction duration, less degradation,
better scalability, and easier optimization and monitoring. With micro-channel reactors,
there is an opportunity for more precision reaction control, selectivities, better conversion
efficiency, faster reaction speed, and improved product yield. Moreover, temperature
control is easier and more precise, safer, and allows for prompt phase separation [94,95].
However, the micro-channel reactors can handle a limited volume of feedstock at a time
due to the small volume of the tubes. They are also prone to intermittent clogging, fouling,
tube blockage, and corrosion. Other drawbacks of this type of reactor include a high rate of
leakages between channels and the prohibitive cost of building the reactor. Because the
micro-channel reactors are small, they are not usually applied at an industrial scale [64,96].
Figure 13a depicts the schematic representation of a micro channel reactor while Figure 13b
shows a typical micro channel reactor for biodiesel production as reported by Baydir and
Aras [97].

1 

 

 

Figure 13. (a) Schematic representation of a micro channel reactor; (b) a micro channel for biodiesel
production. Adapted from [97].

Generally, tubular reactors are some of the simplest and easy to construct and operate
chemical reactors for biodiesel production. They are cost effective, environmentally friendly,
and safe to operate. They can be operated both on batch and continuous modes, are easy to
clean, and ensure a high product yield. The quality of the product generated by tubular
reactors meets international standards. Though some of them suffer from sudden pressure
drops, and high catalyst attrition, they nonetheless find practical industrial applications.
Table 6 shows the major benefits and drawbacks of tubular reactors.

207



Bioengineering 2022, 9, 347

Table 6. Benefits and drawbacks of tubular reactors.

Tubular Reactor Type Benefits Drawbacks Ref.

Packed bed

• Compatibility with an
elevated temperature and
pressure

• High conversion efficiency
• Better product yield
• Easy and simple to operate
• Cost effective
• Safety

• Prone to clogging and wall erosion
• Difficult to monitor and control the

temperature
[76,98]

Fluidized bed

• Effective mixing
• Compatible with batch and

continuous modes
• Low chance of tube clogging
• Uniform temperature
• Improved heat and mass

transfer
• Easy feeding of catalysts

• Expensive to build and operate
• Large sudden pressure drops
• Catalyst attrition
• Reactor wall erosion and corrosion

[99,100]

Trickle bed

• Effective product separation
• Low catalyst attrition
• Simple to operate
• Ease of catalyst separation

• Ineffective control of reaction
parameters

• Difficult scalability
• Prone to clogging and wall erosion

[81,101]

Oscillatory flow

• Low construction and running
costs

• High product yield
• Compatible with batch and

continuous modes
• Effective mixing
• Improved heat and mass

transfer

• Complex design
• Not mature for industrial

applications
[86,90]

Micro-channel

• High product yield
• Maximum mixing achievable
• Low maintenance
• Easy to clean and operate
• Improved product quality

• High cost of construction
• Longer lengths of tubes

[102,103]

5. Recent Applications of Tubular Reactors for Biodiesel Production

Biodiesel production has been intensified through the application of reactors to meet
the ever-growing demand for quality biodiesel. The use of glassware in the laboratories
has not only proved inadequate and time-wasting but also not replicable in most cases.
The quality of the product cannot be guaranteed after each production cycle due to many
factors. Therefore, to ensure uniformity in standards, increased production efficiency,
and cost-efficient production, there is critical need to adopt some proven intensification
processes [54]. The use of reactors is one of the biodiesel intensification processes. For
the industrial and mass production of biodiesel, the use of tubular or plug flow reac-
tors has been massively exploited. The application of tubular reactor technologies for
biodiesel production ensures cost effectiveness, improves the production rate, and allows
the use of innovative technologies. Though the initial financial investment in reactor con-
struction might be daunting, in the long run, the cost per liter is significantly lower than
laboratory-scale production. There are opportunities for scaling-up, process optimization,
reproducibility, quality assurance, and minimum human intervention with tubular reactor
technologies [57,94]. Table 7 shows the compilation of the deployment of tubular reactor
technologies for the production of biodiesel.
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In recent research, Zik et al. [104] deployed a packed bed reactor to produce biodiesel
from waste cooking oil (WCO) using CaO derived from chicken bones as a catalyst. Working
at a reaction temperature of 65 ◦C, methanol:oil ratio of 6:1, and a mixing speed of 600 rpm,
a biodiesel yield of 98.4% was recorded. In another study, Hashemzadeh Gargari and
Sadrameli [72] used a packed bed reactor to transesterify linseed oil into biodiesel in the
presence of methanol and CaO. The reaction yielded 98% biodiesel of acceptable quality and
compatible with ASTM D 6751 and EN 14214 standards. Similarly, Talha and Sulaiman [105],
Ani et al. [106], Akkarawatkhoosith et al. [107], and Jindapon et al. [108] recorded 95%,
72.5%, 99%, and 95% when a packed bed reactor was used to convert various feedstocks
into quality biodiesel. The authors were unanimous in affirming the ease of operation,
moderate operating conditions, high product yield, and operational advantages derived
from the use of a packed bed reactor for effective biodiesel production.

The use of a fluidized bed reactor for biodiesel production has been investigated and
found to be operationally feasible by various researchers in recent times. Using a magnetic
whole-cell biocatalyst, Chen et al. [109] converted pretreated WCO into quality biodiesel
in a novel magnetically fluidized bed reactor with a column internal diameter of 100 mm
and 950 mm length. With a reaction temperature of 35 ◦C and a catalyst concentration
of 12 wt%, a biodiesel yield of 91.8% was achieved. In another study, Zhou et al. [110]
utilized a fluidized bed reactor to synthesize soybean oil into biodiesel using a magnetic
chitosan microspheres-immobilized lipase as a catalyst. The reactor consisted of a glass
column of 30 mm inner diameter and 400 mm height maintained at 35 ◦C for 72 h and a
25 mL/min fluid flow rate. At the end of the reaction, a biodiesel yield of 82% was recorded.
A product yield of 98.1% and simultaneous glycerol separation and removal were recorded
when a 42.4 cm3 glass tube fluidized bed reactor was deployed for the transesterification of
babassu oil into biodiesel [75]. The generated biodiesel was of good quality and in line with
international standards. Similar results were recorded by Liu et al. [111] when methanol
and 16 wt% magnetic whole-cell biocatalysts were used to transesterify waste frying oil
into biodiesel in a fluidized bed reactor. The results of these investigations confirm the
feasibility of a fluidized bed reactor to improve biodiesel yield, glycerol removal, and
catalyst stability in tolerable reaction conditions. The generated biodiesel was of acceptable
quality and complied with the ASTM D6751 and EN 14214 standards.

A 91 mL thermally insulated trickle bed reactor was applied for the production of
biodiesel from rapeseed oil, methanol, and a heterogeneous Ca/Al oxide composite catalyst.
The transesterification process progressed significantly well in the reactor leading to simul-
taneous biodiesel and glycerol separation and collection with over 94% biodiesel yield [112].
Moreover, Son and Kusakabe [113] used a trickle bed reactor (internal diameter = 16 mm,
height = 200 mm) for the conversion of low-grade used sunflower oil into biodiesel using
CaO as a catalyst. The authors reported a 98% biodiesel yield and the continuous separation
of excess methanol and glycerol from the product. Jindapon et al. [83] achieved a 92.3%
product yield when methanol and calcined dolomitic rock were used as raw materials to
transesterify palm oil to quality biodiesel in a trickle bed reactor (glass column with an
internal diameter of 3 cm and 40 cm long). The authors listed high biodiesel yield, better
glycerol quality, recovery of excess methanol, and removal of glycerol as the novel benefits
of the process.

Using a 15 L cylindrical oscillatory flow reactor, NaOH catalyst, and methanol, García-
Martín et al. [114] converted WCO into biodiesel and tested the fuel in a 140 hp EURO4 test
bed engine. The easy to operate and energy-efficient reactor achieved 72.5% product yield,
easy separation of glycerol from the product, and the generated fuel met ASTM D6751 and
EN 14214 standards. In a similar vein, Kefas et al. [115] deployed an oscillatory flow reactor
to convert palm fatty acid distillate and modified sulfonated glucose catalyst into biodiesel
using methanol as alcohol. At the end of 50 min residence time and a reaction temperature
of 60 ◦C, a biodiesel yield and conversion efficiency of 94.21% and 97.1%, respectively, were
achieved. The same pattern of results was obtained when Soufi et al. [116], Phan et al. [117],
and Santikunaporn et al. [118] achieved 81.9%, 97%, and 99.7%, respectively, when they
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engaged an oscillatory flow reactor to generate biodiesel from vegetable oils. The authors
listed an enhanced product yield, uniform mixing, low and uniform shear, improved heat
and mass transfer, compact reactor design, and linear scalability as some of the benefits of
using oscillatory flow reactors for biodiesel production [90].

The use of a microchannel reactor for biodiesel generation has been investigated by
various researchers. Mohammadi et al. [119] used soybean oil, 5 wt.% calcined CaO, and
methanol (methanol:oil ration of 12:1), at 65 ◦C for 5 min. The reactor had a 52% biodiesel
yield after 5 min, which was a significant improvement from the conventional reactor.
Wen et al. [120] used a 316 L stainless steel micro-channel reactor to generate methyl ester
from soybean oil using NaOH and methanol. The process was maintained at 56 ◦C and a
biodiesel yield of 99.5% was achieved after 28 s. This is a significant improvement over
conventional reactors, in terms of short residence time and product yield. The works of
Azam et al. [121], Dai et al. [103], and Kaewchada et al. [122] in achieving biodiesel yields of
100%, 99.5%, and 97.14%, respectively, attest to the viability of the micro-channel reaction
for biodiesel production.

6. Chemical Kinetics of Biodiesel Production by a Tubular Reactor

The tubular reactor is the simplest reactor to achieve the transesterification of triglyc-
erides to biodiesel [123]. Transesterification is a slowly reversible reaction. The forward
reaction is achieved with a lower activation energy than the backward reaction, and there-
fore favors the conversion of feedstock to biodiesel [124]. As shown by the reactions in
Figure 4, the two intermediate compounds formed during transesterification are diglyc-
erides (DG) and monoglycerides (MG). The final products, i.e., biodiesel and glycerol
(GL) are generated during the third stage due to the consecutive reversible reaction in-
volved in the transesterification of triglyceride (TG) to biodiesel. However, many factors
can contribute to reducing the activation energy, influencing the forward reaction, and
consequently increasing product formation.

The transesterification reaction is greatly influenced by the quantity of alcohol present
in the reactor. Raheem et al. [125] reported that excess methanol in the reacting chamber
enhances the speedy conversion of DG and MG to FAME particularly when the ratio of
methanol to oil exceeds the stoichiometric value. The chemical kinetic study of transesteri-
fication is a process of three orders. The compound of the second order chemical kinetic of
transesterification is developed from the first order. Equations (1)–(3) show the kinetics of
the chemical process [125]:

I1 = k1 CTG·CMOH − k−1 CDG·CFAME (1)

I2 = k2 CDG·CMOH − k−2 CMG·CFAME (2)

I3 = k3 CMG·CMOH − k−3 CGL·CFAME (3)

where I = Specific reaction rate (mol g−1 min−1),
C = Concentration (mol−1),
ki = Reaction rate constant forward reaction (I2 mol−1 min−1 g−1),
k−i = Reaction rate constant for reverse reaction (I2 mol−1 min−1 g−1)
The conversion of Equations (1)–(3) into yields Equations (4)–(6), respectively.

− d[TG]

dt
= k1[TG][CH3OH]− k−1[DG][FAME] (4)

− d[DG]

dt
= k2[DG][CH3OH]− k−2[MG][FAME]− k1[TG][CH3OH]− k−1[DG][FAME] (5)

− d[MG]

dt
= k3[MG][CH3OH]− k−3[GL][FAME]− k2[DG][CH3OH]− k−2[MG][FAME] (6)
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The combination of Equations (4)–(6) yields Equation (7):

K1 =
k1

k−1
(7)

K2 =
k2

k−2
(8)

K3 =
k3

k−3
(9)

The first order chemical kinetic design model measures the effect of time and reaction
temperature on the conversion process. With the negligible impacts of the catalyst con-
centration, the first step of the process is assumed to be the forward reaction only while
the backward reaction is neglected. The conversion rate for the irreversible first order
kinetics is shown in Equation (10). When t = 0, ln[TG]0 = 0 but as the [TG]0 approaches
1.0 mol/dm3, the [TG]t is the percentage of biodiesel yield at time, t. The conversion of TG
to FAME is defined as XFAME (Equation (11)) [125]:

− ra =
−d[TG]

dt
= k[TG]× [CH3OH]3 (10)

XFAME = 1 − [TG]

[TG]0
(11)

The irreversible second order chemical kinetic model gives the conversion rate as
shown in Equations (12) and (13), with k as the rate constant.

− rA =
−d[TG]

dt
= k × [TG]2 (12)

dXFAME
dt

= k[TG]0(1 − XFAME)
2 (13)

The reversible second order chemical kinetic model ensures there is adequate collision
and reactions between the reactants in the overall reaction process for the continuous
production of biodiesel. These collisions must be at the required process conditions. The
combination of Equations (14) and (15) helps to achieve Equation (16) [126,127].

[TG] = ([TG]0 − XFAME) and [CH3OH] = [CH3OH]− XFAME (14)

d[XFAME]

dt
=

k1k3

k2
([TG]0)g([CH3OH]− XFAME (15)

y(t) =
1

[CH3OH]0 − [TG]0
ln
[TG]0[CH3OH]0 − XFAME

[CH3OH]0[TG]0 − XFAME
=

k1k3

k2
t (16)

Generally, a higher temperature increases the appropriate energy required to ensure a
more effective collision among the reacting molecules and ensure the digestibility of the
reactants. In a tubular reactor for biodiesel production, the tubes must be properly lagged
and none of the reactants must be exhausted. Designing and understanding the chemical
kinetics that govern the transesterification reaction will accelerate biodiesel production,
especially when combined with the use of tubular reactor technologies.

7. Implications and Future Perspectives

While it is incontrovertible that the deployment of a tubular reactor will escalate the
production of biodiesel, the impact of such an increment should not be lost. Undoubtedly,
the use of tubular reactor technologies will ensure the democratization of biodiesel produc-
tion and utilization, popularize the use of biodiesel for diverse applications, allow countries
to move away from the use of FB fuels, create employment and other socioeconomic bene-
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fits, and ultimately slow down environmental degradation [128]. However, there are direct
and indirect impacts of the deployment of tubular reactor technologies for the acceleration
of biodiesel production on various aspects of our lives and environment.

Acceleration of biodiesel production will increase the use of biodiesel as internal com-
bustion engine fuel thereby improving engine performance and mitigating the emission of
CHGs and the environmental pollution associated with FB fuels. The use of waste cooking
oil, waste animal fats, recovered kitchen fats, and other forms of wastes as feedstock for
biodiesel production will improve sanitation, contribute to waste management, and reduce
the contamination of aquatic and terrestrial habitats. Converting these wastes to biodiesel
will also improve air quality, eliminate unpleasant odors, prevent the breeding of flies and
other disease-causing pathogens, and improve human health [129,130]. Acceleration of
production and utilization of biodiesel will, however, increase the emission of NOx from
internal combustion engine tailpipes. There will also be increased water utilization for
biodiesel purification.

Though the cost per liter might reduce, the cost of capital investment will skyrocket as
a result of the deployment of tubular reactor technologies for the acceleration of biodiesel
generation. The total cost of biodiesel production includes the cost of raw materials, cost
of the plant, labor costs, cost of energy, etc. These are dependent of the production scale,
production technique, type of raw materials chosen, and location of the plant, among
others [131]. The cost of raw materials (feedstock, catalyst, chemicals, etc.) accounts for
about 70–80% of the total production cost of biodiesel. However, with the utilization
of used vegetable oil and waste animal fats as feedstock and the use of waste-derived
catalysts which are reusable for many production cycles, the cost of raw materials has
been significantly reduced. For example, the plant cost, consisting of reactor purchasing,
land acquisition, piping, instrumentation, installation, and electrical and auxiliary facilities
requires huge financial commitments and is second only to the cost of raw materials.
Bokhari et al. [132] and Karmee et al. [133] agreed that adapting biodiesel intensification
approaches will escalate the cost of production.

Other implications of tubular reactor technologies for biodiesel production are the
anticipated increment in net GHGs from land-use change, deforestation, food security,
water scarcity, and resource utilization. Though the tubular reactor ensures the quick and
effective mixing of fluids, a high product yield, and better heat and mass transfer, there are
legitimate concerns about process control and sustainability criteria. The increased need to
use a reactor for biodiesel production is to reduce the production cost, energy and water
requirements, reaction times, human intervention, and labor costs. The current ecological
burden, unpredictable product quality, lack of ability to meet ASTM and EN standards,
low conversion efficiency, and safety concerns associated with laboratory-scale biodiesel
production will be addressed with industrial-scale production.

To meet the expected market share of biodiesel, feedstock price, availability, volatility,
and accessibility are major factors. Feedstock that does not affect food change, nor requires
land and water should be developed, tested, and nurtured to maturity to guarantee mas-
sive biodiesel production. Such feedstock should be subjected to effective pretreatment
techniques to aid its digestibility and improve the conversion efficiency [134]. Compact
biodiesel production plants with less energy consumption, and a minimum carbon foot-
print but using innovative technologies are needed. Such plants must require minimum
human intervention and rely on robotics technology, artificial intelligence, and smart me-
tering. Novel manufacturing techniques and practices must be developed to construct
state-of-the-art reactors for biodiesel production.

Going forward, more investigations are needed to discover more advanced transester-
ification reactors with the capability to convert used vegetable oil, animal fats, and natural
oils into biodiesel. The use of locally available construction materials and methods for
reactors should be encouraged. Innovative, economic, and eco-friendly technologies must
be embraced to replace conventional methods with a view to improving the sustainability
of the process. The selection of appropriate, locally available, low-cost, and high-yielding
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feedstock is one of the most crucial criteria for sustainable and large-scale biodiesel pro-
duction. There must be deliberate efforts for the targeted sensitization of the populace
to improve the acceptability of biodiesel. The identified factors responsible for negative
attitudes and other social repellents of biodiesel among people from diverse socioeconomic
statuses must be addressed.

8. Conclusions

The use of tubular reactor technology for the intensification of biodiesel production is
key to ensuring improved production, commercialization, and the better-quality production
of biodiesel. The increased production of biodiesel will reduce the challenges associated
with the adaptation and utilization of biodiesel for diverse applications. The commercial-
ization, increased production, and utilization of biodiesel will benefit the environment,
assist in the diversification of the fuel base, provide viable alternatives to FB fuels, limit
the emission of GHGs, and slow down environmental pollution. The deployment of the
tubular reactor for biodiesel production will create employment, ensure environmental
cleanliness, prevent contamination of surface and underground water bodies, and increase
the utilization of the quality of biodiesel for diverse applications.

The production of biodiesel must be incentivized through provision subsidies, and
tax exemptions to encourage biodiesel refiners. Land must be made available for investors
to build industrial-scale tubular reactors to ensure the commercial generation of biodiesel.
More wastes must be brought into the feedstock basket to further bring down the cost of
raw materials for biodiesel production. The large-scale generation of biodiesel under a
circular economy must be escalated to enjoy the technical, sanitary, socioeconomic, and
environmental benefits associated with the application of reactor technologies for biodiesel
generation. The use of innovative technologies such as robots, smart metering, artificial
intelligence, machine learning, genetic algorithms, cloud computing, smart cameras, and
other modeling tools must be introduced into biodiesel research.
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Abbreviations

ASTM American Society for Testing and Materials
CI Compression ignition
DG Diglyceride
FAEE Fatty Acid Ethyl Ester
FAME Fatty Acid Methyl Ester
FB Fossil-based
FFA Free fatty acid
GHG Greenhouse gas
GL Glycerol
ICE Internal combustion engine
MG Monoglyceride
OECD Organization for Economic Cooperation and Development
R & D Research and Development
RT Reaction temperature
Rt Residence time
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TG Triglyceride
TWh Terawatt hour
WCO Waste cooking oil
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