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In this study, a novel modeling approach (artificial neural networks (ANN) and ant colony optimization
(ACO)) was used to optimize the process variables for alkaline-catalyzed transesterification of CI40CP60
oil mixture (40 wt% of Calophyllum inophyllum oil mixed with 60 wt% of Ceiba pentandra oil) in order to
maximize the biodiesel yield. The optimum values of the methanol-to-oil molar ratio, potassium hy-
droxide catalyst concentration, and reaction time predicted by the ANN-ACO model are 37%, 0.78 wt%,
and 153 min, respectively, at a constant reaction temperature and stirring speed of 60 °C and 1000 rpm,
respectively. The ANN-ACO model was validated by performing independent experiments to produce the
CI40CP60 methyl ester (CICPME) using the optimum transesterification process variables predicted by
the ANN-ACO model. There is very good agreement between the average CICPME yield determined from
experiments (95.18%) and the maximum CICPME yield predicted by the ANN-ACO model (95.87%) for the
same optimum values of process variables, which corresponds to a difference of 0.69%. Even though the
ANN-ACO model is only implemented to optimize the transesterification of process variables in this
study. It is believed that the model can be used to optimize other biodiesel production processes such as
seed oil extraction and acid-catalyzed esterification for various types of biodiesels and biodiesel blends.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

versus fuel dilemma. With the increasing global population, there
will be more people that need to be fed and therefore, producing

1.1. Importance of non-edible oils for biodiesel production

Biodiesels are promising diesel substitutes and they can be
produced from a variety of feedstocks such as edible oils (first-
generation biodiesels). Even though the production of biodiesels
from edible oils facilitates reducing the dependency on fossil fuels,
this approach has received worldwide criticism because of the food
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biodiesels from food crops may lead to food security issues and
inflation in food prices when food demand exceeds food supply.
The production of biodiesels from food crops may also require
increased acreage, which will lead to deforestation. In addition, the
cost of edible oils accounts for ~80% of the final price of the pro-
duced biodiesel.

In order to address these issues, much effort has been made to
produce biodiesels from non-edible oils (second-generation bio-
diesels). One of the inexpensive potential feedstocks for biodiesel
production is palm fatty acid distillate (PFAD), which is a processing
residue of crude palm oil (CPO) refinery plants. According to the
Malaysian Palm Oil Board (2018), ~649,459 tons of PFAD were
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List of abbreviations

ASTM American Society for Testing and Materials

ANN ACO Artificial neural network Ant colony algorithm

CCD CCIO CCPO Central composite design Crude Calophyllum
inophyllum oil Crude Ceiba pentandra oil

CICPB Calophyllum inophyllum-Ceiba pentandra biodiesel

CICPO Crude Calophyllum inophyllum-Ceiba pentandra oil
mixture

CICPME  Calophyllum inophyllum-Ceiba pentandra methyl
ester

CI20CP80 Crude Calophyllum inophyllum-Ceiba pentandra oil
mixture (20:80 wt¥%)

CI40CP60 Crude Calophyllum inophyllum-Ceiba pentandra oil
mixture (40:60 wt%)

CI60CP40 Crude Calophyllum inophyllum-Ceiba pentandra oil
mixture (60:40 wt%)

CI80CP20 Crude Calophyllum inophyllum-Ceiba pentandra oil
mixture (80:20 wt%)

CIME Calophyllum inophyllum methyl ester

CPME CPO Ceiba pentandra methyl ester Crude palm oil
cv Coefficient of variation

DOE Design of experiment

EN European standard

FAC Fatty acid composition

FFA MAPE PFAD RSM Free fatty acid Mean absolute
percentage error Palm fatty acid
distillate Response surface
methodology

produced in Malaysia in 2015, which is equivalent to 3.25% of PFAD
produced from processing 1 ton of CPO. Indonesia is a leading CPO
producer, producing 32.5 million tons of CPO in 2015, which cor-
responds to ~1 million tons of PFAD (Abdul Kapor et al., 2017).
Malaysia is the second-largest producer of CPO with a total plan-
tation area of ~5.64 million hectares (Abdul Kapor et al., 2017). Palm
trees produce 10—35 tons of fresh fruit bunches per hectare, which
yields about 5 tons of oil per hectare annually (Silitonga et al.,
2016). Many studies have been carried out to explore different
types of non-edible oils such as Calophyllum inophyllum, Ceiba
pentandra, Cerbera manghas, Hevea brasiliensis, Jatropha curcas,
Madhuca indica, and Sterculia foetida seed oils as well as fish waste
oils and waste cooking oils for biodiesel production including those
by (Dharma et al., 2016; Damanik et al., 2017; Hadiyanto et al., 2018;
Silitonga et al., 2018).

In recent years, efforts are being made to produce biodiesels
from inexpensive non-edible oil mixtures and studies have shown
that biodiesels with favorable physicochemical properties can be
obtained by transesterification of crude non-edible oil mixtures
with methanol in the presence of an alkaline catalyst. Dharma et al.
(2016) showed that the J50C50 biodiesel produced from trans-
esterification of Jatropha curcas and Ceiba pentandra oil mixture had
higher oxidation stability (10.01 h). Damanik et al. (2017) were the
first to produce biodiesel from transesterification of crude Calo-
phyllum inophyllum and palm oil mixture (50:50 vol%) and there
was a remarkable improvement in the oxidation stability of the
resultant biodiesel, with a value of 114.21 h. Hadiyanto et al. (2018)
produced biodiesel from transesterification of waste cooking oil
and castor oil mixture (50:50 vol%) and the cetane number was
improved to 100.

The aforementioned studies indicate that the use of inexpensive
non-edible oil mixtures appears to be a promising solution for

biodiesel production for the following reasons: (1) The price of the
final product (biodiesel) will be reduced because non-edible oils are
generally cheaper compared with edible oils (Atabani et al., 2013;
Hajjari et al., 2017); (2) The use of non-edible oils will reduce the
dependency on edible oils for biodiesel production; (3) Various
types of non-edible oils can be blended at different weight or vol-
ume ratios to produce biodiesels with favorable physicochemical
properties and improve the engine performance and exhaust
emission characteristics (Meneghetti et al., 2007; Dias et al., 2008).
The mass production and usage of second-generation biodiesels
from these oils will increase the net energy gain, which will
significantly impact fuel price stability in the long term.

1.2. Calophyllum inophyllum and Ceiba pentandra oils

Owing to the benefits of non-edible oil mixtures for biodiesel
production, this study is focused on producing second-generation
biodiesels from crude Calophyllum inophyllum-Ceiba pentandra oil
mixtures.

Calophyllum inophyllum oil (also known as honne, tamanu,
polanga, or nyamplung oil) is a non-edible oil derived from the seeds
of Calophyllum inophyllum fruits and it is commonly used for bio-
diesel production. Calophyllum inophyllum is one of the favorable
agricultural crops because this plant produces fruits throughout the
year upon maturity. Calophyllum inophyllum begins to fruit at the
age of seven years and continues to produce fruits up to 58 years.
Calophyllum inophyllum oil is a feasible biodiesel feedstock in the
long term because of its ease of cultivation and it does not require
high investment costs for cultivation (SathyaSelvabala et al., 2011).
Calophyllum inophyllum seeds have high oil content (65—75%). The
extracted Calophyllum inophyllum seed oil has a greenish tinge with
a nutty scent. Calophyllum inophyllum oil consists of oleic acid
(38.1%), linoleic acid (29.3%) which are all unsaturated fatty acids, as
well as palmitic acid (16.3%), which is a saturated fatty acid (Belagur
and Chitimi, 2013; Arumugam and Ponnusami, 2014).

Ceiba pentandra (also known as kapok or kekabu) is an oleagi-
nous species native to Southeast Asia, India, and Sri Lanka, well as
tropical regions in the Americas. Ceiba pentandra belongs to the
Malvaceae family (Yunus Khan et al., 2015) and this plant is found
naturally in humid and sub-humid tropical regions. Ceiba pentandra
oil consists of cyclopropene fatty acids, which have higher reac-
tivity towards ring opening reactions than polyunsaturated fatty
acids (Silitonga et al., 2013). Linoleic acid (39.7%) and malvalic acid
(18.5%) are among the constituents of Ceiba pentandra oil, which are
both unsaturated fatty acids. Ceiba pentandra oil also consists of
palmitic acid (19.2%), which is a saturated fatty acid (Belagur and
Chitimi, 2013; Kusumo et al., 2017). The cyclopropene fatty acids
present in Ceiba pentandra oil leads to higher kinematic viscosity
and faster oxidation (Bindhu et al., 2012).

Calophyllum inophyllum and Ceiba pentandra oils were chosen in
this study simply because they are inexpensive feedstocks. Calo-
phyllum inophyllum and Ceiba pentandra plants are widely culti-
vated in Indonesia and their seed oils can be readily sourced from
local farmers (Handayani et al., 2013, 2018; Hafshah et al., 2017),
which will facilitate the production of Calophyllum inophyllum-
Ceiba pentandra biodiesels in this work.

1.3. Modeling techniques used to optimize the process variables of
biodiesel production from non-edible oils

One of the issues in biodiesel production (including those pro-
duced from non-edible oil mixtures) is to optimize the process
variables of the acid-catalyzed esterification and/or alkaline-
catalyzed transesterification in order to maximize the biodiesel
yield. Many studies have shown that the optimum values of the
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process variables for biodiesel production vary depending on the
types of feedstocks (Yogish et al., 2012; Fadhil et al., 2017; Keera
et al., 2018). In other words, the optimum values of the process
variables are more or less application-specific (Milano et al., 2018).
It is a rather arduous task to determine the optimum values of the
process variables using traditional experimentation because the
whole procedure is costly in terms of material, time, labor, and
financial resources due to the large number of experimental runs.
In addition, there is no guarantee that the optimum values of the
process variables can be determined with this approach because
traditional experimentation is based on trial and error. For this
reason, it is imperative to develop a simple technique that is
capable of accurately predicting the optimum values of the process
variables in order to maximize the biodiesel yield.

Various modeling techniques have been used to optimize the
esterification and/or transesterification process variables for bio-
diesel production from non-edible oils. For instance, Hasni et al.
(2017) optimized the transesterification process parameters
(methanol-to-oil ratio, catalyst concentration, and reaction tem-
perature) using response surface methodology (RSM) based on the
Box-Behnken design in order to maximize the conversion of Brucea
javanica seed oil into biodiesel. Muthukumaran et al. (2017) used
RSM to optimize the process variables for transesterification of
non-edible Madhuca indica (mahua) oil and the maximum biodiesel
yield was predicted to be 91.76% when the amount of methanol,
potassium hydroxide (KOH) catalyst concentration, reaction tem-
perature, and reaction time were 0.32% (v/v), 1.5%, 60°C, and
90 min, respectively. Miraculas et al. (2018) used multivariate
design of experiments to optimize the oil-to-methanol ratio, cata-
lyst concentration, reaction time, reaction temperature of the
transesterification process to maximize the biodiesel yield pro-
duced from a mixture of three non-edible oils: Calophyllum ino-
phyllum, Jatropha curcas, and Pongamia pinnata oils. They obtained a
biodiesel yield of 98% for the following optimum process condi-
tions: (1) oil-to-methanol ratio: 2.5% (v/v), (2) catalyst concentra-
tion: 1.17% (w/v), (3) reaction time: 95min, and (4) reaction
temperature: 53 °C. Cardoso et al. (2019) used RSM based on the
central composite design (CCD) to optimize the parameters of
alkaline-catalyzed transesterification (ethanol-to-oil molar ratio,
sodium hydroxide (NaOH) catalyst concentration, and reaction
temperature) to maximize the biodiesel yield produced from fish
waste oil. Dhawane et al. (2018) used the Taguchi method (Lg
orthogonal array) to optimize the oil-to-methanol molar ratio,
sulfuric acid (H,SO4) catalyst concentration, reaction temperature,
and reaction time of the esterification process to maximize the free
fatty acid conversion of waste cooking oil into biodiesel. The
maximum free fatty acid conversion was 95.38% for the following
process conditions: (1) oil-to-methanol ratio: 1:12, (2) HSO4
catalyst concentration: 5 wt%, (3) reaction time: 3 h, and (4) reac-
tion temperature: 60 °C. Joshi et al. (2018) optimized the operating
conditions for ultrasonic-assisted acid-catalyzed esterification of
Pongamia pinnata (karanja) oil using RSM. Mueanmas et al. (2018)
used RSM based on CCD to optimize the methanol-to-free fatty
acid molar ratio, catalyst concentration, reaction temperature, and
reaction time to minimize the free fatty acid concentration of non-
edible oil extracted from an unconventional feedstock, which was
waste coffee grounds.

Artificial neural networks (ANN), which is an artificial intelli-
gence technique (Esen et al., 2008, 2009), has also gained promi-
nence in biodiesel research because of its capability to solve
complex problems involving a large number of process variables.
ANN has also been used in conjunction with other modeling
techniques to optimize the process variables of biodiesel produc-
tion from non-edible oils. For instance (Rajendra et al., 2009), used
ANN coupled with genetic algorithm (GA) to optimize the

methanol-to-oil ratio, catalyst concentration, and reaction time of
the pretreatment process in order to minimize the high free fatty
content (indicated by the initial acid value) of various plant-based
oils. Likewise, Dhingra et al. (2014) used ANN with GA to opti-
mize the ethanol-to-oil molar ratio, catalyst concentration, reaction
temperature, reaction time, and agitation speed of the trans-
esterification process to maximize the biodiesel yield from Calo-
phyllum inophyllum oil. Betiku and Ajala (2014) used RSM to
optimize the process variables of H,SO4-catalyzed esterification
and then compared the use of RSM and ANN to optimize the pro-
cess variables (methanol-to-oil ratio, reaction time, and amount of
calcinated plantain peels used as catalyst) of the transesterification
process in order to maximize the Thevetia peruviana (yellow
oleander) biodiesel yield. In a later work (Betiku et al., 2015), used
RSM to optimize the process variables of acid-catalyzed esterifi-
cation in order to minimize the free fatty acid content of shea butter
oil. Following this, they compared the use of two modeling tech-
niques (RSM and ANN with GA) to optimize the oil-to-methanol
molar ratio, KOH catalyst concentration, reaction temperature,
and reaction time of the transesterification process in order to
attain high shea butter biodiesel yield. The results showed that the
ANN model with GA was a superior prediction model because of its
higher coefficient of determination and significantly lower absolute
average deviation compared to RSM. Prakash Maran and Priya
(2015b) compared two modeling techniques (RSM based on CCD
versus ANN) to predict the Azadirachta indica (neem) biodiesel yield
produced by ultrasonic-assisted biodiesel synthesis and the results
showed that ANN was more reliable to predict the biodiesel yield
compared to RSM. In another work, Prakash Maran and Priya
(2015a) compared both of these techniques to optimize the
methanol-to-oil molar ratio, KOH catalyst concentration, reaction
temperature, and reaction time of the ultrasonic-assisted alkaline-
catalyzed transesterification in order to maximize the biodiesel
yield from muskmelon seed oil. The results also showed that ANN
was a better tool than RSM in terms of the prediction capability.

1.4. Motivation and scope of the study

Based on the studies presented in the preceding section, it is
evident that much effort has been made to optimize the process
variables of biodiesel production from non-edible oils. RSM is
typically used for this purpose though there are a few studies in
which other modeling techniques are used such as multivariate
design of experiments and the Taguchi method. Several studies
have been carried out to optimize the process variables of biodiesel
production using ANN and the results showed that ANN is generally
superior to RSM. ANN has also been coupled with GA in order to
improve the prediction capability of the model. Despite the ongoing
developments in this field, none of the studies are focused on the
application of ANN with ant colony optimization (ACO) to optimize
the process variables for biodiesel production.

ACO is an optimization algorithm introduced in the 1990s by
Dorigo et al. (1996) and it is used to solve combinatorial optimi-
zation problems (i.e., problems in which an optimum solution is
determined from a finite set of solutions). In nature, ants work
cooperatively and communicate through pheromone trails in
search of food. Each ant deposits pheromone as it navigates from its
nest to the food source. Ants with shorter routes will leave more
pheromone compared with those with longer routes. The higher
the amount of pheromone deposited on a particular route, the
higher the probability the ants will follow that route. The route that
is rich in pheromone is the optimum route for the ant colony
(Shweta and Singh, 2013; Kaabachi et al.,, 2017). Likewise, in the
ACO algorithm, the optimization problem is first converted into a
weighted graph (a graph consisting of nodes and edges). Each
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artificial ant starts from a randomly selected starting node and
travels towards the destination node in order to find the shortest
route that maximizes/minimizes the objective function (Dorigo,
2007; Kaabachi et al., 2017). ACO has been proven to be efficient
for the Traveling Salesman Problem, Job Shop Flow Scheduling
Problem, and Economic Dispatch Problem, and it is deemed that it
will be useful to maximize biodiesel yields by optimizing the pro-
cess variables for biodiesel production.

Hence, in this study, ANN followed by ACO (herein named the
ANN-ACO model for brevity) is used to predict and optimize the
process variables of the alkaline-catalyzed transesterification pro-
cess (methanol-to-oil molar ratio, KOH catalyst concentration, and
reaction time) in order to maximize the Calophyllum inophyllum-
Ceiba pentandra biodiesel yield. The ANN-ACO model offers a sim-
ple, reliable alternative to other prediction and optimization tools
to optimize the process variables of the transesterification process
in order to maximize the biodiesel yield, and eliminates the trial
and error associated with traditional experimentation. Even though
the ANN-ACO model is only implemented to maximize the bio-
diesel yield from transesterification of Calophyllum inophyllum-
Ceiba pentandra oil mixture in this study, it is believed that the
model can be used to optimize other biodiesel production pro-
cesses such as seed oil extraction and acid-catalyzed esterification
for various types of biodiesels and biodiesel blends. It is believed
that the ANN-ACO model will be a useful prediction and optimi-
zation tool for biodiesel research.

This study is divided into four phases: (1) measurement of
physicochemical properties of the crude oils, (2) modeling and
optimization of the alkaline-catalyzed transesterification process
variables using the ANN-ACO model, (3) biodiesel production by
acid-catalyzed esterification followed by alkaline-catalyzed trans-
esterification, and (4) kinetics study of the transesterification pro-
cess. Each of these phases is described briefly as follows, which
provides an overall view of the scope of this study.

In the first phase, four crude Calophyllum inophyllum-Ceiba
pentandra oil (CICPO) mixtures were prepared with different
weight ratios (20:80, 40:60, 60:40, and 80:20 wt%) and the physi-
cochemical properties (kinematic viscosity at 40°C, density at
15°C, acid value, and higher heating value) of these oil mixtures
were measured according to the ASTM standard test methods. The
physicochemical properties of crude Calophyllum inophyllum oil
(CCIO) and crude Ceiba pentandra oil (CCPO) were also measured
for comparison. The best crude CICPO mixture, which gave the best
trade-off in these physicochemical properties, was chosen for in
situ esterification-transesterification and optimization of the pro-
cess variables for alkaline-catalyzed transesterification of the crude
CICPO mixture. The fatty acid compositions of this crude CICPO
mixture as well as CCIO and CCPO oils were also measured.

In the second phase, RSM based on the Box-Behnken design was
used to generate the experimental design for the alkaline-catalyzed
transesterification process based on three factors: (1) methanol-to-
oil molar ratio, (2) KOH catalyst concentration, and (3) reaction
time. The experimental data from the Box-Behnken design were
used to train the ANN model to predict the Calophyllum inophyllum-
Ceiba pentandra methyl ester (CICPME) yield produced from the
best crude CICPO mixture obtained from the previous phase.
Following this, ACO was performed on the well-trained ANN model
to optimize the alkaline-catalyzed transesterification process vari-
ables in order to maximize the CICPME yield. Independent exper-
iments were then performed to produce CICPME using the
optimum values of process variables predicted by the ANN-ACO
model and the average CICPME yield was determined to validate
the reliability of the ANN-ACO model. The performance of the ANN-
ACO model was evaluated based on the coefficient of determination
(R?) and mean absolute percentage error (MAPE). Sensitivity

analysis was performed to determine the relative importance of
each process variable on the CICPME yield.

In the third phase, acid-catalyzed esterification was carried out
on the best crude CICPO mixture obtained from the first phase,
followed by alkaline-catalyzed transesterification in order to pro-
duce the CICPME. The methanol-to-oil molar ratio was varied from
30% to 60%, the KOH catalyst concentration was varied from 0.5 wt%
to 2.0 wt%, and the reaction time was varied from 60 min to 180 min
in order to examine the effects of these process variables on the
CICPME yield. Calophyllum inophyllum methyl ester (CIME) and
Ceiba pentandra methyl ester (CPME) were also produced by acid-
catalyzed esterification followed by alkaline-catalyzed trans-
esterification for comparison purposes. The fatty acid methyl ester
(FAME) content was measured in order to determine the CICPME,
CIME, and CPME yields. The physicochemical properties of the
CICPME, CIME, and CPME were measured according to ASTM
standard test methods and compared with those of other fuels.

In the fourth phase, kinetics study was performed to obtain a
better understanding on the mechanism of the alkaline-catalyzed
transesterification of the crude CICPO mixture obtained from the
first phase.

2. Materials and methods

2.1. Phase 1: Measurement of the physicochemical properties of
CCIO, CCPO, and crude CICPO mixtures

The CCIO and CCPO oils were sourced from local farmers in
Cilacap, Indonesia. Methanol (purity: 99.5%), H,SO4 (purity:
95—-97%), KOH pellets, and qualitative filter papers (Grade 121,
Filtres Fioroni, France) were purchased from Merck Sdn. Bhd.,
Malaysia.

Four CICPO mixtures were prepared by mixing CCIO with CCPO
at the following ratios: (1) 20:80 wt%, (2) 40:60 wt%, (3) 60:40 wt,
and (4) 80:20 wt%. These crude oil samples were labelled as
CI20CP80, CI40CP60, CI60CP40, and CIS80CP20, respectively, where
CI denotes Calophyllum inophyllum and CP denotes Ceiba pentandra.
The kinematic viscosity at 40 °C, density at 15 °C, acid value, and
higher heating value of the CICPO mixtures were measured ac-
cording to the ASTM standard test method. The CICPO mixtures
were heated at 50°C for 30 min prior to measuring the physico-
chemical properties and the results are summarized in Table 1.

Based on the results, it was found that the crude CI40CP60 oil
mixture was the best mixture for biodiesel production and opti-
mization of the alkaline-catalyzed transesterification process vari-
ables because it gave the best trade-off in the kinematic viscosity at
40°C, density at 15°C, acid value, and higher heating value
compared to the other CICPO mixtures. The CI40CP60 oil mixture
has the lowest kinematic viscosity at 40°C and density at 15°C
among all CICPO mixtures, with a value of 25.33mm?s~! and
903.3 kg m >, respectively. The CI40CP60 oil mixture has the sec-
ond lowest acid value (16.66 mg KOH g~!) compared with the other
CICPO oil mixtures, which is indicative of its lower free fatty acid
content. The CI40CP60 oil mixture also has a relatively high higher
heating value (38.167 MJ kg~ 1), which is comparable to the higher
heating values for CCIO (Jahirul et al., 2015), CPCO (Senthil Kumar
et al, 2015) and Jatropha curcas-Pongamia pinnata (JCPPO) oil
mixture (Yogish et al., 2012). In general, the CI40CP60 oil mixture
gave the best trade-off between the four physicochemical proper-
ties, which was why this oil mixture was selected for biodiesel
production. The CCIO and CCPO were also chosen for biodiesel
production for comparison purposes.

The fatty acid compositions of the CCIO, CCPO, and CI40CP60 oil
mixture were measured using a gas chromatography system
(Model: GC-14B, Shimadzu Corporation, Japan) and the results are
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Table 1

Comparison of the physicochemical properties between the CICPO oil mixtures and other crude oils.

Property Crude oils Crude CICPO and other oil mixtures
CCIO* CCIO (Jahirul et al.,  CCPO* CCPO (Senthil Kumar et al., CI20CP80° Cl40CP60* CI60CP40 CI80CP20° JCPO (Yogish et al.,
2015) 2015) 2012)
Kinematic viscosity at 40 °C 38.22 56.74 28.97 30.20 26.96 25.33 29.57 33.49 48.00
(mm?s~1)
Density at 15 °C (kg m~>) 910.1 964.0 908.6 921.0 904.9 903.3 906.2 909.5 901.0
Acid value (mg KOH g~ 1) 35.77 36.26 1538 21.00 17.27 16.66 15.82 18.18 —

Higher heating value (MJ kg~!) 38.229 38.100 38.112 39.590

38.026 38.167 38.226 38.571 39.750

CCIO: crude Calophyllum inophyllum oil; CCPO: crude Ceiba pentandra oil; CI20CP80: Calophyllum inophyllum-Ceiba pentandra oil mixture (20:80 wt%); CI40CP60: Calophyllum
inophyllum-Ceiba pentandra oil mixture (40:60 wt%); CI60CP40: Calophyllum inophyllum-Ceiba pentandra oil mixture (60:40 wt%); CISOCP20: Calophyllum inophyllum-Ceiba
pentandra oil mixture (80:20 wt%); JCPO: Jatropha curcas-Pongamia pinnata oil mixture (50:50 wt%).

2 Physicochemical properties measured in this study.

presented in Table 2. Among these crude oil samples, CCIO has the
highest total unsaturated fatty acids (66.6 wt%), followed by the
CI40CP60 oil mixture (64.61 wt%), and least of all, CCPO (59.8 wt%).
In general, all of the crude oil samples have higher total unsaturated
fatty acids compared with the total saturated fatty acids, which is
desirable for biodiesel production because the methyl esters pro-
duced from oils containing high levels of unsaturated fatty acids
have good cold flow properties (Jurac and Zlatar, 2013). The
CI40CP60 oil mixture has lower saturated fatty acids (32.64 wt%)
than CCPO (38.6 wt%) and slightly higher saturated fatty acids than
CCIO (28.9 wt%). In general, oils with higher unsaturated fatty acid
content has more double and triple bonds in the fatty acid structure
and therefore, these oils are more prone to oxidation (Pullen and
Saeed, 2014). On this premise, it is likely that the CI40CP60 oil
mixture will produce a methyl ester with higher oxidation stability
compared with CCIO and CCPO.

2.2. Phase 2: Modeling and optimization of the alkaline-catalyzed
transesterification process variables using the ANN-ACO model

2.2.1. Design of experiments based on Box-Behnken design

RSM based on the Box-Behnken design was used to design the
experiments for the alkaline-catalyzed transesterification of the
CI40CP60 oil mixture. Design-Expert® Version 9.0 software (Stat-
Ease, Inc, USA) was used to generate the Box-Behnken

Table 2
Comparison of fatty acid compositions between the crude CI40CP60 oil mixture and
other crude oils.

Fatty acid (wt%) Carbon chain number Crude oil mixtures Crude oils

CI40CP60* CCI0*  CCPO*
Lauric acid C12:0 0.1 0.1 0.1
Myristic acid C14:0 0.1 0.1 0.1
Palmitic acid C16:0 16.88 14.7 19.2
Palmitoleic acid C16:1 0.2 0.3 0.3
Stearic acid C18:0 15.26 13.2 16.4
Oleic acid C18:1 39.33 45.1 38.7
Linoleic acid C18:2 19.68 20.7 1.5
Linolenic acid C18:3 0.3 0.2 0.5
Arachidic acid C20:0 0.2 0.5 0.1
Eicosenoic acid  C20:1 0.2 0.2 0.2
Erucic acid C22:1 0.1 0.1 0.1
Lignoceric acid ~ C24:0 0.1 0.1 0.1
Malvalic acid 18:CE 5.3 0 18.54
Total saturated fatty acids 32.64 289 38.6
Total unsaturated fatty acids 64.61 66.6 59.8

CI40CP60: Calophyllum inophyllum-Ceiba pentandra oil mixture (40:60 wt%); CCIO:
crude Calophyllum inophyllum oil; CCPO: crude Ceiba pentandra oil; CE: Cyclo-
propene ester.

@ Fatty acid compositions measured in this study using gas chromatography
system (Model: GC-14B, Shimadzu Corporation, Japan).

experimental design in order to predict the CICPME yield in
response to changes in the process variables (Prakash Maran and
Priya, 2015b). In this study, three alkaline-catalyzed trans-
esterification process variables (methanol-to-oil molar ratio, KOH
catalyst concentration, and reaction time) were chosen as the fac-
tors of the experiment and each factor has three levels, resulting in
17 experimental runs. The coded and uncoded values of the process
variables are presented in Table 3.

2.2.2. Development of the ANN-ACO model

MATLAB Version 710 R2010a software (The MathWorks Inc.,
USA) was used to develop the ANN model. A three-layer feedfor-
ward ANN model was developed in this study, with one input layer,
hidden layer, and output layer, respectively. The number of input
neurons was 3 (one for the methanol-to-oil ratio, KOH catalyst
concentration, and reaction time, respectively) whereas the num-
ber of output neuron was 1 (CICPME yield).

Seventeen datasets from the Box-Behnken experimental design
were used as the inputs for the ANN model, where each dataset
represents a different combination of alkaline-catalyzed trans-
esterification process variables (methanol-to-oil molar ratio, KOH
catalyst concentration, and reaction time). The data were divided
into three subsets, where 70, 15, and 15% of the total data points
were used for training, validation, and testing, respectively. The
Levenberg-Marquardt algorithm was used to train the ANN model.
The hyperbolic tangent sigmoid transfer function (tansig) was used
for the input layer to the hidden layer while the linear transfer
function (purelin) was used from the hidden layer to the output
layer. The tansig and purelin transfer functions are given by (Pinjare
and Kumar, 2012):

tansig(x) = ﬁ -1 (1)

A = purelin (x) = x (2)

The ANN model was trained until the mean squared error (MSE)
reached the minimum value and average correlation coefficient (R)
was close or equal to 1. Based on the heuristic procedure, the

Table 3
List of independent variables (process variables) used in the Box-Behnken experi-
mental design for transesterification of the CI40CP60 oil mixture.

Process variable Unit  Coded variable = Coded factor levels
-1 0 1
Methanol-to-oil molar ratio % X1 30 45 60
KOH catalyst concentration wt% X2 0.50 125 2.00
Reaction time min X3 60 120 180
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optimum number of hidden neurons such that the ANN architec-
ture fulfills these requirements was found to be 9. Hence, the ANN
architecture chosen for the alkaline-catalyzed transesterification
process was 3-9-1, as shown in Fig. 1. The values of the weights and
biases used for the ANN model are summarized in Table 4.

Following this, ACO was performed on the well-trained ANN
model to optimize the alkaline-catalyzed transesterification pro-
cess variables in order to maximize the CICPME yield (Toksari,
2006). The ACO refers to a swarm intelligence technique. This
method solves difficult combinatorial optimization problems. It is
interesting how the technique derived its name as it is foraging the
behaviour of ants in the wild. This method observes the ant
behaviour on how the ants leaving the pheromone along the path
when they are searching their food. The quantity of pheromone
deposited, which may depend on the quantity and quality of the
food, will guide member of the ant colony to follow the same path
to the food source. The following is a probability of an ant moving
from node i to node j: The equation (3) is the probability of an ant
moving from node i to node j and equation (4) is the amount of
pheromone is calculated:

(755)- ()
Pijj=—7""74% (3)
J Z( u) ("6J)
Tij = (1 —p)7ij + 47 (4)

where 7;; refers to amount of pheromone on edge i,j and « is a
parameter to control the influence of 7;; while n; is the desirability
of edge i,j (usually 1/d;;), [fx] is a parameter to control the influence
of n;j, p is the rate of its evaporations, and 4 7;; is the amount
deposited.

If ant k travels on edge i,j, the amount of pheromone deposited is
given by: Supposing k refers to ant that travels on edge ij, the
pheromone amount deposit is calculated by:

0, Otherwise
arf; = 1 (5)
Ly

where L, is the cost of the kth ant's tour (typical length).

Fig. 1. ANN architecture used to predict the CICPME yield in response to variations in
the methanol-to-oil molar ratio, KOH catalyst concentration, and reaction time of the
alkaline-catalyzed transesterification process.

2.2.3. Assessment of the performance and validation of the ANN-
ACO model

The R? value and MAPE were used to evaluate the performance
of the ANN-ACO model using the following equations (Betiku et al.,
2014):

g (b= )
2_ 1 n ei — JYpi
oo i—l((ym—ypi)2> ©
& .Vei_ypi

Yei

MAPE (%) = x 100 (7)

=1

where n is the number of experimental data, y,; is the CICPME yield
predicted by the Box-Behnken experimental design, y,; is the
CICPME yield predicted by the ANN-ACO model, and yp, is the
average CICPME yield determined from the Box-Behnken experi-
mental design. The ANN-ACO model is said to have superior per-
formance (high prediction capability) if the R? value is maximum
and the MAPE is minimum. In general, the R? value should not be
less than 80% (Stamenkovic et al., 2013).

Independent experiments were then performed to produce the
CICPME by acid-catalyzed esterification and alkaline-catalyzed
transesterification of the CI40CP60 oil mixture using the opti-
mum values of transesterification process variables predicted by
the ANN-ACO model. The average CICPME yield was determined
from the experimental replicates and compared with the maximum
CICPME yield predicted by the ANN-ACO model in order to validate
the reliability of the ANN-ACO model.

2.2.4. Sensitivity analysis

Sensitivity analysis was performed to determine the relative
importance of each process variable on the CICPME yield. In this
study, the equation proposed by Garson (1991) was used to deter-
mine the relative importance of each input variable (methanol-to-
oil ratio, KOH catalyst concentration, and reaction time) on the
response variable (CICPME yield). This equation is based on parti-
tioning the connection of the weights, as follows:

(AT ) (8)
z:ﬁ{ Spor ([S9]/50 sw]) < Iskal

where K; represents the percentage of influence of the input vari-
able I on the output variable, Ny represents the input neuron, Ny
represents the hidden neuron, and S is the connection weight. The
superscripts X, y, and z represent the input, hidden, and output
layers, respectively, whereas the subscripts r, p, and q represent the
input, hidden, and output neurons, respectively.

2.3. Phase 3: Biodiesel production by acid-catalyzed esterification
followed by alkaline-catalyzed transesterification

2.3.1. Experimental setup

The experimental setup used for acid-catalyzed esterification
and alkaline-catalyzed transesterification is described in this sec-
tion. In this study, acid-catalyzed esterification is necessary because
of the high acid values of the CI40CP60 oil mixture (16.66 mg KOH
g~1), CCIO (35.77 mg KOH g~1), and CCPO (15.38 mg KOH g 1),
which will lead to saponification during alkaline-catalyzed trans-
esterification. The acid value is a measure of the free fatty acid
content of the crude oil and it is measured by the amount of KOH (in
mg) required to neutralize the acid constituents in 1 g of oil sample.
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Table 4
Values of the weights and biases used in the ANN model.

Neuron Input weights Output weight Bias to layer 1 Bias to layer 2
X1 X2 X3

1 0.738 1.245 2.057 0.783 —-3.209 —-0.181

2 —1.052 1.609 1.754 -0.071 2.486

3 -1.643 —1.609 -1.753 —0.145 1.389

4 —2.655 —1.405 —0.300 1.138 0.712

5 -1.795 -2.222 0.590 -0.517 —0.495

6 —-0.308 1.168 2.731 —0.265 -1.107

7 -1314 0.945 2.753 —0.644 -1.143

8 0.914 0.833 2.489 0.344 2.375

9 -2.376 —1.443 —0.011 -0.079 —2.998

The acid value of the feedstock should be less than 2 mg KOH/g
(which corresponds to ~1% of free fatty acid content) prior to
alkaline-catalyzed transesterification. After acid-catalyzed esterifi-
cation, the esterified CI40CP60 oil mixture, CCIO, and CCPO were
transesterified with methanol in the presence of KOH catalyst to
produce the CICPME, CIME, and CPME, respectively.

Both of the esterification and transesterification processes were
carried out using a 1-L three-necked glass flask (with rubber
stoppers) connected to a reflux condenser and a refrigerated bath
circulator. The reflux condenser was used to prevent losses of the
evaporated methanol during the esterification/transesterification
reactions. The oil temperature (reaction temperature) was kept
relatively constant using WiseCircu® precise digital refrigerated
bath circulator (Model: WCR-P8, Daihan Scientific, South Korea)
and monitored using a thermometer. The reaction mixture (con-
sisting of methanol, H,SO4 or KOH catalyst, and oil sample) was
stirred continuously throughout the esterification/trans-
esterification process using a digital overhead stirrer (Model: IKA®
RW 16, IKA-Werke GmbH & Co. KG, Germany) to ensure homoge-
neous mixing of the reactants.

2.3.2. In situ acid-catalyzed esterification and alkaline-catalyzed
transesterification

The procedure used for acid-catalyzed esterification and alkaline-
catalyzed transesterification is described in this section. Acid-
catalyzed esterification was first carried out to pretreat the crude
CI40CP60 oil mixture, where the oil mixture was poured into the
three-necked glass flask preheated at 60 °C. Next, methanol (meth-
anol-to-oil ratio: 9:1) and H,SO4 (catalyst concentration: 1 vol%)
were added into the reactor containing the oil sample. The reaction
mixture was stirred continuously using the digital overhead stirrer
throughout the esterification process at a stirring speed of 1000 rpm
for 3 h. The reaction temperature was kept constant at 60 °C.

Following this, alkaline-catalyzed transesterification was carried
out on the esterified CI40CP60 oil mixture maintained at a temper-
ature of 60°C. The amount of methanol and KOH catalyst were
measured and mixed together until the KOH pellets were completely
dissolved in the methanol. Next, the methanol-KOH mixture was
added into the esterified CI40CP60 oil mixture. The reaction mixture
was stirred continuously throughout the transesterification process
using the digital overhead stirrer at a stirring speed of 1000 rpm. The
reaction temperature was kept constant at 60 °C.

The following alkaline-catalyzed transesterification process
variables were varied in order to examine the effects of these var-
iables on the CICPME yield: (1) methanol-to-oil molar ratio:
30—60%, (2) KOH catalyst concentration: 0.5—2.0 wt%, and (3) re-
action time: 60—180 min. Once the transesterification process was
complete, the reaction mixture was transferred into a separatory
funnel and the reaction mixture was left to settle for 8 h in order to
separate the CICPME from glycerin by gravity. Indeed, two layers
formed after the separation process, where the top layer was the

CICPME. The bottom layer contained a mixture of glycerin and
impurities and this layer was drained off from the separatory funnel
by opening the stopcock. Lastly, the CICPME was evaporated using a
rotary evaporator and then stored in a vacuum chamber to prevent
the methyl ester from oxidation. The CIME and CPME were pre-
pared using the same procedure.

2.3.3. Measurement of the FAME content and determination of the
CICPME yield

The methyl ester yield is a measure of the effectiveness of the
conversion of triglycerides in the oil into FAME. Therefore, it can be
said that the methyl ester yield indicates the degree of success of
biodiesel production. In this study, the FAME content was analyzed
using a gas chromatography system (Model: Agilent 7890, Agilent
Technologies, Inc., USA) equipped with a flame ionization detector
and helium was used as the carrier gas. Agilent HP-INNOWax
capillary column (column length: 30 m, inner diameter: 0.25 mm,
film thickness: 0.25 pm, split injection ratio: 1:20) was used for the
measurements. The peaks in the gas chromatogram corresponding
to the FAMEs were identified by comparing their retention times
with the retention times of a highly purified FAME standard (FAME
mix Cg—Cy4). The FAME content was determined using the
following equation:

FAME — (=B —Ar Ma 44, 9)
AEI m

Here, FAME denotes the FAME content in weight percent (wt%), >~ A
denotes the total peak area of the FAME content from Cy4 to Co4:0,
Ag denotes the peak area of the internal standard (methyl non-
adecanoate, C19), mg denotes the mass of the internal standard in
milligrams (mg), and m is the mass of the methyl ester sample in
milligrams (mg).

The CICPME yield is defined as the mass percentage of the final
product (transesterified CI40CP60 oil mixture) relative to the mass
of the CI40CP60 oil mixture prior to biodiesel production. In this
study, the average CICPME yield (i.e., average yield of the trans-
esterified CI40CP60 oil mixture) determined from experimental
replicates based on the optimum transesterification process vari-
ables predicted by the ANN-ACO model in order to validate the
ANN-ACO model. The CICPME yield was calculated using the
following equation:

FAME x WMEc40cps0
WOqa0cpso

CICPMEy = % 100 (10)

where CICPMEy represents the CI40CP60 methyl ester yield in
percent (%), FAME is the FAME content in weight percent (wt%),
WMEq40cps0 i the mass of the CI40CP60 methyl ester sample in
grams (g), and WOc40cpeo is the mass of the CI40CP60 oil mixture in

grams (g).
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2.4. Phase 4: Kinetics study

Kinetics study was performed to understand the mechanism
underlying transesterification of the CI40CP60 oil mixture. In this
case, the term “mechanism” refers to the rate at which the trans-
esterification reaction takes place. The optimum values of the
methanol-to-oil molar ratio and KOH catalyst concentration pre-
dicted by the ANN-ACO model were used for the kinetics study and
the stirring speed was fixed at 1000 rpm. The reaction temperature
(323, 328, and 333 K) and reaction time (60, 90, 120, and 150 min)
were varied to investigate their effects on the rate of the trans-
esterification reaction.

In this study, the alkaline-catalyzed transesterification of the
CI40CP60 oil mixture was assumed to be a three-step reversible
process, as shown in Fig. 2. It was assumed that methanol was
supplied in excess.

The overall transesterification reaction results in the formation
of 3 mol of mono-alkyl esters, as given by Eq. (11):

TG + 3CH30H < RCOOCH; + Gly (11)

The transesterification reaction is described by a first-order ki-
netics model, where the rate constant is dependent on the increase
in the concentration of product within a specific time interval. In
this study, the rate constant of the transesterification reaction was
evaluated based on the concentration of CICPME formed during the
reaction. In other words, the rate constant of the transesterification
reaction was assessed based on the variation of the CICPME yield
with respect to time.

The rate of reaction for a first-order reaction is given by:

r:%: k(T)f (a) (12)

where a is the CICPME concentration in weight percent (wt%) and

k(T) is the global reaction rate constant (which is a temperature-

dependent term), and T is the reaction temperature in Kelvin (K).
The global reaction rate constant obeys the Arrhenius law:

k(T) = k = Aexp(~E/RT) (13)

where A is the frequency factor, E is the activation energy, and R is
the gas constant (8.314) mol~! K~1). Assuming that a simple n™-
order kinetic relationship holds true for the conversion-dependent
term, f(a), such that f(a) = (1 —a)" and noting that k(T) = k, Eq.
(12) can be written as:

r:%:k(l —a)" (14)

Eq. (14) can be rewritten in linear form as follows:

1-1-a)'™) /(1 —=n)| =kt (n#1) (15)
It )/ =n)]

Following this, a graph was plotted for [(1 — (1 — a)!™™)/(1 — n)]
against time t, where k is the slope of the graph and it represents

Fig. 2. Three-step reversible transesterification process.

the global reaction rate constant. It shall be noted that n=1. The
proper value of n would give the best straight line for all reaction
temperatures considered in this study. The best straight line is
defined as the line that gives the highest R value for all data points
in each plot. The activation energy and frequency factor of the
transesterification process can be determined using Eq. (13). The
plot In k versus the reciprocal of the reaction temperature 1/T can
be obtained by determining the global reaction rate constants at
different reaction temperatures, which will give a linear plot with a
slope of —E/R and intercept of In A.

3. Results and discussion
3.1. ANN-ACO model

3.1.1. Optimization of the alkaline-catalyzed transesterification
process variables

Table 5 shows the CICPME yield values predicted by the Box-
Behnken design and ANN-ACO model for different combinations of
methanol-to-oil molar ratio, KOH catalyst concentration, and reac-
tion time of the transesterification process. In general, it can be seen
that there is good agreement between the CICPME yield values
predicted by both approaches. The ANN-ACO model was then used to
optimize the alkaline-catalyzed transesterification process variables
in order to maximize the CICPME yield. The optimum values of the
methanol-to-oil molar ratio, KOH catalyst concentration, and reac-
tion time predicted by the ANN-ACO model are 37%, 0.78 wt%, and
153 min, respectively. The corresponding CICPME yield was 95.87%.

3.1.2. Performance and validation of the ANN-ACO model

The R? value and MAPE were determined in order to assess the
performance of the ANN-ACO model. The R? value was determined
by plotting the CICPME yield values predicted by the ANN-ACO
model against those predicted by the Box-Behnken experimental
design, as shown in Fig. 3. It can be seen that there is very good
agreement between the predicted and experimental CICPME yield
values. The R? value is found to be 0.9951, which indicates that the
ANN-ACO model describes 99.51% of the variability in the CICPME
yield, which is desirable because the R? value is more than 80%
(Noordin et al., 2004; Chen et al., 2008). The MAPE is found to be
0.2260%, as shown in Table 5. Based on the R? value and MAPE, it
can be deduced that the ANN model is reliable to predict the
CICPME yield in response to variations in the methanol-to-oil molar
ratio, KOH catalyst concentration, and reaction time. Independent
experiments were also performed to produce the CICPME based on
the optimum alkaline-catalyzed transesterification process vari-
ables predicted by the ANN-ACO model and the average CICPME
yield was determined to be 95.18%, which is close to the maximum
CICPME yield predicted by the ANN-ACO model (95.87%). This
further confirms that ANN-ACO model is a reliable tool to predict
the optimum process variables for alkaline-catalyzed trans-
esterification in order to boost biodiesel production.

3.1.3. Relative importance of each process variable on the CICPME
yield

The relative importance of each process variable (i.e., methanol-
to-oil molar ratio, KOH catalyst concentration, and reaction time)
on the CICPME yield was determined and the results are shown in
Fig. 4. It is apparent that the methanol-to-oil molar ratio has the
most significant effect on the CICPME yield (35.46%), followed by
the KOH catalyst concentration (33.88%). The reaction time has the
least significant effect on the CICPME yield (30.66%). However, it is
also apparent that the relative importance of each process variable
does not vary considerably from one another, judging from the
percentage values.
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Table 5

Comparison of the CICPME yield values predicted by the ANN-ACO model and Box-Behnken experimental design for seventeen combinations of transesterification process

variables.

Experimental run Methanol-to-oil molar ratio (%) KOH catalyst concentration (wt%) Reaction time (min) Experimental CICPME yield (%) Predicted CICPME yield (%)

1 45 1.25
2 45 1.25
3 45 1.25
4 30 1.25
5 45 0.50
6 45 2.00
7 30 0.50
8 30 1.25
9 60 1.25
10 60 2.00
11 45 1.25
12 60 0.50
13 60 1.25
14 30 2.00
15 45 1.25
16 45 2.00
17 45 0.50
R? 0.9951

MAPE (%) 0.2260

120 92.88 92.18
120 92.72 92.18
120 92.67 92.18
180 86.65 86.88
180 87.09 87.09
180 80.33 80.33
120 88.06 88.06
60 87.94 87.94
180 84.24 84.24
120 79.26 79.26
120 92.64 92.18
120 82.94 82.94
60 85.07 85.07
120 79.22 79.22
120 91.18 92.18
60 81.67 81.97
60 88.60 88.60

Fig. 3. Comparison between the CICPME yield values predicted by the ANN-ACO
model and CICPME yield values predicted by the Box-Behnken experimental design.

3.2. Effects of transesterification process variables on the CICPME
yield

3.2.1. Effect of methanol-to-oil molar ratio

Based on the results obtained from the sensitivity analysis, the
methanol-to-oil molar ratio has the most significant effect on the
CICPME yield. Experiments were performed to investigate the ef-
fect of the methanol-to-oil molar ratio on the CICPME yield and the
results are shown in Fig. 5. The KOH catalyst concentration, reaction
temperature, reaction time, and stirring speed were fixed at 0.78 wt

Fig. 4. Relative importance of each process variable on the CICPME yield.

%, 60°C, 153 min, and 1000 rpm, respectively. It can be observed
that the CICPME yield increases as the methanol-to-oil molar ratio
increases from 30% to 37% where the CICPME yield reaches its
maximum value (95.87%). However, the CICPME yield gradually
decreases when the methanol-to-oil molar ratio is increased
further from 37% to 50%. The CICPME yield decreases significantly
beyond a methanol-to-oil molar ratio of 50%, which is likely due to
emulsification of the CICPME and glycerol. This makes it difficult to
separate the CICPME from glycerol.

3.2.2. Effect of KOH catalyst concentration

The effect of KOH catalyst concentration on the CICPME yield is
shown in Fig. 6. The methanol-to-oil molar ratio, reaction tem-
perature, reaction time, and stirring speed were kept constant at
37%, 60 °C, 153 min, and 1000 rpm, respectively. The KOH catalyst
concentration was varied from 0.50wt% to 2.0wt%. It can be
observed that the CICPME yield slightly increases from 94.68% to
95.38% when the KOH catalyst concentration is increased from 0.50
to 0.75 wt%. The highest CICPME yield (95.88%) is attained when
the KOH catalyst concentration is 0.78 wt%. The CICPME yield de-
creases gradually when the KOH catalyst concentration increases
beyond 0.78 wt%, which is likely due to saponification.

3.2.3. Effect of reaction time

Likewise, the effect of reaction time on the CICPME yield was
investigated and the results are shown in Fig. 7. The methanol-to-
oil molar ratio, KOH catalyst concentration, reaction temperature,
and stirring speed were fixed at 37%, 0.78 wt%, 60 °C, and 1000 rpm,
respectively. It can be seen that the CICPME yield increases grad-
ually from 88.23% to 95.52% when the reaction time is increased
from 60 min to 150 min. The CICPME yield is highest (95.87%) when
the reaction time is 153 min and the CICPME vyield is almost
invariant thereafter. Jain et al. (2011) also observed a similar trend,
where the methyl ester yield increased up to the optimum reaction
time (2h) and then decreased as the reaction time further
increased.

3.3. Physicochemical properties of the CICPME, CIME, and CPME

The physicochemical properties of the CICPME (i.e., methyl ester
produced by acid catalyzed-esterification and alkaline-catalyzed
transesterification of the CI40CP60 oil mixture) were measured
and the results are summarized in Table 6.
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Fig. 5. Effect of methanol-to-oil molar ratio on the CICPME yield obtained from laboratory experiments.

Fig. 6. Effect of KOH catalyst concentration on the CICPME yield obtained from laboratory experiments.

Kinematic viscosity is an important property because it will
affect the fluidity of the fuel and fuel spray characteristics (droplet
size and air-fuel ratio needed for complete combustion) when the
fuel is injected into the combustion chamber. A high fuel kinematic
viscosity is undesirable because it will lead to the formation of soot
as well as engine deposits due to insufficient fuel atomization
(Abedin et al., 2016). According to the ASTM D6751 and EN 14214
standards, the fuel kinematic viscosity should be within a range of

1.90—-6.00 mm?s~! and 3.50—5.00 mm?s~, respectively. The ki-
nematic viscosity of the CICPME is 3.72 mm? s~ !, which fulfils the
specification given in both standards. The kinematic viscosity of the
CICPME is lower than those for CIME (4.33mm?s~') and CPME
(4.62 mm?s~1), which is desirable. However, the kinematic vis-
cosity of diesel (2.87 mm?s~1) is significantly lower than that of
CICPME. The kinematic viscosity of the CIME obtained in this study
(4.33mm?s™!) is comparable to that obtained by Jahirul et al.

Fig. 7. Effect of reaction time on the CICPME yield obtained from laboratory experiments.
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(2015) (4.46 mm?s~'). The kinematic viscosity of the CPME ob-
tained in this study (4.62 mm?s~!) is also comparable to that ob-
tained by Senthil Kumar et al. (2015) (4.20 mm?s~1).

Based on the ASTM D6751 and EN 14214 standards, the fuel
density should be lower than 880 kg m~> (maximum) and between
860 and 900 kg m 3, respectively. Fuel density is equally important
especially in airless combustion systems because this property will
affect the efficiency of fuel atomization (Atabani et al., 2013). In this
study, the density of the CICPME is found to be 866.5 kg m—>, which
is well within the range specified in both standards. The density of
the CICPME is slightly higher than those for diesel (839.4 kg m~3)
and CIME (862.8 kg m~>) and significantly lower than that for CPME
(880.5 kg m—3). However, the density of the CIME obtained in this
study (862.8 kg m~3) is significantly lower than that obtained by
Jahirul et al. (2015) (894.0 kg m ) whereas the density of the CPME
obtained in this study (880.5 kg m~3) is significantly higher than
that obtained by Senthil Kumar et al. (2015) (860.0 kg m~3). Despite
these variations (which may be attributed to differences in the
quality of the feedstocks, procedure for biodiesel production, and
instruments used for physicochemical property measurements),
the density values of the CIMEs and CPME:s fulfill the requirements
stipulated in the EN 14214 standard.

The flash point was measured to determine the temperature at
which the fuel will ignite when the fuel is exposed to flame or
spark. Even though the flash point is not related to the engine
performance, it is still an important property because a fuel with a
high flash point will reduce the risk of fire hazards, which is crucial
for transportation and long-term storage of the fuel. According to
the ASTM D6751 and EN 14214 standards, biodiesels should have a
minimum flash point of 100.0—170.0 °C and 101.0 °C, respectively.
The flash point of the CICPME is found to be 122.5°C, which is
slightly higher than the minimum values specified in both stan-
dards. The flash points of the CIME and CPME are also similar, with
a value of 123.5 and 125.5 °C, respectively. Interestingly, the flash
point of the CIME obtained by Jahirul et al. (2015) (145.64°C) is
similar to that of the CPME obtained by Senthil Kumar et al. (2015)
(148.00°C) and the values are significantly higher than those ob-
tained for the CIME and CPME in this study. In general, all of the
methyl esters have significantly higher flash points compared with

Table 6
Comparison of the physicochemical properties between CICPME and other fuels.

diesel (78.5°C), indicating that they are favorable as diesel
substitutes.

The cold flow properties of the CICPME, CIME, and CPME were
also measured in this study because the cold flow properties will
vary from one biodiesel to another (Jurac and Zlatar, 2013). The
pour point, cloud point, and cold filter plugging point of the CICPME
are —1.5, —1.0, and —0.5 °C, respectively. In contrast, the pour point,
cloud point, and cold filter plugging point of the CIME are 1.5, 1.5,
and 0.5 °C, respectively, while the values of these properties for the
CPME are 2.0, 2.0, and 1.8 °C, respectively. The pour point, cloud
point, and cold filter plugging point of diesel are 2.0, 2.0, and 0.0 °C,
respectively, which are similar to those for CIME and CPME. In
general, the cold flow properties of the CICPME are superior
compared with those for diesel and other biodiesels produced in
this study. The lower the pour point, cloud point, and cold filter
plugging point, the better the behaviour of the fuel in cold weather.
These properties are important especially for cold climate regions
because they determine the point at which the fuel will begin to
crystalize and then solidify. The fuel will clog the fuel lines as it
solidifies and loses its ability to flow (Dwivedi and Sharma, 2014),
which will create starting problems in the engine. In addition, the
engine control unit will not be able to collect accurate data for fuel
control as a result of the clogged fuel lines, which will induce
instability in the ignition system and lead to more nitrogen oxide
and particulate matter emissions.

The heating value reflects the energy content of the fuel. Bio-
diesels typically have lower heating values compared with diesel
because of their oxygen content. It is found that the heating value of
the CICPME is 41.43 M] kg, which is lower than that for diesel
(45.67 MJ kg™ "). The heating values of the CIME and CPME are
similar, with a value of 39.67 and 39.78 M] kg™, respectively. The
EN 14214 standard recommends a minimum heating value of
35.00MJ kg~ ! and therefore, all of the methyl esters produced in
this study fulfils this requirement, which is more than satisfactory.
The heating value of the CIME obtained in this study
(39.67 MJ kg™ ) is slightly lower than that obtained by Jahirul et al.
(2015) (40.85MJkg™!) whereas the heating value of the CPME
obtained in this study (39.78 MJkg~') is comparable to that ob-
tained by Senthil Kumar et al. (2015) (39.40 MJ kg™ 1).

Property Unit Diesel® ASTM D6751 EN 14214 Biodiesels and biodiesel blends
CIME® CIME (Jahirul et al., CPME® CPME (Senthil Kumar et al., CICPME® JCPPM (Yogish et al.,
2015) 2015) 2012)
Kinematic viscosity at mm?s~' 2.87  1.90—6.00 3.50 433 446 462 420 3.72 2.55
40°C —5.00
Density at 15°C kgm 3 8394 880.0 (max.) 860.0 862.8 894.0 880.5 860.0 866.5  828.0
—900.0
Flash point °C 78.50 100.00—-170.00 >101 123.50 145.64 125.50 148.00 12250 121.00
(min.)
Pour point °C 2.0 — — 1.5 — 2.0 4.0 -1.5 —
Cloud point °C 20 - — 1.5 - 20 —4.4 -1.0 -
Cold filter plugging  °C 0.00 — — 0.50 245 180 — -0.50 —
point
Heating value M) kg~! 4567 - 35 (min.) 39.67 40.85 39.78 39.40 4143  45.51
Acid value mg KOH 0.15 0.50 (max.) 0.50 041 -— 038 — 0.25 0.480
g1 (max.)
Copper strip corrosion — 1a 3 (max.) - 1a - 1a — la -
Oxidation stability at h 13.20 3.00 (min.) 8.00 10.02 4.14 522 -— 8.44 —
110°C (min.)
FAME content wt% - — 96.5 985 — 975 — 99.2 -
Cetane number - 48.50 47.00 (min.) 51.00 57.00 56.53 55.00 51.00 56.00 —
(min.)

CIME: Calophyllum inophyllum methyl ester; CPME: Ceiba pentandra methyl ester; CICPME: Calophyllum inophyllum-Ceiba pentandra methyl ester produced from trans-
esterification of the CI40CP60 oil mixture; JCPPM: Jatropha curcas-Pongamia pinnata methyl ester (50:50 wt%).
2 Physicochemical properties measured in this study using gas chromatography system (Model: Agilent 7890, Agilent Technologies, Inc., USA).
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The acid value is a measure of the free fatty acid content of both
crude oils and fuels (Ashraful et al., 2014). It is important to mea-
sure the acid value because the amount of free fatty acids affects
aging of the fuel and can lead to corrosion of the fuel system. The
maximum acid value of the fuel specified in the ASTM D6751 and
EN 14214 standards is 0.50 mg KOH g~ In this study, it is found
that the acid value of the CICPME is 0.25 mg KOH g~!, which is
desirable. The lower acid value of the CICPME can be attributed to
the sufficient removal of methanol, glycerin, and foreign impurities
after the alkaline-catalyzed transesterification process. The acid
values were also measured for the CIME (0.41 mg KOH g~ ') and
CPME (0.38 mg KOH g~ ') for comparison and it is evident that the
CICPME has the lowest acid value among the biodiesels prepared in
this study. This indicates the advantage of producing biodiesel from
non-edible oil mixture and the benefits of acid-catalyzed esterifi-
cation and alkaline-catalyzed transesterification. The acid value of
the CICPME is only slightly higher than that for diesel (0.15 mg KOH
g~ 1) and therefore, it is a favorable substitute for diesel as it is likely
to have lower corrosion rate compared with the CIME and CPME.
Based on the results of the corrosion strip test, it is found that the
CICPME, CIME, and CPME only result in a slight tarnish on copper-
containing materials, as indicated by the value “1a”. This indicates
that the presence of acidic and sulfuric compounds is low (even
though there are no quantitative measurements) for the biodiesels
produced in this study, which is complementary to the acid value
results.

Because the CICPME, CIME, and CPME are all produced from
crude non-edible oils with high unsaturated fatty acid content
(Table 1) and therefore, they have higher reactivity with oxygen, it
is important to measure the oxidation stability of these fuels.
Oxidation stability is the tendency of a fuel to react with oxygen at
temperatures close to the ambient temperature and it indicates the
susceptibility of the fuel to degradation as a result of this reaction
(Pullen and Saeed, 2012). The lower the oxidation stability, the
higher the tendency of the fuel to oxidize, which will lead to the
formation of acids and these by-products will corrode the com-
ponents of the diesel engine. According to the ASTM D6751 and EN
14214 standards, the fuel oxidation stability at 110 °C should be at
least 3.00 and 6.00 h, respectively. It found that the CICPME has a
rather low oxidation stability (8.44 h), which is midway between
those for CIME (10.02 h) and CPME (5.22 h). This is indeed expected
because of the high unsaturated fatty acid content of the CCIO and
CCPO used as the feedstocks, with a value of 66.6 and 59.8 wt¥%,
respectively. Even though the CICPME fulfills the minimum oxida-
tion stability requirement specified in the standards, there is a need
to improve the oxidation stability of this biodiesel by other means
such as the addition of antioxidants. Interestingly, the oxidation
stability of the CIME produced by Jahirul et al. (2015) is significantly
lower than that obtained in this study, with a value of 4.14 h. Senthil
Kumar et al. (2015) did not measure the oxidation stability of the
CPME produced in their work and therefore, comparison cannot be
made here. In contrast, diesel has higher oxidation stability
compared to all of the biodiesels produced in this study.

Based on the results shown in Table 6, it can be seen that the
FAME content is highest for the CICPME (99.2 wt¥%), followed by
CIME (98.5 wt%), and least of all, CPME (97.5 wt%). A high FAME
content is desirable because it indicates that most of the tri-
glycerides have been converted into biodiesel. In order to support
these results, Fourier transform infrared (FTIR) spectroscopy was
performed to analyze the functional groups in the CI40CP60 oil
mixture and CICPME, and the FTIR spectrum of the CICPME is
shown in Fig. 8. The CICPME has unique absorption features in the
FTIR spectrum because it is composed of long-chain FAMEs. The
presence of carboxylates was confirmed based on the three ab-
sorption bands caused by the bonds in the A—COOH functional

group. It can be seen from Fig. 8 that there is an intense peak at
2923 cm~!, which is ascribed to CH stretching of the strong
carbonyl group, whereas the intense peak at 1742 cm™! is attrib-
uted to stretching of the C=0 bonds. The absorption peaks at 1169,
1198, 1359, and 1438 cm™! are typical FTIR features of biodiesels.
The decrease in the intensities of the absorption peaks between a
wavenumber of 1000 cm™! and 1800 cm™! indicates an increase in
FAME content, which confirms that the triglycerides in the
CI40CP60 oil mixture have been converted into FAMEs and the
alkaline-catalyzed transesterification process was successful.

Cetane number is measure of the ignition quality of diesel and
biodiesels. The cetane number is determined based on the amount
of cetane (a clear, colorless hydrocarbon that ignites at high pres-
sures) present in a fuel. The cetane number does not give the
amount of cetane (e.g. biodiesel contains no cetane, but has a ce-
tane number), but a similarity in ignition behaviour to pure cetane.
A cetane number of 100 indicates that the fuel is of highest purity.
In general, a fuel with a higher cetane number is more favorable
because it will minimize ignition delay, which is the delay between
the time at which the fuel is injected into the combustion chamber
and the time at which combustion takes place. It is important to
minimize the ignition delay in order to achieve a more complete
combustion and reduce the formation of pollutants (Sanchez-
Borroto et al., 2014; Afework et al., 2018). In this study, it is found
that the cetane number of the CICPME is 56.00, which is similar to
those for CIME (57.00) and CPME (55.00), as shown in Table 6. The
cetane numbers of the biodiesels are higher than those for diesel
(48.50). The biodiesels produced in this study fulfil the minimum
cetane number requirements stipulated in the ASTM D6751 and EN
14214 standards, with a value of 47.00 and 51.00, respectively,
whereas diesel does not fulfil the minimum cetane number
requirement in the EN 14214 standard. The cetane number of the
CIME obtained in this study is similar to that obtained by Jahirul
et al. (2015) (56.53) whereas the cetane number of the CPME ob-
tained in this study is slightly higher than that obtained by Senthil
Kumar et al. (2015) (51.00). Based on these results, it can be
deduced that all of the biodiesels produced in this work are
favorable substitutes for diesel.

Based on the physiochemical properties presented and dis-
cussed in this section, it can be deduced that the CICPME is a po-
tential substitute for diesel and it fulfills the fuel property
specifications given in the ASTM D6751 and EN 14214 standards.
The CICPME has lower kinematic viscosity and acid value, higher
heating value, and superior cold flow properties compared with
CIME and CPME, indicating the advantages of producing biodiesel
from a mixture of Calophyllum inophyllum and Ceiba pentandra oils
compared with those produced from a single feedstock. The high
acid value of the CI40CP60 oil mixture (16.66 mg KOH g~ ') is not an
issue because this can be significantly reduced by acid-catalyzed
esterification and indeed, it is proven that the CICPME has the
lowest acid value (0.25 mg KOH g~ ') after acid-catalyzed esterifi-
cation and alkaline-catalyzed transesterification. However, there is
a need to improve the oxidation stability of the CICPME, which is
still lower than that compared to diesel. In addition, some of the
physicochemical properties of the CIME and CPME obtained in this
study are comparable to those obtained by Jahirul et al. (2015) and
Senthil Kumar et al. (2015), indicating that the physicochemical
property measurements in this work are reliable.

3.4. Kinetics study

As mentioned in Section 2.4, kinetics study was conducted to
understand the mechanism underlying alkaline-catalyzed trans-
esterification of the CI40CP60 oil mixture using the optimum values
of the methanol-to-oil molar ratio (37%) and KOH catalyst
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Fig. 8. FTIR spectrum of the CICPME.

concentration (0.78 wt%) predicted by the ANN-ACO model. The
stirring speed of the alkaline-catalyzed transesterification process
was fixed at 1000 rpm. The reaction temperature was varied at 323,
328, and 333K (=50, 55, and 60 °C, respectively, based on a con-
version of 1 K= —273.15 °C and rounded to the nearest integer) and
the reaction time was varied at 60, 90, 120, and 150 min. The FAME
contents of the CICPME in weight percent (wt%) at these reaction
temperatures and reaction times are summarized in Table 7. It can
be seen that the FAME content of the CICPME increases with an
increase in the reaction temperature and reaction time of the
alkaline-catalyzed transesterification process, and the highest
FAME content is attained at a reaction temperature and reaction
time of 60°C and 150 min, respectively. This explains why the
CICPME yield is highest (95.87%) when the reaction time is 153 min,
as described in Section 3.2.3.

Following this, the FAME contents of the CICPME determined
previously were used to plot [(1— (1 —a)'™™)/(1 — n)] versus the
reaction time t for all reaction temperatures considered in this
study (323, 328, and 333K), as shown in Fig. 9. Here, a is the
CICPME concentration or the FAME content of the CICPME. In this
study, the proper value of n that resulted in the best straight line for
the plot [(1 — (1 — a)!™")/(1 — n)] versus t was 1.1. The R? value was
determined for each plot and it is found that the R® values are
0.9963, 0.9577, and 0.9814 for a reaction temperature of 323, 328,

Table 7
CICPME conversion yield in weight percent (wt%) at various reaction temperatures
and reaction times.

Reaction temperature (K) Reaction time (min)

60 90 120 150
323 0.6486 0.7286 0.7982 0.8426
328 0.7646 0.7953 0.8425 0.9039
333 0.8578 0.8878 0.9039 0.9546

and 333 K, respectively. The R? values are close to 1, indicating that
the assumption where the global reaction rate constant obeys the
Arrhenius law is valid. The global reaction rate constants for all
reaction temperatures were determined from the slopes of the
respective plots and the values are summarized in Table 8. It can be
seen that the global reaction rate constant increases from 0.0347 to
0.0496 min~' as the temperature is increased from 323 to 333 K.
Fig. 10 shows the plot of In k versus 1/T, which is also known as
the Arrhenius plot. The result proves that the global reaction rate
constants obey the Arrhenius law for the three reaction tempera-
tures considered in this study. The activation energy E (which is the
minimum energy that the molecules of the reactants must possess
to form the CICPME) was determined from the slope of the
Arrhenius plot (Johns and Hutton, 2017), noting that R is the gas
constant (8.314Jmol~! K1), and the value is found to be
42.63kJmol~. The frequency factor A (which represents the
number of times the molecules will hit in the orientation necessary

Fig. 9. Plot of [(1— (1 —a)’~"1)/(1 - 1.1)] versus t.



196 H.C. Ong et al. / Journal of Cleaner Production 219 (2019) 183—198

Table 8

Global reaction rate constant and coefficient of determination values determined from the [(1 — (1 —a)'~"!)/(1 — 1.1)] versus t plot.

Reaction temperature, T (K)

Global reaction rate constant, k (min~")

Coefficient of determination, R?

318 0.0347
323 0.0402
328 0.0496

0.9712
0.9736
0.9618

Fig. 10. Plot of In k versus 1/T.

to cause the transesterification reaction) was determined from the
intercept of the Arrhenius plot (Johns and Hutton, 2017) and the
value is found to be 1.49 (10°) min~" Since the value of the acti-
vation energy is positive, this indicates that the transesterification
reaction is endothermic, where heat energy is required for the re-
action to take place.

4. Conclusions

In this study, a novel modeling approach (Artificial neural
network (ANN) coupled with Ant colony algorithm (ACO)) was used
to optimize the process variables (methanol-to-oil molar ratio, KOH
catalyst concentration, and reaction time) of alkaline-catalyzed
transesterification in order to maximize the Calophyllum ino-
phyllum-Ceiba pentandra methyl ester (CICPME) yield. The physi-
cochemical properties of the four crude Calophyllum inophyllum-
Ceiba pentandra oil mixture (CICPO) mixtures (CI20CP80, CI40CP60,
CI60CP40, and CI80CP20) were measured and the CI40CP60 oil
mixture was chosen for in situ acid-catalyzed esterification and
alkaline-catalyzed transesterification as well as optimization of the
transesterification process variables because the oil mixture offered
the best trade-off in terms of the kinematic viscosity at 40 °C,
density at 15°C, acid value, and higher heating value. Next, the
ANN-ACO model was used to optimize the transesterification pro-
cess variables in order to maximize the CICPME yield. Sensitivity
analysis was also performed to determine the relative importance
of each process variable on the CICPME yield. Next, acid-catalyzed
esterification followed by alkaline-catalyzed transesterification
were used to produce the CICPME. The physicochemical properties
of the CICPME were measured according to the ASTM D6751 and EN
14214 standards and compared with those of other fuels including
diesel. Finally, kinetics study was performed to understand the
mechanism of the transesterification of CI40CP60 oil mixture.

The following conclusions were drawn based on the findings of
this study:

1. The optimum methanol-to-oil molar ratio, KOH catalyst con-
centration, and reaction time of the alkaline-catalyzed trans-
esterification process predicted by the ANN-ACO model were

37%, 0.78 wt%, and 153 min, respectively. The corresponding
CICPME yield was 95.87%.

2. The CICPME yield values predicted by the ANN-ACO model were
plotted against those predicted by the Box-Behnken experi-
mental design. The R? value is found to be 0.9951, indicating that
the ANN-ACO model describes 99.51% of the variability in the
CICPME yield. The mean absolute percentage error (MAPE) is
found to be 0.2260%. The R? value and MAPE indicate that the
ANN-ACO model is reliable to predict the optimum alkaline-
catalyzed transesterification process variables.

3. The ANN-ACO model was validated by performing independent
experiments to produce the CICPME using the optimum trans-
esterification process variables predicted by the ANN-ACO
model. The average CICPME yield determined from experi-
ments is 95.18%, which is close to the maximum CICPME yield
predicted by the ANN-ACO model (95.87%) for the same opti-
mum values of process variables.

4. Based on the sensitivity analysis, the methanol-to-oil molar
ratio has the most significant effect on the CICPME yield
(35.46%), followed by the KOH catalyst concentration (33.88%),
and least of all, the reaction time (30.66%).

5. The CICPME produced from the in situ H,SO4-catalyzed esteri-
fication and KOH-catalyzed transesterification has lower kine-
matic viscosity and acid value, higher heating value, and
superior cold flow properties (pour point, cloud point, and cold
filter plugging point) compared with Calophyllum inophyllum
methyl ester (CIME) and Ceiba pentandra methyl ester (CPME),
indicating the advantages of producing biodiesel from a mixture
of crude Calophyllum inophyllum oil (CCIO) and crude Ceiba
pentandra oil (CCPO). The flash point, oxidation stability, and
cetane number of the CICPME are midway between those for
CIME and CPME. However, the oxidation stability of the CICPME
(8.44 h) needs to be improved (perhaps by the addition of an-
tioxidants) because it is significantly lower than that compared
with diesel (13.2 h).

6. The CICPME (biodiesel produced from the CI40CP60 oil mixture)
fulfills the specifications in the ASTM D6751 and EN 14214
standards and therefore, it is a potential diesel substitute.

7. The results of the kinetics study indicate that the global reaction
rate constant of the transesterification obeys the Arrhenius law.
The global reaction rate constant increases from 0.0347 to
0.0496 min~"' as the temperature is increased from 323 to 333 K.
The activation energy and frequency factor of the trans-
esterification reaction determined from the Arrhenius plot are
42.63 kJ mol~! and 1.49 (10°) min~', respectively.

The novel ANN-ACO model developed in this study offers a
simple, reliable alternative to other optimization tools such as
response surface methodology (RSM), which is typically used to
optimize the process variables for biodiesel production, and it
eliminates the trial and error associated with traditional experi-
mentation. Even though the ANN-ACO model is only implemented
to maximize the biodiesel yield from transesterification of CCIO and
CCPO mixture in this study, it is believed that the model can be used
to optimize other biodiesel production processes such as seed oil
extraction and acid-catalyzed esterification for various types of
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biodiesels and biodiesel blends.

Studies can be carried out in the future to compare the accuracy
of the ANN-ACO model with other optimization tools such as the
Taguchi method and kernel extreme learning machine in order to
determine which method gives the highest accuracy in predicting
the optimum values of biodiesel production process parameters.
Studies can also be carried out to analyze the engine performance
(brake specific fuel consumption, brake power, brake thermal ef-
ficiency, and exhaust gas temperature) and exhaust emissions
(carbon dioxide, carbon monoxide, nitrogen oxide, total unburned
hydrocarbons, particulate matter, and soot) of a diesel engine
fueled with different CICPMEs produced from acid-catalyzed
esterification and alkaline-catalyzed transesterification using the
optimum values of process variables and the results can be
compared with those of a diesel engine fueled with diesel or other
second-generation biodiesel blends. In addition, studies can be
carried out to use the ANN-ACO model to optimize the process
parameters of seed oil extraction from unconventional oil sources
such as Durio zibethinus (durian) and Citrullus lanatus (watermelon)
seed oils in order to maximize the crude oil yield.
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Cleaner Production and Technical Processes; Green/sustainable engineering;
Green/sustainable supply chains; Biomass; Energy use and consumption; Waste
minimisation; Pollution reduction; Renewable energy; Environmental assessment;
Emergy/exergy analyses; LCA of product and process - Footprints and other assessment
types; Supply chains (modelling, mathematical, and engineering); Eco-industrial parks;
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Sustainability indicators; Cleaner production practices (industrial, agricultural and supply
chains); Emergy and exergy analysis (resource and energy use); Regional sustainability;
Education for sustainability; Environmental and sustainability assessment; Sustainable
products and services; Corporate sustainability, Corporate social responsibility; Sustainable
consumption

Yutao Wang

Fudan University, Shanghai, China

Email Yutao Wang (https://www.journals.elsevier.com:443/journal-of-cleaner-
production/editorial-board/yutao-wang)

Cleaner production; Circular economy; Climate change policy and adaptation;

Bio-based industry; Extended producer responsibility; Industrial ecology; Life cycle
assessment; Eco-efficiency; Sustainable products and services; Waste management;
Ecological management and natural capital; Renewable resource; Environmental behavior;
Urban metabolism; Environmental nexus; Energy policy; Sustainable consumption;
Sustainable urbanization and Regional sustainability; Education for sustainability

Editorial Assistant

Kevin Zhang
Delft University of Technology, Delft, Netherlands

Founder and Editor-in-Chief Emeritus

Don Huisingh (https://www.journals.elsevier.com:443/journal-of-cleaner-production
[editorial-board/don-huisingh)
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University of Maryland, College Park, Maryland, USA

Email Giovanni Baiocchi (https://www.journals.elsevier.com:443/journal-of-
cleaner-production/editorial-board/giovanni-baiocchi)

Climate change mitigation; sustainable lifestyles; environmental accounting; environmental
economics; sustainable agriculture; industrial ecology; input-output sustainability analyses;
trade and environment; alternative consumption patterns; carbon footprints of cities

Giorgio Besagni (https://[www.journals.elsevier.com:443/journal-of-cleaner-
production/editorial-board/giorgio-besagni)

Ricerca sul Sistema Energetico - RSE S.p.A., Milan, Italy

Email Giorgio Besagni (https://www.journals.elsevier.com:443/journal-of-
cleaner-production/editorial-board/giorgio-besagni)

Energy efficiency; Computational Fluid Dynamics, Energy Poverty; Multiphase flows; Energy
system analysis; Ejector and refrigeration technology; Rational use of energy, Energy storage;
Renewable energy; Energy use and consumption

Jun Bi (https://www.journals.elsevier.com:443/journal-of-cleaner-production
[editorial-board/jun-bi)

Nanjing University, Nanjing, China

Email Jun Bi (https://www.journals.elsevier.com:443/journal-of-cleaner-
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environmental governance, environmental behavior, low carbon development, air pollution,
watershed management, enterprise environmental management, EHS (environment, health

& safety)
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Universidade Aberta, Lisbon, Portugal
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Purdue University, West Lafayette, Indiana, USA

Email Hua Cai (https://www.journals.elsevier.com:443/journal-of-cleaner-production
[editorial-board/hua-cai)

Urban sustainability; Data-driven modeling; Sustainable consumption and production;
Green supply chain; Sustainable transportation; Complex system; Operations research;
Industrial ecology

Bin Chen

Beijing Normal University, Beijing, China

Email Bin Chen (https://[www.journals.elsevier.com:443/journal-of-cleaner-
production/editorial-board/bin-chen)

Environmental and ecological management; Environmental nexus; Energy
economics; Thermoeconomics; Urban metabolism; Systems ecology
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Montpellier Business School, Montpellier, France
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aspects of cleaner production; green human resource management; sustainable human
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University of Southern Denmark, Odense M, Denmark
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cleaner-production/editorial-board/kannan-govindan)
Sustainable Supply Chain Management, Sustainable Operations Management,
Green Supply Chain Management, Reverse Logistics, Closed Loop Supply Chain, Corporate
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Sustainable Geo/Transportation Infrastructure — Multi-Scale Characterization and Modeling
of Infrastructure Materials; Innovative Technologies Supporting Sustainable and
Environmentally Friendly Subsurface Infrastructure Systems

Mingzhou Jin

University of Tennessee - Knoxville, Knoxville, Tennessee, USA

Email Mingzhou Jin (https://www.journals.elsevier.com:443/journal-of-cleaner-production
[editorial-board/mingzhou-jin)

Advanced and Sustainable Manufacturing; Green Supply Chain; Sustainable Operations;
Energy Efficiency; Optimization; Remanufacturing; Environmental Policy; Life Cycle
Assessment

Jin-Kuk Kim (https://www.journals.elsevier.com:443/journal-of-cleaner-
production/editorial-board/jin-kuk-kim)

Hanyang University, Seoul, The Republic of Korea

Email Jin-Kuk Kim (https://www.journals.elsevier.com:443/journal-of-cleaner-
production/editorial-board /jin-kuk-kim)

Environmental process modeling and simulation; Process systems engineering; Energy
system analysis; Techno-economic analysis; Process optimization; CO2 capture and
utilization; Water minimization; Natural gas processing; Industrial energy saving; Waste heat
Tecovery

Chew Tin Lee (https://www.journals.elsevier.com:443/journal-of-cleaner-
production/editorial-board/chew-tin-lee)

Universiti Teknologi Malaysia, Skudai, Johor, Malaysia

Email Chew Tin Lee (https://www.journals.elsevier.com:443/journal-of-cleaner-
production/editorial-board/chew-tin-lee)

Organic waste management; Composting; LCA of products and processes; Waste treatment
technology; Wastewater treatment; Environmental assessment; Waste to energy; Low-carbon
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cycle assessment; Eco-efficiency analysis; Value-added waste recycling; Nondestructive
evaluation of transportation infrastructure

Mattias Lindahl (https://www.journals.elsevier.com:443/journal-of-cleaner-
production/editorial-board /mattias-lindahl)

Link6éping Universitet, Linkoping, Sweden

Email Mattias Lindahl (https://www.journals.elsevier.com:443/journal-of-
cleaner-production/editorial-board/mattias-lindahl)

Ecodesign (Environmentally Conscious Design, Design for Environment (DfE)); Sustainable
Business Models; Circular Economy; Sustainable Consumption; Product Development;
Engineering Design Methods; Product-Service Systems (PSS); Integrated Product and
Service Engineering (IPSE); Service Engineering

Zhifu Mi (https:/[www.journals.elsevier.com:443/journal-of-cleaner-production
[editorial-board/zhifu-mi)

University College London (UCL), London, England, UK

Email Zhifu Mi (https://www.journals.elsevier.com:443/journal-of-cleaner-
production/editorial-board/zhifu-mi)

Climate change economics; energy policy; air pollution; green economy; carbon footprint;
low carbon; econometrics; optimization model; input output analysis; integrated assessment
model

Maria Theresa (Maite) Moreira Vilar

Universidade de Santiago de Compostela, Santiago de Compostela, Spain

Email Maria Theresa (Maite) Moreira Vilar
(https:/[www.journals.elsevier.com:443/journal-of-cleaner-production
[editorial-board/maria-theresa-maite-moreira-vilar)

Biochemical Engineering, Enzyme Reactors, Wastewaster Treatment, Environmental
Management, Life Cycle Assessment, Carbon Footprint, Eco-design, Eco-efficiency
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[editorial-board/tomohiko-sakao)

Link6éping Universitet, Linkdping, Sweden

Email Tomohiko Sakao (https://www.journals.elsevier.com:443/journal-of-cleaner-production
[editorial-board/tomohiko-sakao)

Ecodesign (environmentally conscious design); Engineering design methods; Life Cycle
Engineering; Life Cycle Management; Product-Service System (PSS); Circular Economy;
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production/editorial-board/panos-seferlis)

Aristotle University of Thessaloniki, Thessaloniki, Greece

Email Panos Seferlis (https://[www.journals.elsevier.com:443/journal-of-cleaner-
production/editorial-board/panos-seferlis)

Process design, Process optimization, Energy efficiency, Mathematical modeling, Automatic
control, Sustainable process design, Energy conversion systems, Renewable energy systems,
Emission reduction, Energy and water integration

Lei Shi (https://www.journals.elsevier.com:443/journal-of-cleaner-production
[editorial-board/lei-shi)

Tsinghua University, China

Email Lei Shi (https://[www.journals.elsevier.com:443/journal-of-cleaner-
production/editorial-board/lei-shi)

Industrial ecology, industrial complexity, complex network, complex systems, industrial
ecosystem, industrial symbiosis, industrial metabolism, eco-innovation, circular economy,
process systems engineering, cleaner production in developing countries
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production/editorial-board/vladimir-strezov)

Macquarie University, New South Wales, Australia
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Extended Producer Responsibility; Sustainable consumption and production; Industrial
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Zhejiang University, Zhejiang, China
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Air Pollution; Sustainable building; Built environment; Urban Physics; Urban vegetation;
Traffic emission; Cabin environmental quality; Emission control; Computational Fluid
Dynamics (CFD); Sustainable manufacturing
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process systems engineering, water, energy, Pinch Technology, Optimisation,
Industrial applications
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Philip Vergragt
Tellus Institute, Boston, Massachusetts, USA
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Guangdong University of Technology, Guangzhou, China
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Anthony Chiu
De La Salle University, Manila, Philippines

Xiangzheng Deng

Chinese Academy of Sciences (CAS), Chaoyang District, China

Environmental and Natural Resource Economics; Land Change Science;

Agricultural Policy and Sustainable Development; Water Management and

Water Footprint; Ecosystem Services and Functions; Urbanization and Global
Environment Change; Energy Economics and climate Policy; Sustainability-based Decision
Making

Stephen DeVito

US Environmental Protection Agency, Washington, District of Columbia, USA
Pollution prevention; green chemistry; pollutant release and transfer
registers; PRTRs; sustainable development

Javier Dufour Andia

Rey Juan Carlos University, Spain

sustainability, life cycle assessment (LCA), life cycle sustainability assessment
(LSCA), process optimization, energy modelling, bioenergy, biofuels,
electricity, hydrogen, energy systems

Sandra Duni Eksioglu

Clemson University, Clemson, South Carolina, USA

Kai Fang

Zhejiang University, Hangzhou, China

Environmental Footprint Analysis; Carbon Emission Accounting and
Allocation;, Environmental Sustainability Assessment; Industrial Ecology;
Ecological Economics; Input-Output Analysis; Climate Change; Planetary
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Xavier Gabarrell Durany

Universitat Autonoma de Barcelona (UAB), Barcelona, Spain
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Shabbir Gheewala

King Mongkut's University of Technology Thonburi, Bangkok, Thailand

Life cycle assessment, sustainability assessment of energy systems,
sustainability indicators, carbon footprint, water footprint, certification issues
in biofuels and agro-industry

Biagio F. Giannetti

Paulista University, Sao Paulo, Brazil

Stefan Gold
Nottingham University Business School, Nottingham, England, UK

Reinout Heijungs

Vrije Universiteit Amsterdam, Amsterdam, Netherlands

Gavin Hilson

University of Surrey, Guildford, Surrey, England, UK
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Chinese Academy of Sciences (CAS), Beijing, China
urban ecology, ecosystem services, urban land-use change, ecological
infrastructure, ecological planning and management

Gang Liu

University of Southern Denmark, Odense, Denmark

Material, substance, and energy flow analysis; Life cycle sustainability
assessment; Urban metabolism; Industrial Ecology; Circular economy;
Sustainable resource and waste management; Built environment stocks;
Prospective modelling; Climate change mitigation; Linkages of sustainability

Yang Liu

University of Vaasa, Vaasa, Finland

Zhi-Yong Liu

Hebei University of Technology, Tianjin, China

Wastewater minimization, debottlenecking of distillation columns, energy
saving, applied thermodynamics, and simulation and optimization of
chemical processes

Thokozani Majozi

University of the Witwatersrand, WITS, South Africa
Optimization; Batch processes; Water minimization; Energy optimization;
Scheduling, Synthesis and Design of batch plants

Guozhu Mao

Tianjin University, Tianjin, China

Environmental planning, cleaner production audit, industry ecology,
infrastructure ecology, life cycle assessment, green building, circular economy,
low carbon economy, alternative energy, CO2 emissions
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Jaco Quist
Delft University of Technology, Delft, Netherlands
Sustainable Production and Consumption (SPC); Industrial Ecology; Circular Economy;
Renewable Energy; Climate Adaptation; Urban Agriculture and Food

Joan Rieradevall Pons

Universitat Autonoma de Barcelona (UAB), Bellaterra, Spain

Agrourban, Sustainability cites, Life cycle assessment, Eco-design, Eco
innovation services, Prevention and recycling of waste, Industrial Ecology,
Rainwater, Biomass and Smart cities

Matteo V. Rocco

Politecnico di Milano, Milano, Italy

Exergy analysis; Thermoeconomic analysis; Energy conversion systems; Life
Cycle Assessment; Input-Output analysis; Energy Modeling; Energy resources;
Industrial ecology; Computational sustainability; Environmental policy

Hans Schnitzer

Technische Universitit Graz, Graz, Austria

Cleaner Production process intensification, resource and energy efficient technologies
process assessment energy concepts, use of renewable resources innovations for urban
quality of life with the focus on sustainable urban technologies systematic innovation

Malin Song

Anhui University of Finance and Economics, Anhui Bengbu, China
Environmental regulation; Environmental efficiency; Sustainable
development; Big data analysis

Susan Thorneloe
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University of Technology Sydney, Ultimo, New South Wales, Australia
Inpystiiahedengy.efficiency; Industrial energy management; Resource
effitlency; Sustainable production; Sustainable products and services;
Sustainable operations management; Closed loop supply chain; Green supply
chain management

Arnold Tukker
Leiden University, Leiden, Netherlands

Sergio Ulgiati
Universita degli Studi di Napoli Parthenope, Napoli, Italy

Bart van Hoof

Universidad de Los Andes, Bogot4, Colombia

Petar S. Varbanov
Brno University of Technology (VUT Brno), Brno, Czech Republic

Timothy Walmsley

Brno University of Technology (VUT Brno), Brno, Czech Republic

Process Integration including process modelling, optimisation and design;
industrial energy efficiency, waste heat recovery, waste-to-energy; macro
energy systems modelling, Footprint assessment and sustainability

Zhaohua Wang

Beijing Institute of Technology, Beijing, China
Energy Economics and Policy; CO2 Emission and Climate Change;
Sustainable Production and Consumption; Big Data and Behavior

Yingfeng Zhang
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Carbon emission reduction; Low-carbon policy evaluation; Energy economics;
Energy price; Energy finance; Energy efficiency; Carbon trading mechanisms;
Econometrics; Data Envelopment Analysis (DEA); Input output method

Jian Zuo

University of Adelaide, Adelaide, South Australia, Australia

Resource efficiency; Corporate sustainability; Solid waste management;
Sustainable higher education; Green building; Stakeholder engagement;
Renewable energy in buildings; Behavioural change; Social sustainability;
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Universiti Teknologi PETRONAS, Perak, Malaysia
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Brno University of Technology (VUT Brno), Brno, Czech Republic
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