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ABSTRACT

Biodiesel production using intensification of methyl ester is becoming very important due to its
considerably lower energy requirement and shorter reaction time in obtaining feedstock oil. The present
study investigated utilisation of Reutealis trisperma oil to produce biodiesel. A Box-Behnken experimental
design was used to optimise the transesterification process. The process variables were explored and the
optimum methanol to oil molar ratio, catalyst concentration, reaction temperature, and reaction time
were 8:1, 1.2 wt%, 64 °C and 68 min respectively and the corresponding methyl ester yield was 98.39%.
The experiment was conducted in triplicate to validate the quadratic model. Results showed average
methyl ester yield was 97.78%, which is close to the predicted value, indicating reliability of the model.
Results also indicated that using infrared radiation method has many advantageous, such as less energy
consumption as a result of deeper penetration of reactant mass which can improve mass transfer be-
tween the immiscible reactants in order to improve quality of biodiesel. The physicochemical properties
of Reutealis trisperma methyl ester produced under optimum transesterification process variables were
also measured and the properties fulfilled the fuel specifications as per ASTM D6751 and EN 14214

standards.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Fossil fuels, such as petroleum, gasoline and diesel are impor-
tant in meeting the energy demands of the transport sector.
However, since these are non-renewable energy sources, it is
forecasted petroleum will be exhausted completely in 2055 based
on estimated “proven fossil fuel reserves”, which are essentially
reserves where petroleum can be extracted using existing fuel
processing technologies [1,2]. In fact, it is very likely that petroleum
will be exhausted sooner than expected if the global energy de-
mands increase at a pace that exceeds the availability of fossil fuel
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reserves. For this reason, the scientific community has focused ef-
forts to introduce alternative fuels from renewable sources. Bio-
diesels are among the most attractive alternative fuels to fulfil these
global energy demands and needs. These fuels have a great po-
tential as diesel substitutes because they can be specially formu-
lated to contain physicochemical properties, cold flow properties,
and oxidation stability comparable with those of diesel [3,4].
Additionally, it has been proven burning of biodiesels produce
lower emissions [5].

There are three types of biodiesels: (1) first-generation bio-
diesels (biodiesels produced from edible vegetable oils), (2)
second-generation biodiesels (biodiesels produced from non-
edible vegetable oils), and (3) third-generation biodiesels (bio-
diesels produced from macroalgae and microalgae-derived oils)
[6—8]. Various non-edible vegetable oils have been explored for
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biodiesel production in order to reduce human dependency on
edible oils for fuel production. As the name implies, these vegetable
oils are called “non-edible oils” as they are unfit for human con-
sumption owing to their toxicity [9,10]. Hence, these oils have
gained popularity, especially in developing countries, in order to
resolve the “food versus fuel” dilemma. However, it is well known
non-edible oils have high levels of free fatty acids, which leads to
significant ~ saponification  during the alkaline-catalysed
transesterification.

Reutealis trisperma (commonly known as Philippine Tung) is
native to the Philippines. It belongs to the family of Euphorbiaceae
and found throughout Southeast Asia. The annual yield of reutealis
trisperma seed oil is 400 kg/ha [11,12] while its kernel oil yield is
between 45% and 50%. Reddish yellow in colour, the oil is consid-
ered toxic to humans and animals due to its high amount of
naturally present alpha-eleostearic acid [11,13]. The Reutealis tris-
perma plant helps to prevent land erosion and is an excellent
producer of oxygen [14].

Biodiesel production has also focused on utilising existing
technologies, such as radiation, cavitation and oscillatory flow
among others. These technologies can produce high methyl ester
yields as well as improve the quality of biodiesel through
enhancement of mass and heat transfer in the reactor [5,9]. Holilah
et al,, [15] showed the optimum reaction condition for biodiesel
production from Reutealis trisperma which can provide a maximum
yield of 95.15%. Sarifah Nurjanah et al., [16] reported esterification
and transesterification for biodiesel production Reutealis trisperma
produced highest yield of FAME 61.1%. This production process has
a longer reaction time and produce lower methyl ester yields
[17,18]. Therefore, several methods have been studied in recent
years such as, non-catalytic supercritical, microwave, ultrasound-
assisted, and infrared radiation techniques to produce biodiesel
[19—21]. Among them, the infrared energy within a range of
0.001—1.7 eV can penetrate through the reactants mass at deeper
depths [22]. These technologies can be used to intensify biodiesel
production by enhancing heat and mass transfer of the reactants
which will in turn maximise biodiesel yield [23]. This method has
been proven to reduce both reaction time and energy consumption
in order to improve the quality biodiesel compared with conven-
tional heating systems [22]. Chakraborty and Sahu reported that
infrared radiation-assisted reactor was sufficiently effective,
required less time, and produced higher ester yield compared with
the conventional method using waste goat tallow [19]. Indeed, one
study has shown that the production of biodiesel from trans-
esterification of waste mustard oil through infrared radiation is
energy-efficient [9].

In this study, a different approach was used to maximise the
yield of Reutealis trisperma biodiesel to produce biodiesel on a
commercial scale. In order to reduce fatty acid content of the RTO,
acid-catalysed esterification and alkaline-catalysed trans-
esterification was carried out with the aim to produce Reutealis
trisperma methyl ester (RTME). The uniqueness of this study is both
of these processes were intensified using infrared radiation. In
addition, unlike other researches (which focused on optimising the
process variables of acid-catalysed esterification), the present study
focused on optimising the process variables (in particular, the
methanol to oil molar ratio, KOH catalyst concentration, reaction
temperature, and reaction time) of the infrared radiation-assisted
transesterification process. Response surface methodology (RSM)
based on the Box-Behnken experimental design was used for this
purpose. The RSM enables one to optimise the process variables
and to visualise the interaction effects of the process variables on
the RTME yield using three-dimensional response surface plots. It is
believed that the approach discussed in this paper will be of great
interest to scientists and researchers, especially those who intend

to maximise biodiesel yields produced from non-edible oil feed-
stocks with high free fatty acid content in an efficient and effective
manner.

2. Materials and methods
2.1. Materials

The RTO was purchased from Koperasi Lestari, Cilacap, Java,
Indonesia. It was degummed and filtered for biodiesel production.
The following reagents used for biodiesel production were sourced
from It Tech Research (M) Sdn. Bhd., Malaysia: (1) methanol (pu-
rity: 99.9%, grade: ACS reagent), (2) sulfuric acid (purity: >98.9%),
(3) anhydrous sodium sulphate (purity: 99%), (4) potassium hy-
droxide pellets (purity: 99%), (5) fatty acid methyl ester (FAME)
mix, Cg—Cyq4, (brand: Sigma-Aldrich, packaging size: 100 mg), (6)
methyl nonadecanoate, Cig (brand: Sigma-Aldrich, purity: >99.5%)
(7) 1,2,4-butanetriol, (8) glyceryl monononadecanoate, mono Cyg,
(9) glyceryl dinonadecanoate, di Csg, (10) glyceryl trinonadeca-
noate, tri Cs7, and (11) Fluka® Analytical phenolphthalein solution
(1% in ethanol).

2.2. Experimental setup

The infrared radiation-assisted reactor consisted of a 500-mL
transparent borosilicate glass (CSL-1380 unjacketed with 5 mm
thickness) fitted with an infrared lamp (input power: 100 W, mains
voltage: 220V, mains frequency: 50Hz) in order to generate
infrared energy within a range of 0.001—1.7 eV. The 100 W infrared
lamp was placed in front of the 500-mL glass reactor connected to
an overhead stirrer fitted with a digital speed indicator and the
stirring speed was set at 1000 rpm. The overhead stirrer was used
to ensure homogeneous mixing of the reaction mixture in the
reactor. The schematic diagram of the experimental setup used for
infrared radiation-assisted biodiesel synthesis is shown in Fig. 1. It
should be noted this experimental setup was used for both acid-
catalysed esterification and alkaline-catalysed transesterification.
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Fig. 1. Schematic diagram of infrared radiation-assisted reactor used for esterification
and transesterification of RTO.
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2.3. Infrared radiation-assisted acid-catalysed esterification and
alkaline-catalysed transesterification

It was necessary to perform pre-treatment of the RTO in order to
reduce its free fatty acid content (and thus, its acid value) prior to
the transesterification process. Acid-catalysed esterification was
used for this purpose where acids such as HySO4, were used as the
catalyst [24]. In this study, infrared radiation-assisted acid-cata-
lysed esterification process was carried out where 2 vol% of HySO4
was added into 500 mL of crude RTO at 65 °C. The methanol to oil
molar ratio and stirring speed were kept fixed at 8:1 and 1000 rpm
respectively. However, the reaction time was varied at 30, 60, 90,
120, and 150 min to examine their effects on the acid value of the
esterified Reutealis trisperma oil (ERTO). When the esterification
reaction was completed, ERTO was poured into a different funnels
to separate ERTO from methanol and other impurities. Once the
separation process was over, there were two distinct layers in the
separating funnel - the top layer consisted of methanol and other
impurities while the bottom layer consisted of ERTO.

Following this, infrared radiation-assisted alkaline-catalysed
transesterification process was carried out where KOH was used as
the catalyst and it was diluted into methanol. The KOH-methanol
mixture was later added into the ERTO. The stirring speed was
kept fixed at 1000 rpm and the reaction time varied between
60 min and 120 min. Once the transesterification reaction was
complete, the reaction mixture was left to stand overnight in the
separating funnel in order to separate glycerol and other impurities
from RTME by gravity. Similar to ERTO, two distinct layers were
formed in the separating funnel after the separation process. The
top layer consisted of RTME whereas the bottom layer consisted of a
mixture of glycerol and other impurities drained from the sepa-
rating funnel. The RTME (biodiesel) was washed with warm water
several times and then poured into a vacuum evaporator set at
60 °C to remove moisture and unreacted methanol.

2.4. Optimisation of the infrared radiation-assisted alkaline-
catalysed transesterification process variables using RSM

Design-Expert® Version 9.0.6.2 software was used to optimise
the process variables of the transesterification process while the
Box-Behnken experimental design was used to optimise the
methanol to oil molar ratio (x1), KOH catalyst concentration (x3),
reaction temperature (x3), and reaction time (x4) in order to
maximise RTME yield. It should be noted here the process variables
are independent, whereas RTME yield is the dependent variable or
response variable. The RSM was used to examine the interaction
effects of the process variables on RTME yield.

2.5. Physicochemical properties and FAME content of RTME
produced from infrared radiation-assisted alkaline-catalysed
transesterification with optimum process variables

The optimum process variables of the alkaline-catalysed trans-
esterification process were intensified using infrared radiation
(methanol to oil molar ratio, KOH catalyst concentration, reaction
temperature, and reaction time) determined from RSM were used
to produce the RTME.

The FAME content of the RTME was determined using gas
chromatography based on EN14103:2011 standard test method.
The gas chromatograph was equipped with a flame ionisation de-
tector to determine the FAME content and linolenic acid methyl
ester (Cyg.3) content of biodiesels. According to the EN14103:2011
standard test method, FAME content of the biodiesel should be
more than 90 wt%, while the linolenic acid methyl acid content
should be within the range of 1—15 wt%, consistent with the EN

14214 fuel specifications. This method is suitable for biodiesels that
contain methyl esters Cs and Cps4. The gas chromatograph is
equipped with an Agilent HP-INNOWax high polarity column
(length x inner diameter x film thickness:
30 m x 0.25 mm x 0.25 pm, stationary phase: polyethylene glycol).
In this study, helium was used as the carrier gas and the operating
conditions of the gas chromatography measurements are shown in
Table 1. The FAME content of the RTME was determined using Eq.
(1) whereas the linolenic acid methyl ester content was determined
using Eq. (2).

_2A-An Wg
FAME = =2 S < 100 (1)
A Wy
L= o %y > 100 )

Here, FAME represents the content in percent by weight (wt%),
>~ Ais the total peak area from FAME Cg and Cp4 Ag; is the peak area
corresponding to methyl nonadecanoate (methyl ester Cyg9), Wy is
the weight of methyl nonadecanoate (methyl ester Cy9) in milli-
grams (mg), which is used as the internal standard, W is the weight
of the sample in milligrams (mg), L represents the linolenic acid
methyl ester content in percent by weight (wt%), and A; is the peak
area corresponding to the linolenic acid methyl ester.

3. Results and discussion

3.1. Effect of reaction time on acid value of ERTO produced from
infrared radiation-assisted acid-catalysed esterification process

Fig. 2 shows the effect of reaction time (30—150 min) on acid
value of ERTO obtained from the infrared radiation-assisted acid-
catalysed esterification process. It can be seen the acid value of the
ERTO was highest at a reaction time of 30 min, whereas the acid
value of the ERTO was lowest (2.25 mg KOH/g) at a reaction time of
90 min. However, it is interesting to note there was a slight increase
in the acid value when the reaction time was further increased after
90 min, which was due to undesirable side reactions in the pres-
ence of the H,SO4 catalyst. Based on the results, the ERTO with the
lowest acid value was chosen for the infrared radiation-assisted
alkaline-catalysed transesterification.

3.2. Optimisation of the infrared radiation-assisted alkaline-
catalysed transesterification process variables using RSM

The RSM based on the Box-Behnken experimental design was
used to optimise the process variables of the infrared radiation-
assisted alkaline-catalysed transesterification in order to maxi-
mise RTME yield. With four factors and three levels for each factor,
the experimental design consisted of 29 experiments. The experi-
mental RTME yield for each combination of methanol to oil molar
ratio, KOH catalyst concentration, reaction temperature, and reac-
tion time was determined for each experiment, as shown in Table 2.

The response surface quadratic model used to predict the RTME
yield is given by Ref. [15]:

n n j-1
Y=Bo+ D> Bifi+ > BBp+ >
= =1 iz

1 j=2

n
Bixix; + ¢ (3)

where Y is the RTME yield (response variable), 8, 8;, 8;, and £;
represent the regression coefficients of the independent variables
for the intercept, linear, quadratic, and product terms, respectively,
x; and x; are the uncoded independent variables, and n is the
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Table 1

Operating conditions for gas chromatography measurements according to EN 14103:2011 standard test method.

Parameters

Specification

Capillary column

Oven temperature

Carrier gas

Helium pressure
Flow rate

Split flow

Split injection ratio
Injector temperature
Detector temperature
Type of injector

Type of detector
Injection volume
Flame ionisation detector makeup gas
FAME standard

Agilent HP-INNOWax column

Length x inner diameter x film thickness: 30 m x 0.25 mm x 0.25 pm
60 °C for 2 min

60—200°C at 10°C/min

200—240°C at 5°C/min

240°C for 7 min

Post-run at 255 °C for 0.5 min

Helium

70 kPa

1.5 mL/min

100 mL/min

100:1.5

250°C

250°C

Split/Splitless

Flame ionisation detector

1uL

Nitrogen

FAME mix Cg—Ca4, Brand: Sigma-Aldrich, Packaging size: 100 mg

523
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Fig. 2. Effect of reaction time on the acid value of the ERTO.

number of factors optimised in the experiment. In this study, n = 4

because four process variables are optimised for the infrared

radiation-assisted alkaline-catalysed transesterification process.
Hence, Eq. (3) can be rewritten as:

Y = —306.08667 + 46.17792x; + 81.35833x, + 1.99683x3
+2.09158x4 + 0.035x1 x5 + 0.17x1x3 + 0.033958x1x4
—0.0.663xx3 — 184x,x4 — 0.0027667x3x4 — 3.43510x2
—12.50167x3 — 0.014217x% — 0.014x3

(4)

Eq. (4) represents the response surface quadratic model used to
predict RTME yield as a function of transesterification process
variables (uncoded independent variables). The RTME yield values
predicted using this model are shown in Table 3. It can be seen that
there is good agreement between RTME yield predicted using the
response surface quadratic model and RTME yield obtained from
the Box-Behnken experimental design.

Analysis of variance (ANOVA) was used to determine the reli-
ability of the response surface quadratic model and the results are
summarised in Table 3. The model is considered as significant if the
computed F-value is greater than the critical F-value. It can be seen
that the F-value of the model is 84.89, which is greater than the
critical F-value (Fo05(14,14) = 2.48), indicating the model is signifi-
cant. In addition, the probability of a large F-value (Prob. > F) of the

model is less than 0.0001, indicating there is less than 0.01% chance
that the large F-value is because of random errors. The lack of fit F-
value of the model is 3.20, which is not significant relative to the
pure error. In addition, the lack of fit F-value of the model is less
than the critical F-value (Fo.05(10,5) = 5.96), indicating the model fits
well with the experimental data. The coefficient of determination
(R%) was found to be 0.9884, indicating 98.84% of the variability of
RTME yield is due to the process variables while the rest is not
described by the model. In general, R? value (0.9884) is close to the
adjusted R®> value (0.9767), indicating the response surface
quadratic model gives reliable predictions of RTME yield.

In general, the model with p value <.05 is considered to be
statistically significant [15]. Based on this, the quadratic term for
methanol to oil molar ratio is (x1x1), followed by the quadratic term
for reaction time (x4x4), the linear term for methanol to oil molar
ratio (x1), the linear term for reaction time (x4), the quadratic term
for KOH catalyst concentration (x»x2) the linear term for KOH
catalyst concentration (x;), the product term for KOH catalyst
concentration and reaction time (xX4), and the product term for
methanol to oil molar ratio and reaction time (x1x4). These were
significant factors for infrared radiation-assisted alkaline-catalysed
transesterification process which affect RTME yield.

3.3. Optimum process variables for infrared radiation-assisted
alkaline-catalysed transesterification

As discussed earlier, RSM was used to optimise the process
variables of infrared radiation-assisted alkaline-catalysed trans-
esterification and it was found the optimum methanol to oil molar
ratio, KOH catalyst concentration, reaction temperature, and reac-
tion time were 8:1, 1.2 wt%, 64 °C and 68 min respectively. Using the
response surface quadratic model (Eq. (4)), the predicted RTME
yield was 98.39% with the optimum process variables. The results
were similar to those of Holilah et al. [15]. In order to validate the
response surface quadratic model and verify the reliability of pre-
dictions, the infrared radiation-assisted alkaline-catalysed trans-
esterification was undertaken on a laboratory scale to produce
RTME using process variables optimised by RSM. The experiments
were conducted in triplicate and it was found average RTME yield
was 97.78%, close to the RTME yield (98.39%), predicted using the
response surface quadratic model. The result showed higher yield
compared with those of Holilah et al. [15] who recorded 95.17% and
Sarifah Nurjanah et al. [16] who obtained 61.1%.
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Table 2

Box-Behnken experimental design for infrared radiation-assisted alkaline-catalysed transesterification process.

Experimental run Methanol to oil molar  KOH catalyst concentration

Reaction temperature Reaction time

Experimental RTME yield Predicted RTME yield

no. ratio (wt%) Q) (min) (%) (%)

1 8:1 1.5 55 60 92.48 90.43
2 8:1 0.5 60 90 88.79 87.55
3 10:1 0.5 60 60 80.42 80.62
4 8:1 0.5 65 60 92.21 92.83
5 8:1 1.5 60 90 86.01 87.84
6 8:1 1.5 60 30 70.84 73.41
7 8:1 1.0 65 30 75.49 75.04
8 8:1 1.0 60 60 93.12 93.45
9 6:1 1.0 55 60 70.02 69.97
10 10:1 1.0 60 30 63.31 62.07
11 8:1 1.0 60 60 95.32 93.45
12 6:1 0.5 60 60 64.45 66.73
13 8:1 1.0 60 60 93.27 93.45
14 6:1 1.0 65 60 74.69 74.79
15 8:1 1.0 60 60 93.43 93.45
16 6:1 1.0 60 30 54.23 52.19
17 8:1 1.0 55 920 86.21 86.77
18 10:1 1.0 55 60 79.29 80.52
19 6:1 1.5 60 60 72.57 72.48
20 10:1 1.0 60 920 85.49 86.10
21 6:1 1.0 60 90 68.26 68.07
22 8:1 1.5 65 60 95.41 95.33
23 8:1 1.0 60 60 92.11 93.45
24 10:1 1.0 65 60 90.76 92.14
25 10:1 1.5 60 60 88.68 86.50
26 8:1 0.5 60 30 62.58 62.08
27 8:1 1.0 65 90 95.72 94.16
28 8:1 0.5 55 60 82.65 81.30
29 8:1 1.0 55 30 64.32 65.99

Table 3

ANOVA results for response surface quadratic model used to predict RTME yield.

Source Sum of squares Degree of freedom Mean square F-value p-value Prob. > F

Model 4154.59 14 296.76 84.89 <0.0001 Significant
X1 584.23 1 584.23 167.12 <0.0001 -
Xo 101.44 1 101.44 29.02 <0.0001 —
X3 202.62 1 202.62 57.96 <0.0001 —
Xq 1194.21 1 1194.21 341.62 <0.0001 -
X1X2 4.900 (1073) 1 4.900 (1073) 1.402 (1073) 0.9707 —
X1X3 11.56 1 11.56 3.31 0.0904 —
X1X4 16.61 1 16.61 475 0.0469 -
XoX3 10.99 1 10.99 3.14 0.0980 -
XoX4 3047 1 30.47 8.72 0.0105 —
X3X4 0.69 1 0.69 0.20 0.6639 —
X3 1224.64 1 1224.64 350.32 <0.0001 -
X3 63.36 1 63.36 18.13 0.0008 —
x3 0.82 1 0.82 0.23 0.6358 —
X3 1030.68 1 1030.68 294.84 <0.0001 -
Residual 48.94 14 3.50 -
Lack of fit 43,51 10 435 3.20 0.1366 Not significant
Pure error 543 4 1.36 —
Correlated total sum of squares 4203.53 28 - - - -
R? 0.9884 - - - - -
Adjusted R? 0.9767 - - — - —
Coefficient of variation 231 - - - - -

It can be deduced the use of infrared radiation facilitates the
conversion of free fatty acids into methyl ester [18,19]. The quan-
tum energy of infrared photons (0.001—1.7 eV) matches the range
of energies separating the quantum states of molecular vibrations.
Hence, infrared radiation is capable of penetrating deeper through
the reaction mass compared with visible radiation. In addition,
infrared radiation is more intensely absorbed compared with mi-
crowaves and conventional thermal energy [19,25]. Infrared radi-
ation interacts with the molecules, setting them into vibrational
mode, resulting in severe molecular collisions. This increases
transfer of thermal energy into reactant molecules which

significantly enhances activation of the reactive species compared
with conventional heating systems [26]. Hence, it can be concluded
that infrared radiation-assisted alkaline-catalysed trans-
esterification process is an efficient and feasible mean for biodiesel
production, and the biodiesel yield can be further increased using
optimum process variables.

3.4. Interaction effects of infrared radiation-assisted alkaline-
catalysed transesterification process variables on RTME yield

Three-dimensional response surface plots were plotted to
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examine the interaction effects of the process variables (methanol
to oil molar ratio, KOH catalyst concentration, reaction tempera-
ture, and reaction time) on the RTME yield. These plots enabled one
to visualise which process variables have a more pronounced effect
on RTME yield.

3.4.1. Effect of methanol to oil molar ratio and reaction time

Fig. 3 shows the methanol to oil molar ratio (6:1-10:1) and
reaction time (30—90 min) on the RTME yield. Observation shows
methanol to oil molar ratio of 8:1 results in the highest RTME yield.
However, increasing the methanol to oil molar ratio beyond 8:1
decreases the conversion of free fatty acids into methyl ester, which
is due to the reversible characteristics of the transesterification
reaction [27] and diffusion of the reaction mixture [28]. In addition,
the difference in concentration at the interphase of the RTO and
methanol to oil molar ratio creates a driving force, which acceler-
ates mass transfer rate and increases the RTME yield. It has also
been proven in another study [29] that increasing the methanol to
oil molar ratio beyond 8:1 does not have a significant effect on
biodiesel yield. It can also be observed from Fig. 6 that RTME yield is
maximised when the reaction time is 68 min. It is apparent from
the plot that both the methanol to oil molar ratio and reaction time
significantly affect RTME yield (the RTME yield is maximum within
the red region of the response surface).

3.4.2. Effect of KOH catalyst concentration and methanol to oil
molar ratio

Fig. 4 shows the effect of KOH catalyst concentration (0.5—1.5 wt
%) on methanol to oil molar ratio (6:1—10:1) on RTME yield. It can
be seen that RTME yield increases slightly when KOH catalyst
concentration increases from 0.5 to 1.2 wt%, indicating the RTME
yield can only be increased up to a certain level by tweaking KOH
catalyst concentration. It is believed RTME yield decreases above a
KOH catalyst concentration of 1.2 wt% due to saponification. The
results are in line with those of Holilah et al. [ 15], where RTME yield
is maximum when the KOH catalyst concentration is 1.0 wt%.
However, they used conventional alkaline-catalysed trans-
esterification (without infrared radiation) for biodiesel production.
In addition, it can be observed from Fig. 4 that methanol to oil
molar ratio has a more pronounced effect on the RTME yield
compared with KOH catalyst concentration. The RTME yield is
maximum when the methanol to oil molar ratio is 8:1.

3.4.3. Effect of reaction time and KOH catalyst concentration
Fig. 5 shows the effect of reaction time (30—90 min) and KOH
catalyst concentration (0.5—1.5 wt%) on RTME yield. Reaction time
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is one of the factors that can accelerate or decelerate the trans-
esterification reaction and indeed, it can be seen that the RTME
yield increases when the reaction time increases from 0 to 68 min,
followed by a gradual decrease thereafter. It is believed the use of
an infrared lamp during the alkaline-catalysed transesterification
process increases thermal energy of the reactants at the start of the
transesterification reaction, which promotes RTME production
[19,30]. It is evident from Fig. 5 the reaction time has a more sig-
nificant impact on RTME yield compared with KOH catalyst
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concentration, judging from the steepness of the response surface.

3.4.4. Effect of reaction temperature and reaction time

Based on the Pareto chart (Fig. 6), the reaction temperature does
not have a significant effect on RTME yield as indicated by its t-
value (0.55), which is less than the critical t-value (2.48). However,
it is important to visualise how the reaction temperature affects
RTME yield and this is shown in Fig. 6. It can be observed the RTME
yield increases slightly when the reaction temperature increases
from 55 to 65 °C. The variation in RTME yield is small, indicated by
green region of the response surface. The slight increase in RTME
yield is likely due to the use of infrared radiation during the
alkaline-catalysed transesterification process, which penetrates
through the mass of the reactants and excites the molecules of the
reactants [19], rather than the reaction temperature. This confirms
the reaction temperature does not have a pronounced effect on
RTME yield, unlike the reaction time where the RTME yield reaches
its maximum value at a reaction time of 68 min.

3.5. Physicochemical properties and FAME content of RTME
produced from infrared radiation-assisted alkaline-catalysed
transesterification with optimum process variables

The physicochemical properties (kinematic viscosity at 40 °C,
density at 15 °C, flash point, calorific value, acid value, and oxida-
tion stability at 110°C) of the RTME prepared under optimum
transesterification process conditions were measured based on
ASTM D6751 and EN 14214 standards and the results are sum-
marised in Table 4.

The kinematic viscosity of the RTME is found to be 4.095 mm?/s,
which is well within the range specified in the ASTM D6751 stan-
dard  (1.900-6.000mm?s) and EN 14214 standard
(3.500—5.000 mm?/s). Holilah et al. [16] reported viscosity of RTME
at 6.7 mm?/s was higher compared with the current findings as the
oil was processed into biodiesel without purification. Crude oil is
required to remove the gum which contains phosphate, protein,
carbohydrate, water residue and resin. Therefore, the degumming
process can remove the gum and improve the final product [30].
Kumar et al. [3] filtered the crude oil prior to the transesterification
process and found that viscosity of biodiesel was reduced to
5.80 mm?/s. Density is also an important parameter of biodiesel
because this property will affect the performance of fuel injection
systems. The density of the RTME is still well within the range of
densities specified in the EN 14214 standard (860.0—900.0 kg/m?>).
Interestingly, the density of the RTME produced in this study was
slightly lower than that of Holilah et al. [ 16], indicating the infrared
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(0.500 mg KOH/g) [25]. The flash point of RTME was 140.0 °C, well
within the minimum range specified in the ASTM D6751 standard
(100.0—170.0°C) and the flash point was slightly higher than the
minimum limit specified in the EN 14214 standard (120.0 °C), as
shown in Table 4. In addition, the oxidation stability of the RTME at
110 °C took about 10.2 h, which may be due to the higher saturated
fatty acid chains present in the RTME. The higher oxidation stability
of the RTME indicated RTO is a favourable feedstock for biodiesel
production. On the whole, the physicochemical properties of RTME
produced by infrared radiation-assisted transesterification process
are superior compared with those of conventional one.

4. Energy consumption of infrared radiation and water
heating bath

Energy consumption of infrared radiation was recorded using
infrared reactor and reaction time of 68 min consumed 408 Kk]/s as
shown in Table 5. The water was heated at 800 W for 20 min for the
temperature to reach 60 °C and the time of reaction for a complete
transesterification was 90 min. Therefore, the energy consumed to
heat the water was 4320 k]. The preheating time was much longer
than the infrared radiation resulting in an increase in energy con-
sumption of biodiesel production. The difference in energy con-
sumptions shows that infrared radiation was more energy efficient
than water heating bath. Therefore, infrared radiation assisted
method was more energy efficient and produced higher quality
biodiesel.

5. Conclusion

The use of non-edible oil to replace fossil-based diesel has been
an interesting area of research due to its environmentally friendly
qualities. Despite this, technical barriers associated with biodiesel
production and usage need to be overcome to increase its quality in
addition to introducing efficient methods and increasing the choice
of available feedstocks to avoid high cost for large scale production.
The intensification process using infrared radiation to produce
biodiesel from RTO was aimed at improving the quality of RTME
and decrease cost of biodiesel production. There were four process
variables of the infrared radiation (methanol to oil molar ratio, KOH
catalyst concentration, reaction temperature, and reaction time)
optimised using RSM based on the Box-Behnken experimental

Table 5
Energy consumption of infrared radiation and water heating bath.

Parameter Infrared radiation Water heating bath
radiation-assisted alkaline-catalysed transesterification with opti-
iables d h Y .. ff he d . p £ Power (Watt) 100 800
mum process variables does nave a posmve effect on the en51ty (o) Preheating time (sec) 600 1200
RTME. Reaction time (sec) 4080 5400
In this study, the acid value of RTME was 0.390 mg KOH/g, which Energy consumption (kJ) 408 4320
is desirable because it is lower than the maximum permissible limit *Energy consumption for 500 mL
of acid value specified in the ASTM D6751 and EN 14214 standards *Water heating bath at 1400 Watt by Silitonga et al. [11].
Table 4
Physicochemical properties of RTME produced from infrared radiation-assisted alkaline-catalysed transesterification with optimum process variables.
Property Unit Test method [30] ASTM D6751 EN 14214 Diesel RTME® RTME”
Kinematic viscosity at 40 °C mm?/s ASTM D445 1.9-6.0 3.5-5.0 29 4.0 6.7
Density at 15°C kg/m> ASTM D127 880.0 860.0—900.0 846.1 885.7 887.0
Flash point °C ASTM D93 100.0—170.0 (min.) >120.0 75.5 140.0 148.0
Calorific value MJ/kg ASTM D240 — 35.000 45.361 41.140 —
Acid value mg KOH/g ASTMD664 0.500 (max.) 0.500 (max.) 0.017 0.390 0.410
Oxidation stability at 110°C h EN 14112 3.0 (min.) 6.0 (min.) 15.2 102 -

2 Physicochemical property measured in this study.
b physicochemical properties measured by Holilah et al. [15].



A.S. Silitonga et al. / Renewable Energy 133 (2019) 520—527 527

design. The optimum methanol to oil molar ratio, KOH catalyst
concentration, reaction temperature, and reaction time were f 8:1,
1.2 wt%, 64 °C and 68 min respectively, and which resulted in RTME
yield of 98.39%. The infrared radiation was conducted in triplicate
using the optimum process variables in order to validate the
response surface quadratic model. The average RTME yield was
found to be 97.78%, close to the predicted value (98.39%), thereby
proving the reliability of the model. The results also indicated
infrared radiation technique led to reduced time and energy con-
sumption compared with conventional method for biodiesel pro-
duction. Moreover, the physicochemical properties of the RTME
were measured and it was found that the physicochemical prop-
erties of the RTME fulfilled the fuel specifications based on the
ASTM D6751 and EN 14214 standards. There is a need to examine
the engine performance and exhaust emission characteristics of
compression ignition engines fuelled with RTME and its blends as
well as explore the possibility of producing these fuels on an in-
dustrial scale.
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