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Abstract: Acid catalysts including Amberlyst 15 and sulfuric acid were used for heterogeneous and
homogeneous catalyst reactions respectively, to reduce high free fatty acid (FFA) in sludge palm oil
(SPO) using an esterification process. The goal of this research was to reduce high FFA content in
SPO to less than 1 wt.% FFA so that it can be employed as a raw material in a transesterification
process to produce biodiesel. Amberlyst 15 is an eco-friendly catalyst with many benefits, such as
being reusable and generating non-toxic waste after reactions, compared to homogeneous catalysts,
although the reaction time of the homogeneous catalyst was faster than the heterogeneous catalytic
reaction. Therefore, esterification reactions with a heterogeneous and homogeneous catalytic reaction
were carried out to examine conversion of FFA. The heterogeneous catalytic reaction decreased the
FFA content from 89.16 wt.% to 1.26 wt.% under the recommended conditions of 44.7 wt.% methanol,
38.6 wt.% Amberlyst 15 catalyst loading, and 360 min reaction time. For homogeneous catalytic
reaction, the FFA content of 1.03 wt.% was achieved under the recommended conditions of 58.4 wt.%
methanol, 16.8 wt.% sulfuric acid, and 79.7 min reaction time. Furthermore, the results of the
reusability research demonstrate that the heterogeneous catalyst may be reused for at least nine cycles.
This research showed the promising potential of using SPO non-edible oil for biodiesel production by
employing an eco-friendly heterogeneous catalyst for cost-effective environmental remediation.

Keywords: sludge palm oil; esterification; free fatty acid; solid acid catalyst; reusable heterogeneous catalysts

1. Introduction

One of the primary factors of economic development is energy derived from fossil
fuels that have been deposited a long time ago and have been used so extensively that fuel
shortages have emerged. As a result, there is a critical need to discover renewable energy
sources to supplement the limited supply of fossil fuels [1,2]. Diesel is the most commonly
used fuel in the transport sector. As a result, the fuel which contains diesel fuel components
such as biodiesel, bioethanol, etc., is the key significant fuel in the automotive sector. These
fuels were effectively deployed in many countries throughout the world several years
ago [3]. Alternative energy sources must be investigated in order to reduce the impact
of petroleum diesel fuel consumption [4]. One of the most attractive energy sources is
methyl ester. In general, biodiesel is produced from edible and non-edible oils, as well as
vegetable and animal fats, used cooking oil, and waste oil from the milling of crude palm oil
(CPO) [5]. Biodiesel is extensively employed in the United States of America, Europe, Latin,
Canada, Australia, Japan, and other Asian countries. As a result, global CPO consumption
increased by around 19.6% between the years 2021 and 2015, from 73.86 million tons to
59.38 million tons. Thailand is presently the world’s fifth biggest producer of biodiesel. It
is usually made from CPO [6]. However, the cost of raw materials is one of the issues in
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biodiesel production. The global price of CPO is increasing year by year. In 2020, the global
price of CPO was 910.65 USD per metric ton. In 2021, the global price was 1279.64 USD
per metric ton, which is an increase of 28.8% compared to 2020 [7]. Therefore, the waste
from palm oil mill plants, the low-cost raw material of sludge palm oil (SPO) from the CPO
milling process, is a promising raw material for biodiesel production [8,9]. Sterilization,
double screw pressing, and the utilization of separator sludge are used to produce SPO
with a high free fatty acid (FFA) concentration [10]. SPO is a byproduct of CPO production,
emerging from several stages of the CPO milling process that requires steam sterilization
and water dilution, which is eventually discharged into a large volume of water discharged
into open ponds of effluent from palm oil mill effluent (POME) [11]. When it is time for
the POME pond to settle, SPO floats on the top layer and cleans the wastewater for about
7 d before it is released into the environment [12]. POME is a kind of liquid wastewater
that contains oily phases from three basic processes: condensate decomposition, water
hydrocyclones, and mud separators [13]. POME is a non-toxic resource; nonetheless,
incorrect management may result in unpleasant odors surrounding the industrial area [14].
The liquid waste drainage POME will then harm the water and soil surrounding the
industrial area while also spreading a large amount of methane and other harmful gases,
influencing greenhouse gas emissions [15,16]. As a consequence of these issues, POME
must be transformed to energy to be mitigated. Using POME as a raw material in biodiesel
manufacturing would lower the cost of the production process, which is a major problem in
biodiesel production. POME has not been widely used and it has been discharged into the
initial stage of the pond to separate the contaminated waste and reduce biological oxygen
demand (BOD), chemical oxygen demand (COD), the color, and smell of POME before
discharge into the environment [17,18]. Moreover, Tabassum et al. reported that POME
contained BOD that has ranged from 10,250 to 43,750 mg/L and COD that has ranged
from 15,000 to 100,000 mg/L [19]. To remove SPO, some CPO producers used a drying
method and generated wastewater in open POME ponds [20]. To assist the wastewater
treatment, POME could be provided to livestock, in which case it could function as a
partial solution to the problem [21]. CPO producers in Thailand are commonly fertilized
to produce biogas to solve this issue. Currently, most wastewater treatment methods
from palm oil mills are comprised of an anaerobic pond followed by either an aerobic or
anaerobic pond to produce raw material for the process of producing biogas. Anaerobic
and aerobic biological wastewater treatment relies on using various microorganisms for
decomposition and turning organic matter into carbon dioxide and ammonia, a system
for treating wastewater that is quite suitable for reducing the amount of organic matter
in wastewater resources [22,23]. However, in treating such wastewater, it is necessary
to select conditions ideal for the functioning of microorganisms, which is related to the
number of microorganisms and the decomposition time. Conditions such as temperature,
alkalinity, volatile fatty acid, hydraulic retention time, and harmful substances must be
suitable and controlled for both aerobic and anaerobic microorganisms [24]. Normally, the
density of the oil is lower than the water, so the highly oily phase floats on the upper layer
of the POME pond where the aerobic biological treatment is occurring. Oxygen maintains
aerobic conditions in the upper layer of the pond. Algae have been found in the upper
layer, which perform photosynthetic activities and discharge oxygen that causes the aerobic
conditions with the bacteria in the upper layer [25]. According to studies, the SPO layer
thickness should not exceed 1.5 m because when the sludge palm oil content surpasses
1.5 m the oxygen content at the surface of the pond is blocked [26]. As a result, aerobic
microorganisms used in wastewater treatment are unable to operate properly. Using sludge
palm oil as a biodiesel source is another option to get rid of unnecessary sludge palm oil,
which might prevent aerobic microorganisms from functioning [27]. Therefore, the high
residual oil content in SPO should be transformed into biofuel, with biodiesel being one
of the most viable alternatives for turning low-cost POME into energy. This technique is
an effort to promote second-generation biofuel while simultaneously producing biodiesel
without compromising food availability [28]. In addition, utilizing SPO to produce biodiesel
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may help minimize the harmful impacts of POME waste on the environment around the
factory [29,30].

However, SPO oil with a high concentration of FFA should be converted in two steps,
beginning with an acid-catalyzed esterification process and finishing with a base-catalyzed
transesterification reaction. For FFA reduction of SPO, Hayyan et al. investigated biodiesel
production from feedstock SPO utilizing a standard approach that included esterification
to decrease high FFA content using a sulfuric acid catalyst followed by transesterification
to produce biodiesel [31]. In recent years, homogeneous acid catalysts have mostly been
used to decrease FFA in oil. The use of sulfuric acid as a homogeneous reaction has
some difficulties in recovery after the reaction process, producing toxic wastewater, and
equipment, or reactor corrosion [32]. Furthermore, wastewater generated during the
esterification process was found to significantly reduce the conversion of ester due to
dilution from wastewater as described by Kusdiana and Saka. These authors described
the side effect of water formation during the esterification process using sulfuric acid,
which caused a reduction in the generation of a high methyl ester yield. They reported
that the conversion rate decreased when the amount of water produced in the reaction
increased [33].

High concentrations of acid catalyst are currently used in esterification reactions for
several reasons, such as relatively fast catalytic performance, a relatively short reaction time,
and a wide functional range, while the heterogeneous acid catalyst might have high cost
and slow catalytic performance when compared with the homogeneous acid catalyst [34].
However, these compounds from the homogeneous catalytic reaction might harm the
environment. Therefore, they must be pretreated before being discharged. Otherwise, the
separation of the catalyst from the product is problematic, leading to equipment corrosion
and sensitivity to water content in the oil. Conversely, heterogeneous acid catalysts are
potentially effective catalysts due to their many benefits. Many kinds of studies have
examined many advantages of heterogeneous catalysts, such as nontoxicity, nonvolatility,
temperature stability, uniformity, reliability, and simplified separation, minimizing the
corrosion problem, regeneration, and reusability [35–37].

For using heterogeneous acid catalysts in the esterification reaction, Boz et al. studied
biodiesel production from waste cooking oil (WCO) using esterification and transesteri-
fication processes with Amberlyst 15 and altered Amberlyst 15 catalysts. The Amberlyst
15 was modified by heating it at 220 ◦C for a maximum duration time of 48 h, known as
the thermal treatment. The operation parameters were performed under a molar ratio
of oil to alcohol ratio of 1:6 to 1:15, reaction temperature between 25 and 65 ◦C, catalyst
loading (1–9 wt.%), and reaction duration of 1 to 48 h. Their results showed that the FFA
level of 1.04 wt.% WCO with the optimized conditions of oil to methanol ratio of 1:12,
reaction temperature of 65 ◦C, unmodified catalyst loading of 3 wt.%, and duration of 9 h
distributed 78 wt.% of the highest biodiesel yield. Furthermore, Amberlyst 15 has better
hydrogen ion-exchange capabilities than altered Amberlyst 15 catalysts. This is because
heat treatment reduces exchange capabilities, reducing the methyl ester purity of biodiesel
that can be produced [38]. Another study by Park et al. demonstrated biodiesel synthesis
from high FFA oil by esterification using heterogeneous acid catalysts. Two types of solid
catalysts, such as Amberlyst 15 and Amberlyst BD20, were used to reduce FFA from the
99.8 wt.% FFA content of oleic acid. A pressurized stainless-steel reactor was used for the
reaction process under the operating conditions: methanol to oil 6:1, catalysis loading of
20 wt.%, reacted temperature of 80 ◦C, and a reaction period of 6 h. The reusability of
catalysts was tested for five cycles. The FFA content of less than 2 wt.% was obtained using
both catalysts. However, the catalytic activity of Amberlyst 15 decreased gradually after
each recycled process, while the catalytic action of Amberlyst BD20 was not significantly
different with recycling. Using a scanning electron microscope (SEM), many pores were
found on the surface of Amberlyst 15, but only a few were observed in Amberlyst BD20 [39].
The Summary of reviews for the biodiesel production process using heterogeneous acid
catalysts is tabulated in Table 1.
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Table 1. Summary of reviews for the biodiesel production process using heterogeneous acid catalysts.

Author Process Reaction Type of Reactor Raw Material Type of Catalyst Molar Ratio of
MeOH to Oil

Temperature
(◦C)

Time
(min)

FFA
(wt.%) Yield (%) Ester

(wt.%)

Boz et al. [38] Batch Esterification and
transesterification

Three-necked
batch reactor

(600 rpm)

Waste
cooking oil Amberlyst 15 = 3 wt.% 12:1 65 540 - 78 ± 3.39 -

Park et al. [39] Batch Esterification
Pressurized

stainless-steel
reactor (4 kgf/cm2)

Soybean oil Amberlyst 15 = 20 wt.%,
Amberlyst BD20 = 20 wt.% 6:1 80 120 0.3

0.1 - -

Gao et al. [40] Batch Esterification and
transesterification

Mechanical stirrer
(240 rpm)

Waste
vegetable oil

Carbon-based solid acid
catalyst = 0.2 wt.% 16.8:1 220 270 2.6 - -

Calgaroto et al. [41] Batch Transesterification Jacketed reactor
(300 rpm)

Soybean oil
Jatropha curcas Amberlyst 15 = 4.8 wt.% 9:1 160 360 - - 70

Lawer-Yolar et al. [42] Batch Esterification Bath reactor
(800 rpm)

Tall oil
fatty acid

Amberlyst BD20
= 23.4 wt.% H2SO4 =

0.5 wt.%

20.8:1
15:1

80
55

282
60 - 90.24

96.76 -

Zhang et al. [43] Batch Esterification
Three-necked

batch reactor (360
rpm)

Waste
cooking oil Amberlyst 15/Poly = 25 g 29:1 65 480 - - 98

In this study Batch Esterification Five-necked batch
reactor (300 rpm) SPO Amberlyst 15 = 41.2 wt.%

H2SO4 = 20.4 wt.%
5.3:1
7.3:1

60
60

527
121

0.59
0.31

92.5
92.5

88.9
87.5

Note: MeOH is methanol, and H2SO4 is sulfuric acid.



Catalysts 2022, 12, 1007 5 of 21

According to the many benefits of applying heterogeneous catalysts in a sustain-
able biofuel, the aim of this investigation was to reduce FFA from a high FFA content of
89.16 wt.% SPO, which is the second generation of biodiesel production using the Am-
berlyst 15 as a heterogeneous acid catalyst. To clarify and compare the gap between the
heterogeneous and homogeneous acid catalysts, sulfuric acid was utilized as an acid cat-
alyst for the esterification process. FFA reduction using a heterogeneous catalyst relies
on essential considerations such as methanol concentration (26.5–63.5 wt.%), Amberlyst
15 loading (35.0–45.0 wt.%), and reaction time (180–540 min). For the homogeneous cata-
lyst, methanol concentration (9.5–110.5 wt.%), sulfuric acid loading (3.0–33.0 wt.%), and
reaction time (12.0–147.0 min) were tested. The important parameters were varied to find
out the optimum condition using a response surface methodology (RSM). The interesting
outcomes, such as the composition of esterified oil, the yield of purified esterified oil, and
residual methanol analysis, were determined. The BET surface area of the solid catalyst was
determined using a surface area and porosity analyzer. The investigation of the reusability
of the Amberlyst 15 was also completed. Furthermore, the effect of the adsorption average
pore diameter of Amberlyst 15 after the first and last recycling processes on FFA reduction
was also analyzed.

2. Results and Discussion
2.1. Response Surface Methodology and Statistical Analyses

In this research, 18 experimental operations arranging independent variables such
as the methanol concentration, reaction time, and catalyst concentration were tested in
the design of the experiment. Table 2 shows the results of the esterification procedure
using the batch reactor for minimizing the FFA content. To effectively convert the SPO to
biodiesel using this two-step method, the pretreated oil should contain less than 1 wt.%
FFA [44,45]. The RSM was applied to decrease FFA content via the batch process by model
fitting using multiple regression. The predictive models were shown in Equation (1) for the
heterogeneous catalytic reaction and Equation (2) for the homogeneous catalytic reaction.
The FFA reduction in SPO was influenced by three independent variables: methanol
(M), reaction time (T), and catalyst concentration (C). The statistical significance of every
regression coefficient in the models depended on the p-value. The results were considered
statistically significant if the p-value was less than 0.05 at a confidence level of 95%. Tables 3
and 4 show the coefficients and ANOVA of the predictive models.

FFA1 = β0 + β1M1 + β2T1 + β3C1 + β4M2
1 + β5T2

1 + β6T1C (1)

FFA2 = β0 + β1M2 + β2T2 + β3C2 + β4M2
2 + β5M2T2 + β6T2

2 + β7T2C2 + β8C2
2 (2)

where FFA is a free fatty acid (wt.%), M is methanol (wt.%), C is the amount of catalyst
(wt.%), T is reaction time (min), and β is the coefficient value.

Table 2. Design of experiment and results of the free fatty acid content from the batch process.

Heterogeneous Catalytic Reaction Homogeneous Catalytic Reaction

Run
M1

(wt.%)
T1

(min)
C1

(wt.%)

FFA1 (wt.%)
Error M2

(wt.%)
T2

(min)
C2

(wt.%)

FFA2 (wt.%)
Error

Actual Predicted Actual Predicted

1 26.5 360.0 40.0 1.61 1.62 −0.01 9.5 80.0 18.0 8.09 7.95 0.14
2 34.0 253.0 37.0 1.99 2.12 −0.13 30.0 40.0 9.0 5.68 5.73 −0.05
3 34.0 253.0 43.0 1.51 1.45 0.06 30.0 40.0 27.0 4.67 4.73 −0.06
4 34.0 467.0 37.0 1.39 1.35 0.04 30.0 120.0 9.0 4.25 4.38 −0.13
5 34.0 467.0 43.0 1.04 0.98 0.06 30.0 120.0 27.0 3.76 3.84 −0.08
6 45.0 180.0 40.0 1.59 1.60 −0.01 60.0 12.0 18.0 1.73 1.72 0.01
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Table 2. Cont.

Heterogeneous Catalytic Reaction Homogeneous Catalytic Reaction

Run
M1

(wt.%)
T1

(min)
C1

(wt.%)

FFA1 (wt.%)
Error M2

(wt.%)
T2

(min)
C2

(wt.%)

FFA2 (wt.%)
Error

Actual Predicted Actual Predicted

7 45.0 360.0 35.0 1.78 1.76 0.02 60.0 80.0 3.0 3.06 2.88 0.18
8 45.0 360.0 40.0 0.81 0.83 −0.02 60.0 80.0 18.0 0.79 0.84 −0.05
9 45.0 360.0 40.0 0.81 0.83 −0.02 60.0 80.0 18.0 0.84 0.84 0.00

10 45.0 360.0 40.0 0.84 0.83 0.01 60.0 80.0 18.0 0.72 0.84 −0.12
11 45.0 360.0 40.0 0.86 0.83 0.03 60.0 80.0 18.0 0.97 0.84 0.13
12 45.0 360.0 45.0 0.83 0.89 −0.06 60.0 80.0 33.0 1.55 1.60 −0.05
13 45.0 540.0 40.0 0.53 0.56 −0.03 60.0 147.0 18.0 0.66 0.53 0.13
14 56.0 253.0 37.0 1.74 1.62 0.12 90.0 40.0 9.0 1.67 1.77 −0.10
15 56.0 253.0 43.0 0.95 0.95 0.00 90.0 40.0 27.0 0.89 0.77 0.12
16 56.0 467.0 37.0 0.81 0.85 −0.04 90.0 120.0 9.0 1.15 1.26 −0.11
17 56.0 467.0 43.0 0.49 0.48 0.01 90.0 120.0 27.0 0.76 0.72 0.04
18 63.5 360.0 40.0 0.74 0.78 −0.04 110.5 80.0 18.0 1.98 1.99 −0.01

Note: M1 and M2 are methanol, T1 and T2 are the reaction times, C1 is Amberlyst 15, C2 is sulfuric acid, and FFA
is the free fatty acid content.

Table 3. Coefficients of the predictive model.

Coefficient
Heterogeneous Catalytic Reaction Homogeneous Catalytic Reaction

Value p-Value Value p-Value

β0 44.25 0.000000416494 15.394 0.000000000028
β1 −0.120 0.000011340215 −0.267 0.000000000010
β2 −0.01789 0.000336667489 −0.035 0.000091321525
β3 −1.738 0.000002087457 −0.292 0.000000221153
β4 0.00108 0.000064101016 0.0016 0.000000000033
β5 0.00000784 0.001120651665 0.00018 0.001929026774
β6 0.000234 0.013343148245 0.000063 0.028016097916
β7 0.01959 0.000004718638 0.000316 0.044971587777
β8 - - 0.006228 0.000000446349
β9 - - - -
R2 0.987 0.998

R2
adjusted 0.977 0.996

Note: R2 is the coefficient of determination, and R2
adjusted is the adjusted coefficient of determination.

Table 4. ANOVA of the predictive model.

Heterogeneous Catalytic Reaction

Source SS MS F0 Fcritical DOF

Regression 3.655 0.522 104.42 3.135 (F0.05,7,10) 7
Residual 0.050 0.00500 - - 10

LOF Error 0.048 0.00689 11.476 0.035 7
Pure Error 0.002 0.00060 - - 3

Total 3.705 - - - 17
Homogeneous Catalytic Reaction

Source SS MS F0 Fcritical DOF
Regression 75.16 9.395 491.42 3.230 (F0.05,8,9) 8
Residual 0.172 0.01912 - - 9

LOF Error 0.139 0.02311 2.0757 0.293 6
Pure Error 0.033 0.01113 - - 3

Total 75.33 - - - 17
Note: DOF, degrees of freedom; SS, sum of squares; MS, mean square.

2.2. Response Surface Plots

The FFA reduction contour plots related to the dependent variable of FFA (wt.%) and
independent variables of methanol (M, wt.%), reaction time (T, min), acid catalyst (C, wt.%)
of the batch esterification of the heterogeneous and homogeneous catalytic processes are
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shown in Figure 1. In Table 3, the most significant coefficient was found in the term of
β3C1, followed by the term of β7C1

2, which had the lowest p-value. Therefore, Amberlyst
15 concentration is the most important priority parameter for the heterogeneous catalytic
process. The lowest significant term was found in the term β6T1C1, having the highest
p-value. Therefore, the relationship between reaction time and catalyst concentration is the
lowest priority important term for using the heterogeneous catalytic reaction process. In
the contour plot of Figure 1A, the effect of the reaction time and Amberlyst 15 concentration
was investigated. The result showed that the regional areas covered by the reaction time of
450 to 530 min, and the solid acid catalyst is in the range of 40 to 43 wt.%, can reduce the
FFA to less than 0.6 wt.%. In the contour plot of Figure 1B, the effect of FFA on methanol
concentration and Amberlyst 15 concentration was demonstrated. When the methanol
concentration is in the range of 52 to 60 wt.%, low FFA content of around 0.6 wt.% was
obtained in the range of Amberlyst 15 loading between 41 to 43 wt.%. The effect of the
relationships between the reaction time and methanol is shown in Figure 1C. The result
showed that the reaction time range from 450 to 530 min and methanol range between 45
and 63 wt.%, can reduce the FFA to less than 0.6 wt.%. In a similar research report, the
investigation of FFA reduction in the esterification process of propionic acid with isopropyl
alcohol using ion-exchange resins as a catalyst was presented by Chandane et al. [46]. The
analysis was executed by arranging independent variables such as the methanol to acid
molar ratio (1–3), catalyst concentration (7–11 wt.%), and reacted temperature (60–80 ◦C).
The highest conversion yield of 83.26% was obtained under the 2.44:1 molar ratio of
isopropyl alcohol to propionic acid, 72 ◦C reaction temperature, and 9.18 wt.% catalyst
concentration. These authors found that the catalyst concentration is the most significant
parameter for acid conversion.

When using the homogeneous catalytic reaction, the most significant coefficient was
found in the term of β1M2, followed by the term of β4M2

2, and the lowest significant term
was β7T2C2. Therefore, the methanol concentration is the strongest significant independent
variable. In Figure 1D, low FFA content values around 0.6 wt.% were obtained when the
range of the reaction time was between 120 and 147 min, and sulfuric acid concentration
was from 18 to 23 wt.%. In the contour plot of Figure 1E, a FFA content of around 0.6 wt.%
was obtained at a methanol concentration between 62 and 86 wt.%, and the sulfuric acid
concentration was between 15 and 27 wt.%. In the contour plot of Figure 1F, the effect of
FFA content on the reaction time and methanol concentration was investigated. When
the reaction time was in the range of 60 to 147 min and methanol was in the range of 70
to 90 wt.%, FFA can be reduced to less than 0.6 wt.%. Similar research was reported on
biodiesel synthesis from Buriti oil soapstock using RSM by Pantoja et al., [47]. The biodiesel
production process was executed by having the methanol to oil molar ratio at 9:1–27:1,
sulfuric acid catalyst loading at 2–6%, and the reaction time for 1–14 h. The highest FAME
yield of 99.9% was attained under the conditions of 18:1 methanol to oil molar ratio, 14 h
reaction time, and 4% catalyst concentration. The authors found that the most important
parameter for the ester conversion factor in the production of biodiesel was methanol
concentration [47].
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Figure 1. Contour plots of optimized conditions for FFA reduction in SPO using esterification.
(A–C) Effect of reaction time, methanol, and Amberlyst 15 on FFA level using a heterogeneous
catalytic reaction. (D–F) Effect of reaction time, methanol, and sulfuric acid on FFA level using
homogeneous catalytic reaction.
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The collected data were analyzed using ANOVA to fit a quadratic response surface
model using the least squares method, and to assess the quality of the fit. The model’s fit to
the experimental data was evaluated at the 95% confidence level, as shown in Table 4. When
employing the F-test to reject the null hypothesis of each model, the calculated F-value from
the model (F0) must be greater than the critical value (Fcritical). Noticeably, a test statistic
was computed with ν1 and ν2 degrees of freedom, while the result was compared to the
0.05 alpha value of the F-distribution table. The results showed that the F0 values of 104.4
and 491.4 for the heterogeneous and homogeneous catalytic reaction were higher than the
Fcritical values. However, the number of experiments was sufficient to study the effect of the
variable factors on FFA reduction. Therefore, all the fitted models plausibly predicted that
the heterogeneous and homogeneous catalytic reactions using a batch process would be
able to reduce the FFA content in SPO. Figure 2 shows the relationship between predicted
FFA content and experimental FFA content for heterogeneous and homogeneous catalytic
reactions to the data predicted by an empirical model. The model’s suitability was assessed
using the adjusted determination coefficient (R2

adj) and the determination coefficient (R2).
The adjusted determination coefficient (R2

adj) was 0.977 and 0.996, while the determination
coefficient (R2) was 0.987 and 0.998 for the heterogeneous and homogeneous catalytic
reactions, respectively. The high value of both coefficients indicates an excellent correlation
between the independent variables and confirms the model’s high significance. Table 2
shows the reasonable agreement between the actual results and the predicted outcomes.
As a result, these statistical tests showed that the chosen model accurately predicts FFA
content across the entire range of experiment variable studies.

Figure 2. Predicted FFA content versus experimental FFA content (A) heterogeneous catalytic reaction
and (B) homogeneous catalytic reaction.

2.3. Optimal Conditions for Reducing FFA Content in SPO

To optimize the esterification process using a heterogeneous catalytic reaction, the
optimal conditions for reducing the FFA content were considered by utilizing the model
in Equation (1), which was analyzed by using FFA results in the 18 experimental oper-
ations arranging independent variables. The minimum FFA content of 0.59 wt.% from
actual experimentation was achieved with conditions of 55.5 wt.% methanol concentration,
527.3 min of reaction time, and 41.2 wt.% of Amberlyst 15. Nonetheless, the methanol con-
sumption was high, resulting in increasing costs from chemical demands, and the reaction
time was longer. Thus, the dependent variable (FFA1) affecting the independent variables
such as the methanol concentration (M1), reaction time (T1), and Amberlyst 15 concentra-
tion (C1), were solved by the Excel Solver tool by changing the various variables of the FFA
content in Equation (1). The predicted dependent variable (FFA1) of 1 wt.% was fixed in
Equation (1) to solve by the add-in Excel Solver tool. Therefore, the new recommended
conditions of the heterogeneous catalytic reaction were 44.7 wt.% methanol concentration,
360 min reaction time, and 38.6 wt.% Amberlyst 15 concentration. The actual experimental
result of heterogeneous catalytic reaction gave 1.26 wt.% of the FFA content. Considering
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the optimal esterification using the homogeneous catalytic reaction, the FFA content of
0.31 wt.% from the actual experiment was obtained with 76.0 wt.% methanol concentration,
120.9 min reaction time, and 20.4 wt.% sulfuric acid concentration. However, the methanol
usage, in this case, was high, resulting in an increased cost from the chemical demands. To
set the value of the dependent variable (FFA2) and search for the suggested condition, an
estimated FFA content of 1 wt.% was entered into Equation (2). Hence, the recommended
conditions for the homogeneous catalytic reaction, were 58.4 wt.% methanol concentration,
79.7 min reaction time, and 16.8 wt.% sulfuric acid concentration. As a result, the actual
experiment delivered a FFA content of 1.03 wt.% which was suitable for use in the next step
of the base-catalyzed transesterification process.

Considering the comparison between the optimal conditions and the recommended
conditions for methanol consumption for the heterogeneous catalytic reaction, the results
showed that the methanol consumption under recommended conditions for reducing
the FFA content, was decreased by approximately 20% when compared with optimal
conditions. Furthermore, at the recommended conditions, the reaction time and catalyst
were lowered by approximately 32% and 6%, respectively. However, the FFA content
under optimal conditions was 0.59 wt.%, while the recommended conditions were only
able to reduce the FFA value to 1.26 wt.%. However, it was a suitable value for biodiesel
production by transesterification in the next step. For the homogeneous catalytic reaction,
the methanol consumption of the recommended condition was lower than the optimal
condition by approximately 23%. The reaction time and the sulfuric acid were reduced by
up to 34% and 17%, respectively. Although the recommended condition can only reduce
the FFA content by approximately 1.03 wt.%, which was the acceptable value for the next
transesterification process, the optimal condition can reduce the amount of FFA by up to
0.31 wt.%.

The results of residual methanol were investigated with a GC analyzer under the
BS EN 14110 standard test strategy, as listed in Table 5. For the heterogeneous catalytic
reaction, approximately 0.35 wt.% generated water was found in the esterified oil. For the
homogeneous catalytic reaction, the methanol contamination in generated wastewater was
high at 63.33 and 61.05 wt.% in the optimal and recommend conditions, respectively. As
a result, the industrial-scale operation required the removal of excess methanol from the
generated wastewater from the homogeneous catalytic reaction. Nonetheless, the residual
methanol in the esterified oil for the optimal and recommended conditions was 13.9 wt.%
and 10.8 wt.% of the heterogeneous catalytic reaction, and 5.17 wt.% and 4.15 wt.% for
the homogeneous catalytic reaction, respectively. The recovery of this residual methanol
in both reactions was unnecessary because this methanol amount would be applied as a
forward reaction in the next step of transesterification.

Table 5. Condition, physical property, compositions, density, yield, and residual methanol.

Condition, Compositions,
Density, Yield, and Residual

Methanol
SPO

Esterified Oil Using Amberlyst 15 Esterified Oil Using Sulfuric Acid

Optimum b Recommend c Optimum b Recommend c

Condition
Methanol (wt.%) 55.51 44.66 75.97 58.35

Reaction time (min) 527.3 360.0 120.9 79.70
Acid catalyst (wt.%) 41.21 38.57 20.37 16.81

Predicted FFA (wt.%) 0.41 1.00 0.14 1.00
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Table 5. Cont.

Condition, Compositions,
Density, Yield, and Residual

Methanol
SPO

Esterified Oil Using Amberlyst 15 Esterified Oil Using Sulfuric Acid

Optimum b Recommend c Optimum b Recommend c

Composition
Free fatty acid (wt.%) 89.16 0.59 1.26 0.31 1.03
Methyl ester (wt.%) - 88.94 88.20 87.48 86.93
Triglyceride (wt.%) 9.79 6.24 6.62 9.30 9.42
Diglyceride (wt.%) 0.80 3.50 3.33 2.46 2.22

Monoglyceride (wt.%) 0.24 0.72 0.58 0.45 0.40
Density at 60 ◦C (kg/L) 0.865 0.850 0.851 0.850 0.851

Viscosity (cSt) 3.89 d 5.72 e 5.70 e 5.36 e 5.46 e

Cloud point (◦C) 12.0 13.0 12.0 12.0
Pour point (◦C) 9.0 10.0 8.0 8.0

Yield a

Esterified oil (wt.%) 92.5 89.9 92.5 90.5
Residual methanol
Esterified oil (wt.%) 13.9 10.8 5.17 4.15

Generated wastewater (wt.%) - - 63.33 61.05

Note: a Yield from esterification process (wt.%) = the weight of the product (g)/the weight of initial SPO (g). The
yields are relative to 100 wt.% of initial weight of SPO. b Optimal esterification conditions for reducing FFA in
SPO to the lowest FFA level. c Recommended esterification conditions for reducing FFA in SPO to the acceptable
level of 1 wt.% FFA. d Dynamic viscosity at 60 ◦C. e Dynamic viscosity at 40 ◦C.

2.4. Reusability of Solid Acid Catalyst

For the consideration of Amberlyst 15 reusability in the esterification process, Am-
berlyst 15 could be reused to produce esterified oil from fresh SPO in subsequent esterifica-
tion batch processes. Therefore, the cost of the treatment process, waste generation, toxic
chemical usage, and the cost of catalyst can be decreased when the recycled solid catalyst
is used in the esterification. The process of employing recycled solid catalysts for each
new reaction, the reusability effect of solid catalysts in multiple esterification procedures,
called here a repeated catalyst after treatment, was investigated. The catalysts were utilized
repeatedly to minimize the FFA level in subsequent batches of fresh SPO. Catalysts were
repeatedly cycled up to nine cycles. Figure 3 shows SEM images of a fresh catalyst, a used
catalyst without further treatment after the first run, and a recovered catalyst at 50 and
5000× magnifications. Fresh Amberlyst 15 appears to have a smooth spherical surface
before FFA reduction with esterification, as shown in Figure 3A (at 50× magnification),
and used catalyst after the first run has larger oil droplets than a fresh catalyst, as shown
in Figure 3B (at 50× magnification) and Figure 3C (at 5000× magnification), respectively.
The used catalyst was required to extract the oil droplets from the Amberlyst 15’s surface
using a pretreatment process of solid catalysts, because the oil droplets were drawn out of
the recovered catalyst by solvent extraction. Moreover, there seems to be no difference in
the outer surface of the fresh catalyst and the reused catalyst the first time after recycling,
as shown in Figure 3D. This conclusion was further supported by the SEM images in
Figure 3A for the fresh catalyst and Figure 3D for the recovered catalyst, which exhibited
no cracks on the surface of the recovered catalyst after the first cycle at 50× magnification.
The recovered catalyst was analyzed using SEM images (Figure 4) to confirm the reusability
of the Amberlyst 15, which can be cycled up to nine cycles for a new batch of FFA reduction
in SPO by the esterification reaction. The results showed that there was no difference in the
surface of the fresh catalyst until the catalyst was recovered after the first cycle. However,
some minor cracks were found on the surface of the catalyst after the second time because
the used catalyst was recovered using violent stirring. In a supporting result, Zare et al.
reported that a stirrer could help uniform mixing, but it could also cause depth cracks on
the heterogeneous acid catalyst [48]. This important point of solid catalyst cracking was
further confirmed by the SEM image at 50× magnification in Figure 4, in which obvious
cracks started to form and then were broken into small pieces in the used catalyst after six
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cycles of reaction. This issue is ascribed to catalyst fragmentation from the violent stirring
caused by the rotation of a six-bladed disk turbine. Therefore, a commercial solid catalyst
would not be sufficient to endure the violent stirring during the reaction. Moreover, the
SEM image with 5000× magnification of the Amberlyst 15 surface to analyze the morphol-
ogy, is shown in Figure 4K–T. It was found that the outermost surface of the catalyst has
many pores. Consequently, some fluid content, such as water, might be absorbed on the
inner surface of the catalyst. The hydrophobic oil produced several issues in the catalytic
process, reducing the activity of the catalyst [39].

Figure 3. SEM images of Amberlyst 15: (A) the fresh catalyst at 50× magnification, (B) no cleaning
after first run at 50× magnification, (C) no cleaning after the first run at 5000× magnification, and
(D) the recovered catalyst after the first run at 50× magnification.
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Figure 4. SEM images of the Amberlyst 15 catalyst: (A), (K) fresh catalyst at 50 and 5000× magni-
fications, respectively; (B–J), (K–T) recovered catalysts after first to ninth cycles at 50 and 5000×
magnifications, respectively.

In terms of the level of catalytic activity, the BET surface area was measured by
the surface area and porosity analyzer. The absorption rate of the BET surface area was
estimated at approximately 42.87 m2/g and 325.1 Å absorption average pore diameter
of the fresh Amberlyst 15. For the recovered catalyst after nine cycles of reaction, the
BET surface area absorption was estimated at approximately 37.29 m2/g and 339.95 Å
absorption average pore diameter. The BET surface area decreased after the last cycle
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compared to the first cycle, which affected the reduction in FFA content conversion because
the higher BET surface area distributes a higher absorption capacity of reactants from
the medium resulting in a higher reaction rate, and catalytic activity [49]. Therefore, the
reduction in FFA conversion percentage after the last cycle was lower than after the first
cycle. Nonetheless, the catalyst began to crack after three cycles of reaction, as shown in
Figure 4D (at 50× magnification). The cracking of the solid catalyst was due to the violence
of the stirring, mentioned above, and more cracking was found in the next cycle after the
third round, but the capacity for FFA reduction by reused Amberlyst 15 catalysts remained.
Thus, the catalyst can minimize FFA content even if it loses morphological condition.
Considering the SEM photographs which are present in Figure 4A (at 50× magnification),
the low magnification of the fresh catalyst shows a smooth surface compared with the
recovered catalyst, as shown in Figure 4J (at 50× magnification). The results showed that
when the Amberlyst 15 is reused, it has a low mechanical strength, which may not be quite
enough to resist the vigorous stirring after the third cycle of the reaction. However, the
Amberlyst 15 is compatible with a stirring speed of 300 rpm, but the number of cycles
of the reaction must be considered. For surface cracking of the catalyst, Fan et al. [50]
also studied the synthesis of cellulose acetate using Amberlyst 15. The results showed
that Amberlyst 15 does have a lower mechanical strength when vigorous stirring was
performed, which causes surface cracking during the reaction. According to the reusability
study, the results show that the catalyst can be reused to catalyze the reaction for up to four
cycles with no significant loss of catalytic activity. In this study, the recovered catalysts
were used after a treatment process; the performance in terms of FFA conversions after
each cycle of esterification using recycled solid catalysts was studied. The results showed
that the FFA conversion percentage in esterified oil from the first cycle through to the ninth
cycle was: 97.7%, 91.6%, 91.4%, 91.1%, 90.9%, 90.8%, 90.7%, 90.3%, and 90.3% and the FFA
contents in esterified oil were: 2.0, 7.5, 7.7, 7.9, 8.1, 8.2, 8.3, 8.7, and 8.7 wt.% as shown in
Figure 5. Clearly, the fragmentation of a solid catalyst could also be used to reduce FFA in
an SPO, but the FFA reduction efficiency may be less than approximately 25% compared to
reaction with a fresh catalyst. The benefits of reusing the Amberlyst 15 catalyst were proven
worthwhile: reducing the cost of the treatment process using sulfuric acid in esterification,
minimizing waste generation, and saving the chemical cost to reduce FFA in SPO.

Figure 5. The FFA conversion (%) and FFA content (wt.%) in esterified oil from the first cycle through
to the ninth cycle.
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3. Material and Methods
3.1. Materials

SPO was obtained from a commercial scale palm oil milling process in southern
Thailand, and had a free fatty acid content of 89.16 wt.%. It was employed as a raw material
in the acid-catalyzed esterification process, which used heterogeneous and homogeneous
catalysts to reduce FFA in SPO, as shown in Figure 6A. The other compositions of SPO
are triglyceride (TG) of 9.79 wt.%, diglyceride (DG) of 0.80 wt.%, monoglyceride (MG) of
0.24 wt.%, 306.99 g/mole mean molecular weight, and 0.865 kg/L density at 60 ◦C. The
physical properties and compositions of SPO are shown in Table 5.

Figure 6. Production steps of biodiesel using batch process esterification (A) sludge palm oil, (B) het-
erogeneous catalytic reaction esterified oil, and (C) homogeneous catalytic reaction esterified oil (top
layer) and generated wastewater (bottom layer).

In the esterification process, three chemical reactants with commercial standards were
used: 99.7% methanol, 98% sulfuric acid as a homogeneous catalyst, and Amberlyst 15 as
a heterogeneous acid catalyst. Amberlyst 15 was a black sphere-shaped bead purchased
from Sigma Aldrich, United States. The porosity, hydrogen ion-exchange capacity, thermal
stability, and average pore diameter of Amberlyst 15 are 0.32 ± 0.01, 5.1 meqH+/g, 120 ◦C,
and 300 Å. The detailed properties of the Amberlyst 15 are listed in Table 6 [51]. Analytical
chemicals were: 98.5% purity n-hexane (Avantor Performance, Rednor, PA, USA), formic
acid (Fisher Scientific, Loughborough, UK), diethyl ether (Avantor Performance, Rednor,
PA, USA), and benzene (Loba Chemie Pvt Ltd., Mumbai, India). In order to analyze the
methyl ester percentages, TG, DG, MG, and FFA in the esterified oils, the chemical mixtures
of hexane-diethyl ether-formic acid (80:20:0.2 vol.%) in the first tank and hexane-benzene
(1:1 vol.%) in the second tank were prepared to be used as the mobile phases in a thin layer
chromatography with flame ionization detection (TLC/FID, model: IATROSCAN MK-65;
Mitsubishi Kagaku latron Inc., Tokyo, Japan).

3.2. Procedure
3.2.1. Experimental Setup for Esterification

In preparation for the esterification using the heterogeneous acid catalyst, 300 g SPO
was put into a five-neck round bottom flask which performed as a batch reactor. The
SPO was heated to 60 ◦C, and the temperature was kept constant. Subsequently, the
methanol was poured into the reactor. SPO and methanol mixing was continuously stirred
at 300 rpm until it reached a homogenous phase using a six-bladed disk turbine and
mechanical stirrer (model: RW 20, IKA, Staufen, Germany). Amberlyst 15 and sulfuric
acid were slowly poured into the reactor when heterogeneous and homogeneous catalytic
reactions were employed, respectively, to enhance the esterification reaction and begin
the counting of reaction time. Therefore, the parameters of methanol, acid catalysts, and
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reaction time were examined in the required ranges to minimize FFA reduction in SPO of
both heterogeneous and homogeneous catalysts, as described in the experimental design
section. For the technical pouring method of sulfuric acid, the reaction temperature was
accurately monitored while adding sulfuric acid into the reactor, as this mixing generated
heat. Therefore, the reaction temperature of the mixture was precisely controlled below
64.7 ◦C regarding the boiling point of methanol, particularly to prevent the exothermic
reaction that occurs when sulfuric acid is added to a reactor, leading the mixtures to rapidly
rise over the boiling point of methanol. Conversely, adding an Amberlyst 15 catalyst to the
process had no impact on increasing the reaction temperature. All samples were cooled
with cold water to inhibit any forward or reverse reaction for the sampling process.

Table 6. The properties of Amberlyst 15.

Properties Details

Form Beans
Quality Wet

Parameter 120 ◦C maximum temperature
Moisture ≤1.6%

Matrix Styrene-divinylbenzene (macroreticular)
Matrix active group Sulfonic acid functional group

Particle size <300 µm
Operating pH 0–14

Capacity 1.7 meq/mL by wetted bed volume
Separation technique 4.7 meq/g by dry weight

Cation exchange

The residuals of sulfuric acid and methanol were eliminated in the esterified oil using
a washing technique for purifying the products from homogenous reactions. After the
heterogeneous catalytic reaction, the used solid catalyst was carefully removed, as provided
in the section recovery method for heterogeneous catalysts. A recovered solid catalyst
was reused in a new cycle of the esterification production process. The details of the
recovery process have been provided in the section on the heterogeneous catalyst recovery
procedure. Analysis of the compositions of the esterified oils from both homogenous
and heterogeneous catalytic reactions in the presence of FFA, ME, TG, DG, and MG were
performed. Finally, actual experiments, including TLC/FID analysis, were used to validate
the model-based optimal conditions. The compositions of the free fatty acid fraction in
SPO and residual methanol in the products were analyzed with gas chromatography (GC)
according to EN 14103 and BS EN 14110 test standards, respectively.

3.2.2. Recovery Method for Heterogeneous Catalysts

The recovery of the heterogeneous solid catalyst was performed after the reaction of the
esterification process had been completed. The solid catalysts in the reactant mixture were
filtered using an Erlenmeyer flask coupled with filtering through filter paper, which was
attached to a ceramic funnel for separating solid catalyst and esterified oil. The remaining
esterified oil on the surface of the Amberlyst 15 was then removed by a vacuum pump
(model: Rocker 300, Taipeh, Taiwan), which was connected to the flask through the vacuum
pipeline. In the following step, the oil in the heterogeneous catalyst was extracted with
hexane solvent to leach residual oil from the catalyst surface. Finally, recovered Amberlyst
15 catalysts were dried at 105 ◦C for 5 h in a hot air oven to remove residual hexane in the
solid catalyst before use in the next cycle. The recycled solid catalysts were balanced for
the next cycle of the esterification production process, to ensure that the required loading
of catalyst was added into the reactor.

3.2.3. Surface Analysis of Amberlyst 15

In this study, Amberlyst 15 was recovered and reused after the esterification process to
investigate the stable catalytic performance of the recycled catalyst. Therefore, the surface
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morphology method was used to observe the surface of the catalyst using a SEM (model:
Quanta 400, Thermo Fisher Scientific, Brno, Czech Republic). SEM was used to analyze the
surface morphologies of the fresh and recovered heterogeneous acid catalysts at 50 and
5000× magnifications. The specific Brunauer–Emmett–Teller (BET) method was carried out
by an ASAP 2460 analyzer (Micromeritics, Norcross, GA, USA) to determine the surface
area of the catalysts, and pore sizes were examined after each run of the esterification
process. For analyzing the surface area and pore size of Amberlyst 15, a surface area
analyzer was used to calculate the surface area of Amberlyst 15 with degassing at 100 ◦C.
The surface area and pore size distribution (PSD) of fresh and recovered catalysts were
accurately determined with the static volumetric N2 absorption method on a catalyst surface
at a constant temperature of −196.15 ◦C using a surface area and porosity analyzer [52].
Therefore, fresh and recovered catalysts were analyzed after each cycle of esterification. For
analyzing the quality of esterified oils, TLC/FID was used.

3.3. Experimental Design

The experimental results from the heterogeneous and homogeneous catalytic reac-
tions were implemented utilizing the RSM method to optimize the conditions for FFA
reduction. For the central composite design (CCD), the RSM was run with five levels and
three factors. Coding factors for the five-levels such as −αx, −1, 0, +1, and +αx were
used to apply in the spinning of the independent variable values in CCD. The number of
variables (k) was used to calculate the axial point (αx) of a rotatable CCD. The experiments
were operated by arranging three independent variables. For this experiment, Equation (3)
was applied to generate three independent variables, within the coded level of −1.682,
−1, 0, +1, and +1.682. Table 7 shows the values of independent variables in the coded
factor level ranges for each independent variable. The experimental design and FFA results
from heterogeneous and homogeneous catalytic reactions are described in Table 2. To
calculate the FFA content from each batch process operation, the second-order polynomial
model, Equation (3) for multiple regression analysis was used. In this experiment, three
independent variables were methanol (M), catalyst concentration (C), and reaction time (T).
These three independent variables affected the achievement of low FFA content (FFA1 and
FFA2, for the heterogeneous catalytic and homogeneous catalytic reactions, respectively),
which was the dependent variable in this optimization. There are two processes: heteroge-
neous and homogeneous catalytic reactions; thus, the variables M1, C1, and T1 represent
heterogeneous catalytic reactions, and the variables M2, C2, and T2 represent homogeneous
catalytic reactions. The FFA contents were determined using an experimental analysis
with a TLC/FID. The experimental outcomes after checking with TLC/FID were analyzed
with Microsoft Excel Solver, which can be obtained in the add-in tools. The flowchart of
methodology of this study using RSM optimization method was shown in Figure 7.

Y = β0 +
k

∑
i=1

βixi +
k

∑
i=1

βiix2
i +

k

∑
i=1

k

∑
j=i+1

βijxixj + ε (3)

where Y is the dependent variable, xi and xj are independent variables, β0, βi, βii, and βij
are the independent constant, the linear independent coefficient, the quadratic independent
coefficient, and the interaction independent coefficient, respectively, k is the number of
variables, and ε is the error.
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Table 7. Range of independent variables.

Independent Variable Symbol Unit
Level of Independent Variable

−1.682 −1 0 +1 +1.682

Heterogeneous catalytic reaction

Methanol M1 wt.% 26.5 34.0 45.0 56.0 63.5
Reaction time T1 min 180.0 253.0 360.0 467.0 540.0
Amberlyst 15 C1 wt.% 35.0 37.0 40.0 43.0 45.0

Homogeneous catalytic reaction

Methanol M2 wt.% 9.50 30.0 60.0 90.0 110.5
Reaction time T2 min 12.0 40.0 80.0 120.0 147.0
Sulfuric acid C2 wt.% 3.00 9.0 18.0 27.0 33.0

Figure 7. Flowchart methodology of this research.
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4. Conclusions

In this study, the acid catalysed esterification process for high FFA feedstock SPO was
investigated using heterogeneous and homogeneous catalytic reactions. The optimum
conditions of heterogeneous and homogeneous catalytic reactions such as methanol, reac-
tion time, and catalyst concentrations were considered using RSM. For the heterogeneous
catalytic reaction, a value of FFA of 1.26 wt.% was achieved under the recommended condi-
tions: methanol at 44.7 wt.%, a reaction time of 360 min, and Amberlyst 15 at 38.6 wt.%.
The recommended conditions of homogeneous catalytic reaction were 58.4 wt.% methanol
concentration, 79.7 min reaction time, and 16.8 wt.% sulfuric acids, which can decrease the
FFA contamination from 89.16 wt.% to 1.03 wt.%. Considering the comparative analysis
between two different catalytic reactions under the recommended conditions, the chemical
consumption, especially for the methanol consumption from the heterogeneous catalytic
reaction was significantly lower than that of the homogeneous catalytic reaction by 23.5%,
although the reaction time for the heterogeneous catalytic reaction took longer than homo-
geneous catalytic reaction time. For the analysis of the catalyst’s reusability, Amberlyst
15 can be reused at least nine cycles with the FFA conversion not less than 90% in every
cycle. Moreover, Amberlyst 15 can be capable of FFA reduction even though its mechanical
strength properties have been lost, which is an essential issue for decreasing the cost of
chemical consumption. In addition, applying the heterogeneous catalytic reaction can
minimize the generated wastewater, which can reduce the quality and yield of the biodiesel.
For further perspectives on research development, the heterogeneous catalyst has been
suggested to synthesize biodiesel as a renewable fuel for limiting environmental impact by
using advanced reactors to increase the performance of the reaction beyond conventional
methods for catalytic reactions.
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