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ARTICLE INFO ABSTRACT

Keywords: Sustainable synthesis of biodiesel fuel or fatty acid methyl ester (FAME) was studied via transesterification of
Fatty acid methyl ester palm oil (PO) over green/low-cost heterogeneous alkali (waste chicken eggshell/WCE) catalyst. The porous
Palm oil

K,0@CaO catalyst was effectively prepared via one-pot hydration-dehydration-incorporation process. The
following reformations of catalyst properties were characterized by BET, XRD, SEM-EDX, TGA, FT-IR and CO»-
TPD techniques. As obtained results, the as-modified catalysts with characteristic properties such as stronger
basic site, higher basicity and surface area were successfully achieved when compared with pristine/commercial
Cao, resulting in more facile upgrading of PO to FAME product. An integration between 2K factorial process with
Box-Behnken model found that significant factors was in the order of catalyst loading amount > reaction time >
reaction temperature. Meanwhile, the obtained optimal conditions were catalyst loading amount = 3 wt% of oil,
molar ratio of methanol to oil = 15:1, reaction temperature = 80 °C and reaction temperature = 2 h, imparting a
maximum FAME yield of 87.5%. For kinetic and thermodynamic studies of 10%KI/CaO catalyzed trans-
esterification of PO, the important parameters such as Ea, A, AH, AS and AG were found to be 40.04 kJ/mol,
2.85 x 10? min~', 37.24 kJ/mol, — 172.61 J/molL.K and 60.97 kJ/mol, respectively. The calcium glyceroxide
was easily formed during reusability test, resulting in a significant reduction of FAME yield. Thus, regeneration-
calcination process at 800 °C was applied to fully recover its properties and catalytic performance. This work
provided the eco-friendly strategy for FAME production which could be possibly applied in practical process.

Waste eggshell
K>0@CaO catalyst
Transesterification

1. Introduction they cannot be reused, and the process requires high production cost for
purification-washing technique. Moreover, they also present high
sensitivity for saponification between free fatty acid and water in tri-

glyceride oil, leading to facile formation of soap with significant

Owing to swift expansion of population, technology and industry,
worldwide consumption of energy-fossil fuels is expanding year by year

[1]. Thus, it is currently essential to rummage with alternative sources
such as hydrogen, solar or wind energy and biodiesel fuel [2]. Among
them, biodiesel fuel or fatty acid methyl ester (FAME) can be utilized to
substitute the petroleum diesel since their some properties are quite
analogous [3]. FAME is also revealed as an eco-friendly fuel including
easily biodegradable, low toxic-smoke emission, high oxidative stability
and natural lubricity [4]. As known that FAME can be synthesized by
transesterification of vegetable oil or triglyceride molecule with alcohols
over acid-base catalysts [5]. In commercial, homogeneous alkali cata-
lysts such as NaOH and KOH are traditionally applied for upgrading of
vegetable oil to FAME via transesterification process [6]. Even though
these catalysts provide fast reaction rate with high yield of FAME but

* Corresponding authors.

decrease in FAME yield [7]. Heterogeneous catalysts propose a radical
good chance to make the FAME production process more reasonable in
an excellent direction. Their several advantages including
non-corrosive, environmentally benign and reusable have been found,
for instance, spent catalyst can be comfortably separated and recovered
from reaction system via filtration or centrifugation without purification
process [8-10]. More interestingly, their physicochemical properties
can be easily modified to improve the catalytic performance and
stability.

Recently, a range of heterogeneous alkali catalysts such as KOH/
activated carbon, KOH/ZSM-5, KOH/MgO, Ca0/SiO3, ZrOy-LayOs,
KoCO3 and NayCO3; have been developed and applied for FAME
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production [11-16]. Among them, CaO is one of eco-friendly/low pri-
ce/effective catalysts for FAME production owing to its high catalytic
performance including high basicity- basic strength and low solubility in
transesterification system [17]. CaO can be produced from natural
source or waste materials such as waste egg shell, scallop shell, coralline
shell, mussel shell and/or animal bones, which is not only reduce cost
and conserve resource, but also retain the environmental problems [18].
Sirisomboonchai et al. [19] found that CaO (5 wt% of oil) derived from
calcined scallop shell had proficient for producing the FAME with a high
yield of 86% via transesterification at 65 °C for 2 h. Goli and Sahu [20]
reported that high basicity and large number of basic sites at the edges of
CaO cluster is one of key parameters to enhance the catalytic activity for
transesterification of soybean oil. However, main problems for appli-
cation of pristine CaO are still appeared, for instance, it has low surface
area, resulting in lower number of disclosed active sites. Also, the nat-
ural deactivation can easily occur from interaction between of CaO with
free fatty acids or water, leading to the leaching of calcium species
together with soap formation. Thus, it is necessary to improve the CaO
performances including surface area, stability and basicity [21].
Recently, one-pot hydration-dehydration process have been identified as
an environmentally friendly method for pretreatment of CaO structure.
Asikin-Mijan et al. [22] reported that hydrated-dehydrated CaO clam-
shell exhibited a high potential in the biodiesel production based on the
increased of surface area and the basicity. Roschat et al. [23] found that
the stronger basic site of new CaO are generated with the increase to
some extent after hydration-dehydration process, resulting higher cat-
alytic activity in transesterification process. Some metal doping on CaO
can be also considered as an excellent way for improving the catalyst
activity and stability. Zhang et al. [24] modified CaO catalyst by doping
with CeOs, and the catalytic results found that CeO5 could stabilize the
active phases, improving the stability of the catalyst during the re-
actions. Previously, Jairam et al. [25] found that the oyster shell
impregnated by KI had excellent performance for transesterification of
soybean oil (~85% conversion) at low temperature at 60 °C for 4 h.
Mahesh et al. [26] and Komintarachat et al. [27] reported that
impregnation of KBr and KCl on CaO structure significantly enhanced

Table 1

Experimental conditions and FAME product yields studied via 2 factorial pro-
cess for sustainable production of FAME from transesterification of PO over 10%
KI/CaO catalyst.

Run X; (°C)  Xa(min) X3 (wt% of PO)  X4(mol/mol)  FAME yield (%)

1 60 30 (-1) 1.0(-1) 15:1 (-1) 29.5
=D

2 90 (1) 30 (-1 1.0 (-1) 15:1 (-1) 48.3

3 60 180 (1) 1.0(-1) 15:1 (-1) 52.7
=D

4 90 (1) 180 (1) 1.0 (-1) 15:1 (-1) 58.5

5 60 30 (-1) 4.0 (1) 15:1 (-1) 68.3
=D

6 90 (1) 30 (-1) 401 15:1 (-1) 83.2

7 60 180 (1) 4.0 (1) 15:1 (-1) 86.4
-1

8 90 (1) 180 (1) 401 15:1 (-1) 84.1

9 60 30 (-1) 1.0(-1 30:1 (1) 28.8
-1

10 90 (1) 30 (-1) 1.0(-1 30:1 (1) 47.7

11 60 180 (1) 1.0(-1) 30:1 (1) 55.1
-1

12 90 (1) 180 (1) 1.0(-1 30:1 (1) 59.2

13 60 30 (-1) 4.0@ 30:1 (1) 68.2
-1

14  90(1) 30 (-1) 4.0 (1) 30:1 (1) 79.1

15 60 180 (1) 4.0@ 30:1 (1) 83.5
-1

16 90(1) 180 (1) 4.0 (1) 30:1 (1) 82.8

The parameters are coded as follows: X1 = reaction temperature (°C), X2 =
reaction time (min), X3 = catalyst loading amount (wt% of PO) and X4 = molar
ratio of MeOH to PO (mol/mol).
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the catalytic activity for transesterification. Based on these details, the
existence of K species on CaO catalyst is very important for generating
new basic sites. However, the main problem of modified CaO is the
apparent presence of low surface area, resulting in hard encounter be-
tween triglyceride molecules and active sites. It is challenging for
development of new active catalyst such porous CaO along with the
presence of K species for application in biodiesel production process.

Based on above details, it is very interesting to combine both
methods for catalyst preparation. In this work, porous K;O@CaO
derived from waste chicken eggshell (WCE) was modified via one-pot
hydration-dehydration-incorporation process, and applied for catalytic
transesterification of PO to FAME product. It should be noted that KI was
used as a substrate for K30 formation on CaO support/catalyst during
catalyst preparation process. The textural, morphological and chemical
properties of as-prepared catalyst were characterized and discussed by
BET, XRD, SEM-EDX, TGA, FT-IR and CO,-TPD techniques. The roles of
calcination temperature, catalyst type, KI doping amount was studied
and discussed in details. The optimization process via an integration
between 2 factorial with Box-Behnken model was investigated in the
existence of significant factors such as catalyst loading amount, reaction
time and reaction temperature. This process is identified as a regression
technique for solving environmental problems involving the response
factors, which are affected in complex routes [28]. The main advantages
for RSM applied in this work are revealed as follows: (I) it is the potential
technique for forecasting the input-output relationships of catalytic
transesterification systems by considering factor interactions such as
reaction time, reaction temperature or catalyst loading amount, and (II)
the production cost of FAME can be significantly reduced since lower
experimental number were fixed under quadratic models [29]. Kinetic
and thermodynamic studies for transesterification of PO catalyzed by
KoO@CaO were carried out to access the catalytic behaviors via
pseudo-first order, Arrhenius and Eyring plots. The reusability test was
also performed for 5 cycles under optimal conditions. This research
provided an eco-friendly strategy with a low-cost for selective produc-
tion of FAME fuel, which highly expected to further develop and apply in
industrial-scale.

2. Experimental
2.1. Material and chemicals

Refined palm oil (PO) from Morakot Industries Co., Ltd. Thailand
was utilized as an oil feedstock for FAME production. Waste chicken
eggshell (WCE) was collected from local restaurant in Bangkok and
Pathumthani, Thailand, and used as a substrate for catalyst preparation.
The commercial CaO was purchased from Ajax Finechem Pty Ltd. The
chemical reagents such as KI (> 99.0%) and methyl heptadecanoate (>
99.0%) were purchased from Sigma-Aldrich company.

2.2. Catalyst preparation

WCE is washed with distilled water, crushed and sieved with a size
around of 0.5-0.8 mm. The chemical compositions in WCE were
determined using an energy dispersive X-ray spectrometer (XRF-Phil-
lips, PW 2400), and the results are shown in Table S1. To produce
CaOypyis, WCE was calcined at 800 °C for 2 h with a heating rate of 10 °C/
min under air atmosphere. For comparison, the commercial CaO pur-
chased from Ajax Finechem Pty Ltd was denoted as CaOcom. For doping-
modification process, CaOyjs was further pretreated out via one-pot
hydration-dehydration-incorporation technique [30]. Firstly, a certain
amount of KI (2.5, 5.0, 10.0 or 20.0 wt%) was dissolved with distilled
water. The CaOy,js was added in the as-prepared solution, then refluxed
at 60 °C for 6 h. During this step, the CaO was simultaneously hydrated
and deposited into KI/Ca(OH), sample. Thereafter, the obtained sample
was dried at 120 °C for overnight. Finally, it was calcined at 800 °C for 2
h with a heating rate of 10 °C/min under air atmosphere. Here, KI/Ca



P. Maneechakr and S. Karnjanakom

Table 2

Experimental conditions and FAME product yields studied via Box-Behnken
model for sustainable production of FAME from transesterification of PO over
10%KI/CaO catalyst.

Run X; (°C) X5 (min) X3 (Wt% of PO) FAME yield (%)
Observed Predicted
1 60 (1) 30 (-1) 2.5 (0) 48.4 44.9
2 90 (1) 30 (-1) 2.5 (0) 63.6 65.1
3 60 (—1) 180 (1) 2.5(0) 59.7 58.2
4 90 (1) 180 (1) 2.5 (0) 64.8 68.3
5 60 (1) 105 (0) 1.0 (-1) 47.9 53.5
6 90 (1) 105 (0) 1.0 (-1) 64.1 64.6
7 60 (—1) 105 (0) 40(1) 56.5 56.0
8 90 (1) 105 (0) 401 80.8 75.2
9 75 (0) 30 (-1) 1.0 (-1) 65.5 63.5
10 75 (0) 30 (-1) 1.0 (-1) 79.4 75.4
11 75 (0) 180 (1) 401 69.7 73.7
12 75 (0) 180 (1) 40 76.2 78.3
13 75 (0) 105 (0) 2.5(0) 85.5 85.8
14 75 (0) 105 (0) 2.5 (0) 86.1 85.8
15 75 (0) 105 (0) 2.5 (0) 85.7 85.8

The parameters are coded as follows: X1 = reaction temperature (°C), X2 =
reaction time (min) and X3 = catalyst loading amount (wt% of PO).

(OH), was dehydrated, incorporated and decomposed into KoO@CaO
(denoted as 2.5-10.0%KI/Ca0). It should be noted that CaOp;s pre-
treated without KI doping was denoted as CaOpre.

2.3. Catalyst characterization

The details in characterization method of as-prepared catalyst
including BET, XRD, SEM-EDX, TGA, FT-IR and CO,-TPD techniques are
given in the Supporting Information (SI).

2.4. Catalytic transesterification of PO and analysis of FAME product

In this study, PO was used as a feedstock for FAME production. The
catalytic transesterification was carried out under close system in order
to avoid the leakage of MeOH gas during reaction. In a typical run, the
certain amounts of catalyst and MeOH were added in a 50 mL glass tube
reactor equipped with a thermocouple thermometer, and stirred at
ambient temperature for 30 min. Thereafter, PO was added into the as-
prepared system and transesterification reaction was performed. Here,
critical roles of calcination temperature of WCE (500-900 °C), catalyst
type, KI doping amount (2.5-20.0 wt%) were studied via trans-
esterification of PO. The effect of reaction temperature (60-90 °C), re-
action time (30-180 min), catalyst loading amount (1-4 wt% of PO) and
molar ratio of MeOH to PO (15:1-30:1 mol/mol) were systematically
investigated via an integration between 2* factorial with Box-Behnken
model (Tables 1 and 2). The details of experimental designs for FAME
production are given in SL

After the finishing reaction, the spent catalyst was separated from
liquid product by centrifugation at 4000 rpm for 5 min. Prior reusability
test, the collected spent catalyst was washed with acetone in order to
eliminate some impurities. In the case of catalyst deactivation, it might
be further regenerated by calcination at 800 °C for 2 h. The obtained
FAME liquid at upper layer was purified by washing with distilled water
unit its natural pH was obtained. Finally, the existence of water in FAME
was evaporated at 110 °C. To analyze the yield of FAME product, gas
chromatograph-flame ionization detector (GC-FID, Shimadzu GC-17A)
equipped with a capillary column of DB-Wax (30 m x 0.25 mm x
0.25 um) was applied using injector and detector temperatures of 250 °C
and column temperature of 220 °C. Here, EN 14103 standard method
was used to quantify FAME yield using methyl heptadecanoate (C17:0)
as an internal standard. All studies were carefully repeated for 3 times
under the similar conditions. The FAME yield (%) was calculated as
follows in Eq. (1):
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Fig. 1. N, sorption isotherms of (A) CaOpis, (B) CaOpre and (C) 10%KI/CaO.
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Table 3
Physicochemical properties of various as-prepared catalysts.
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Catalyst Surface area (m?>/  Pore volume (cm®/  Pore size Crystallite size Weak basic site Strong basic site Total basicity
g) g) (nm) (nm) (mmol/g) (mmol/g) (mmol/g)
CaOpris 10.2 0.17 9.8 54.2 0.521 0.056 0.577
CaOpye 57.4 0.28 12.7 43.8 1.029 0.765 1.794
2.5%KI/CaO 55.1 0.25 12.6 40.6 1.124 0.843 1.967
5%KI/CaO 51.5 0.23 12.4 37.8 1.265 1.093 2.358
10%KI1/CaO 46.3 0.19 121 34.4 1.407 1.359 2.766
20%KI/CaO 32.7 0.10 8.6 28.3 1.589 1.669 3.258
Spent 10%KI/ 7.4 0.05 2.4 16.1 0.250 0.244 0.494
Ca0"
Spent 10%KI/ 44.9 0.20 12.2 34.9 1.408 1.347 2.755
Ca0”
CaOcom 3.5 0.03 11.5 97.1 0.445 0.008 0.453
@ Spent catalyst after recycling test for 5 cycles without regeneration.
b Spent catalyst after recycling test for 5 cycles with regeneration at calcination temperature of 800 °C for 2 h.
(A) @CaCO; ACa0O W K,0 (B)
° 9% 9 % o0 o o ES
A
l A L Fresh catalyst
t [ aa Ca0p N
'z LJ T CaOpe | %
s =
e ]
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W WY PO T N
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Regenerated
L l l spent catalyst
1 1 .1| am L . 20%KI/CaO l A A
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Fig. 2. XRD patterns of various catalysts.
. SA) —  Ag Cg X Vg Wrame doping for CaOpe and 10%KI/CaO, the isotherm with hysteresis loop
FAME yield (%) = X .
Agr Ws Wpo shape was changed from H3 to H2, resulting from occurrence of
% 100 ink-bottle mesoporous structure [32]. Meanwhile, their volumes and

(€8]

where XA is the total peak areas of FAME, Ag; is the peak area of C17:0,
Cgg is the concentration of C17:0 (mg/mL), Vg is the volume of C17:0
(mL) and Wy is the weight of sample solution for GC (mg). Wp is the
weight of FAME (mg) and Wy is the weight of PO.

3. Results and discussion

3.1. Characterization of catalyst and catalytic testing of
transesterification

Nj sorption isotherms of CaOpyis, CaOpre and 10%KI/CaO are shown
in Fig. 1. As obtained, the isotherms of all catalysts exhibited the irre-
versible type IV sorption isotherm, corresponding to mesoporous ma-
terial [31]. For CaOpyjs, the isotherm had a hysteresis loop shape, which
was identified as type H3 with slit-shaped pores. After pretreatment and

hysteresis loop space for N» adsorption was increased to some extent. It
should be noted that narrower hysteresis loop of 10%KI/CaO was found
when compared with CaOye, suggesting to K20 dispersion inside/out-
side CaO structure. This phenomenon should be resulted from increasing
of surface area, pore volume and pore size via hydration, dehydration
and/or calcination occurred during pretreatment process as follows in
Egs. (2)-(4):

Egg shell CaCO3 + 800 °C — CaOpjs + CO, 2
CaO + HyO + 60 °C - Ca(OH), 3
Ca(OH); + 800 °C — new CaOp + H,O (€]

As such above results, the textural properties of various catalysts
were also supported, and the results are shown in Table 3. One can see
that the CaOys without any modification had a low surface area
(10.2 m%/ g) and a small pore size (9.8 nm). In contrast, the surface area
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% Ca element

Fig. 3. SEM-EDS mapping images of (A) WCE, (B) CaOpy;s, (C) CaOpe and (D) 10%KI/CaO.

and pore size of CaOpe were increased as expected up to 57.4 m?/g and
12.7 nm, respectively. However, after KI doping, the surface areas of KI/
CaO were continuously reduced from 55.1 to 38.7 m%/g with the
increasing of KI loading from 2.5 to 20 wt%. This suggests that CaO
surface was partly occupied by the dispersed KO species. However, it
should be noted that the reduction characteristic of surface number on
catalyst/support was general pattern after metal loading was performed,
resulting from some porous blockage. This phenomenon was in good
agreement when compared with previous literatures [33,34]. That was
why the effect of KI loading amount on CaO was also investigated.
Herein, both K20 and CaO could serve as synergistic active sites for PO
transesterification reaction.

The XRD patterns of various catalysts are shown in Fig. 2A. One can
see that the diffraction peaks of CaCO3 was clearly appeared in WCE
sample. Here, WCE could be completely converted into pure CaO after
calcination at 800 °C. For all calcined samples, they presented the
similar diffraction peaks at 32.45, 37.65, 53.88, 64.42 and 67.68°,
corresponding to the CaO phase [35]. After pretreatment and KI doping
from 2.5 to 20 wt%, the diffraction peaks of CaO with their crystallite

size defined from Scherrer’s equation were decreased to some extent
(Table 3). This should be described on structural subtraction of CaO
during pretreatment or covering by KO species at CaO structure.
Interestingly, the strong diffraction peaks of KoO phase were appeared in
only 20%KI/CaO, suggesting that K;O@CaO was easily accumulated
owing to the sintering effect during the calcination when too much
amount of KO was added [36]. In contrast, no bulks of KoO were
observed in the case of 2.5-10%KI/CaO, probably due to well dispersion
of K;0@CaO. The SEM image of various catalyst are shown in Fig. 3. The
morphology of WCE exhibited irregular structure with larger particles,
comparing with CaOpyjs. After calcination, its surface became rougher
while particle size was clearly decreased. Here, the highly textured
CaOpre was further found after hydration and dehydration at 800 °C.
There was no significant difference when compared between CaOpre
with 10%KI/CaO. Also, excellent homogeneous dispersion of K species
on the CaO structure was verified by EDX mapping image (Fig. 3). This
was in good agreement with XRD results.

The DTG profile of WCE are shown in Fig. 4A. Initially, minor weight
loss from 100° to 550°C was observed which should be due to
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Fig. 4. (A) DTG profile of WCE, (B) FT-IR spectra of uncalcined WCE and
calcined WCE and (C) Role of WCE calcined at different temperatures for sus-
tainable production of FAME from transesterification of PO. Reaction condi-
tions: catalyst loading amount = 1 wt% of oil, molar ratio of methanol to oil
= 15:1, reaction temperature = 80 °C and reaction temperature = 2 h.

evaporation of water molecules and loss of protein/organic matter on
WCE [37]. For major decomposition of CaCO3 in WCE structure, it was
found at temperature range of 600-800 °C with a total weight loss of
40.5% which was attributed to thermal decomposition of CaCO3 to CaO
and CO; together with loss of inorganic impurities. It should be noted
that no significant change at > 800 °C was observed, indicating that the
calcination temperature at 800 °C was appropriate for CaO preparation
from WCE. The FT-IR spectra of uncalcined WCE and calcined WCE are
shown in Fig. 4B. For uncalcined WCE, one can see that the major ab-
sorption bands of CaCOs; molecule appeared at 1750, 1446 and
875 cm ™! were assigned to C=0 stretching, C—O stretching and C—O
bending, respectively [38,39]. For peaks at 2513 and 3000-2800 em ™},
they presented to the existences of bicarbonate and C—H functional
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groups in uncalcined WCE, respectively which occurred from protei-
n/organic molecules in uncalcined WCE. In addition, the O—H func-
tional groups derived from water molecule in uncalcined WCE and
calcined WCE structures were appeared at 3800-3000 cm '. After
calcination at 800 °C (calcined WCE), the pattern for FT-IR spectra of
uncalcined WCE was totally changed, indicating that main composition
of calcined WCE was CaO while protein/organic molecules were
destroyed. Fig. 4C shows the role of WCE calcined at different temper-
atures for production of FAME from transesterification of PO. For WCE
without calcination, only FAME yield of 3.2% was obtained, indicating
that transesterification of PO could not achieve over CaCOs catalyst. The
increasing of calcination temperatures from 500° to 800 °C resulted in
more generation of FAME yield. This was probably due to increasing of
catalyst basicity when CaCO3 was transformed into CaO with the higher
amount. However, the FAME yield was reduced from 46.9% to 44.2%
when too high calcination temperature at 900 °C was applied for CaO
preparation. This phenomenon should be described on sintering and
agglomeration effects, leading to the caving-in of molecular skeleton in
CaO structure [40]. Therefore, the WCE calcination at 800 °C was fixed
as an optimal temperature for production of CaO catalyst.

The CO,-TPD profiles of catalysts before and after reactions are
presented in Fig. 5. Here, Two CO»-desorption peaks at ~200 (low
temperature) and ~300 (high temperature) °C were corresponded to
weak basic sites and strong basic sites, respectively [41]. It is found that
CaOy;is almost contained only one main desorption peak/weak basic site
at low temperature. Interestingly, after pretreatment by
hydration-dehydration process, new strong basic sites were regenerated,
and the desorption peaks were also shifted to higher temperatures for
CaOpre. This indicates that new active sites or super basic active sites
were successfully formed after CaO was hydrated and dehydrated.
Meanwhile, during pretreatment process, large amount of water mole-
cule from Ca(OH), was incessantly removed, resulting in formation of
higher surface area and larger porosity of catalyst, leading to the
simultaneous increase of total basicity on catalyst as shown in Table 3.
More interestingly, stronger basic sites and higher basicity were inces-
santly regenerated to some extent when KI amounts were substituted
from 2.5 to 20 wt%. It should be noted that the stronger/higher basicity
with the co-presence of Ca-O, K»-O ion pairs and isolated oxygen anions
were more beneficial for catalytic transesterification of PO. Fig. 6 shows
the role of catalyst type for production of FAME from transesterification
of PO. For comparison, CaOpe exhibited better catalytic performance
than CaOpyis and CaOcom, resulting from the obvious presence of higher
basicity and surface area. This indicates that the pretreatment process of
CaO was important before catalytic application. It should be noted that
CaOypyis had still better activity for catalytic transesterification than
CaOcom, probably due to the promoting via other metals naturally
existed in WCE. After modification-doping process, the FAME yield was
increased from 46.9% to 52.9% when 2.5%KI/CaO was utilized. When
KI doping amount was increased to 10 wt%, the FAME yield was
dramatically increased dramatically and reached to 68.2%. Anywise,
excessive doping of 20%KI on CaO. resulted in the serious reduction of
surface area, pore size and metal dispersion rate, leading to increasing of
mass transfer resistance and decreasing in catalytic performance. Based
on these results, the 10%KI/CaO catalyst was selected for further
studies.

3.2. Role of 2* factorial analysis in FAME production

The experimental conditions and FAME product yields studied via 2K
factorial process are presented in Table 1. As observed, FAMEs produced
via transesterification of PO catalyzed by 10%KI/CaO were yielded in
the range between 29.5% and 86.4%. Here, the highest and lowest yields
were determined, according to levels of independent input factors.
Fig. 7A shows the significant levels in each factor via normal probability
plots versus estimated values. One can see that the three factors such as
reaction temperature (X;, °C), reaction time (X3, min) and catalyst
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loading amount (X3, wt% of oil) including their interactions exhibited
significant levels since they were obviously outward of the straight line.
The factor abilities for FAME production rate were in the order of
catalyst loading amount > reaction time > reaction temperature, indi-
cating that the as-prepared 10%KI/CaO with loading amount was most
important. Herein, the selected range of molar ratio of MeOH to PO
(15:1-30:1 mol/mol) had non-significant effect for promoting the FAME

yield occurred from transesterification of PO. According to Le Chate-
lier’s principle, the application in MeOH with an excessive amount could
improve the transesterification reaction towards the FAME formation
[42]. Considering on economic portion, the remaining MeOH after
complete reaction might be separated and recovered via
evaporation-distillation-condensation process. Therefore, a minimum
molar ratio of MeOH to PO (15:1) was adequate for this study. To
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support these data, the analysis of variance (ANOVA) was determined,
and the results are shown in Table 4. The minimum, medium and
maximum of sum of square values defined from reaction temperature,
reaction time and catalyst loading amount were 309.76, 745.29 and
4089.60, respectively. The model terms were selected when Fyitical
value was > 5.318. As expected, the normal probability plots were in
good agreement with ANOVA results at 95% confident level with Fy gs.
Thereafter, the linear regression model determined from 2¥ factorial
analysis was used to calculate the predicted FAME yield as follows in Eq.

(5):

Y = 63-46 + 4-40X; + 6-83X, + 15-99X3 - 3-54X1X; - 1-55X; X3 —
2-08X,X3 ()

Where Y is the FAME yield, X; is the reaction temperature (°C), X is the
reaction time (min), X3 is the catalyst loading amount (wt% of PO).

Fig. 7B and C shows the normal probability plots of residual value
versus pk x 100 and distribution plots of predicted FAME yield versus
residual value. As predicted, the regression model presented a good
linearity that a value of correlation coefficient was close to 1 (R?
= 0.9445). Also, the distribution level of residue value was in the range
of 0-4% while the distribution behavior was in a mess, indicating that
the as-applied model had high precision.

3.3. Optimization of FAME production via Box-Behnken analysis

The experimental conditions and FAME product yields studied via
from Box-Behnken design are presented in Table 2. The quadratic
regression model including low, medium and high levels determined
from Box-Behnken analysis with response surface methodology (RSM)
was used to calculate the predicted FAME yield as follows in Eq. (6):

Y = 85.77 +7.60X; +4.11X, +3.29X; — 18.51X} — 8.13X; — 4.93X;
(6)

—2.53X,X; +2.03X, X5 — 1.85X,X5

Where Y is the FAME yield, X; is the reaction temperature (°C), Xz is the
reaction time (min), X3 is the catalyst loading amount (wt% of PO).
The predicted FAME yields calculated from Eq. (6), and their results
were close to observed FAME yields. Meanwhile, as shown in Fig. 8A and
B, the value of R% > 0.9 was clearly found via the linear plots of observed
FAME yield versus predicted FAME yield while distribution behavior
was in disorder with level range of + 7, suggesting that the regression
model was had high precision with a variability of 94.32% for
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polynomial study. To optimize the reaction conditions with a maximum
FAME yield among the Box-Behnken analysis, the application using
response surface 3D and contour plots for FAME production is shown in
Fig. 9. Fig. 9A and D shows interaction between reaction temperature
and reaction time for production of FAME from transesterification of PO
catalyzed by 10%KI/CaO at a catalyst loading amount of 2.5 wt% of PO
(medium level). The increasing of reaction temperature from 60° to
80 °C promoted the facile transesterification of PO for 120 min where-
with FAME yield increased from 60.7% to 86.9%. Here, natural viscosity
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Table 4
Analysis of variance determined from 2* factorial process for sustainable pro-
duction of FAME from transesterification of PO over 10%KI/CaO catalyst.

Source of Sum of Degree of Mean Fyalue Feritical
variation square freedom square

X3 309.76 1 309.76 172.69  5.318
X2 745.29 1 745.29 415.49

X3 4089.60 1 4089.60 2279.92

X4 2.72 1 2.72 1.52

X1 Xo 200.22 1 200.22 111.62

X1X3 38.44 1 38.44 21.43

XoXs 68.89 1 68.89 38.41

Error 14.35 8 1.79

Total 5469.28 15

The parameters are coded as follows: X1 =reaction temperature (°C),
X2 = reaction time (min), X3 = catalyst loading amount (wt% of PO) and
X4 = molar ratio of MeOH to PO (mol/mol).
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Fig. 8. (A) Quadratic regression and (B) distribution level plots derived from
Box-Behnken design for sustainable production of FAME from trans-
esterification of PO over 10%KI/CaO catalyst.

of PO should be decreased with the increasing in mass-transfer distri-
bution and collision frequency between PO-MeOH-catalyst multiphase
reaction system when higher reaction temperature was applied. How-
ever, a few reductions of FAME yield were observed at > 80 °C, prob-
ably due to MeOH conversion from liquid phase to gas phase wherewith
difficult to be condensed again, resulting in no available for trans-
esterification reaction [43]. In the case of reaction time, it exhibited the
same pattern such the effect of reaction temperature. When the times
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were reached to 30-120 min, the FAME yield increased to around
75-87% thereafter slightly reduced to some extent. This is possible that
the backward reaction may be replaced to forward reaction with too
long reaction time since transesterification of PO was equilibrium re-
action [44].

Fig. 9B and E shows interaction between reaction temperature and
catalyst loading amount for production of FAME from transesterification
of PO catalyzed by 10%KI/CaO at a reaction time of 105 min (medium
level). Herein, a highest FAME yield of 87.2% could be obtained when
reaction temperature of 80 °C and catalyst loading amount of 3.0 wt% of
PO were achieved. It should be noted that the catalyst loading amount
was never exceed than 3.0 wt% even the interaction between reaction
time and catalyst loading amount was applied for FAME production
(Fig. 9C and F). As known that too high loading amount of catalyst
resulted in a poor mixing owing to the high viscosity of the mixture of
reactants and catalyst, leading to the increasing in mass transfer resis-
tance in reaction system [45]. Also, the saponification could be easily
occurred with too high basicity (> 10%KI doping) or too much loading
amount of catalyst (> 3 wt% of PO), leading to significant reduction of
FAME yield. Based on RSM analysis, the optimization at equilibrium
conditions was systematically determined using Box-Behnken design
with quadratic regression model. As predicted, a maximum FAME yield
of 87.9% was obtained under optimal conditions: catalyst loading
amount = 3 wt% of oil, molar ratio of methanol to oil = 15:1, reaction
temperature = 80 °C and reaction temperature = 2 h via an integration
of Box-Behnken design with quadratic regression model. To guarantee
the precision of this design, the actual experiments were carefully car-
ried out for three replications under the optimal conditions. As expected,
an average FAME yield of 87.5% from actual experiments was achieved
which was acceptable for this study.

3.4. Kinetic and thermodynamic behaviors for FAME production

The possible reaction pathways for transesterification of PO into
FAME over K;0@CaO catalyst are shown in Fig. 10. Firstly, an anion of
methoxide/nucleophile was formed via reaction between K;O@CaO
with MeOH. During reaction, carbonyl groups of PO was attacked by
methoxide ions to form an intermediate of carbonyl alkoxy. Then, this
intermediate was rearranged to produce the FAME product while
alkoxide ion occurred on the glycerol backbone was immediately pro-
tonated to form hydroxyl group [46]. Lastly, the diglyceride and
monoglyceride groups were further interacted with methoxide anions
via the same pathways to produce 3 mols of FAMEs and 1 mol of glyc-
erol. Based on these reactions, a kinetic behavior for K;O@CaO cata-
lyzed transesterification of PO was further studied under different
reaction times (40-120 min) and reaction temperatures (50-80 °C)
while the other factors such as catalyst loading amount (3 wt% of PO)
and molar ratio of MeOH to PO (15:1 mol/mol) were kept constant. The
transesterification stoichiometries including the three steps: triglyceride
(TG), diglyceride (DG) and monoglyceride (MG) reacted with MeOH to
form FAME product are provided in Eqs. (7-9). The overall of FAME and
glycerol (GR) formations is given as follows in Eq. (10) [47]:

TG +MeOH <—Ili—l—>FAME +DG (2]
4
ko

DG+ MeOH<—k——>FAME + MG 8)
5
k3

MG +MeOH<—k——>FAME +GR 9
6

TG + 3MeOH<—§—>3FAME +GR (10)
8

As mentioned above, the PO conversion to FAME was defined as the
total moles of FAME divided by the TG moles, while transesterification
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rate was as follows in Eq. (11):

_dCy

o kCicy —

kC C% an
where Cp, Cg, Cc and Cp are the concentrations of TG, MeOH, GR and
FAME, respectively, while W, X, Y and Z are to their reaction orders. k;
and kg are the kinetic constants for the forward and backward reactions,
respectively.

Owing to reversible process of transesterification mechanism,
excessive concentration of MeOH was utilized to push the forward
equilibrium. In the other words, the utilized amount of MeOH was much

higher than another one. Here, k7CBYcould be invariable where k’:k7CBY

or k'is the altered rate constant. Furthermore, kg should be excised since
their components were much lower than ky. Therefore, from Eq. (11), it
could be rewritten as follows in Eq. (12):

dC dCx
dr
From Eq. (12), it could be further integrated and rearranged over the
PO conversion in the case that n = 1 as follows in Eq. (13):

kX 12)

An(1-Xpo) = Kt 13)

where Xpo, k' and t are the PO conversion, reaction rate constant and
reaction time, respectively. The k'value was calculated from the slope by
plotting -In(1-Xpp) versus t at various reaction temperatures (T).

In the case that n { 1, it should be modified by k' = k/Cao, which

should be expressed as follows in Eq. (14):
(1-Xpo)' ™™ = 14+(n-1)KCa0"t 14)

To examine the activation energy (Ea) occurred during catalytic
upgrading of PO over 10%KI/CaO, the Arrhenius model was purposed

11

and given as follows in Eq. (15):

, —Ea
= A 1
k exXpor (15)
where A is the pre-exponential factor (min~!), R is the universal gas
constant (8.314 J/K.mol) According to Eq. (15), Ea value was deter-
mined by plotting In k' versus 1/T. Thus, it should be rewritten to linear
form as follows in Eq. (16):
/ E,
Ik = =t inA 16)
The thermodynamic behaviors including enthalpy change (AH),
entropy change (AS) and Gibbs free energy (AG) for 10%KI/CaO cata-
lyzed transesterification of PO were investigated using Eyring-Polanyi
model as follows in Eq. (17) [43]:

kT —AG
k = TCXW (17)

From Eq. (17), the values of AH and AS was determined by plotting
In (k/T) versus 1/T. Thus, it should be rewritten to linear form as follows
in Eq. (18):

In (li> =
T
where kj is the Boltzmann constant (1.3806 x 1072%) and h is Planks

constant (6.626176 x 107%).

The values of AG in each temperature were calculated as follows in
Eq. (19):

AS

R (18)

A (R
RT N

AG = AH - TAS 19

Fig. 11 A shows the correlation between -In(1-Xpo) and reaction time



P. Maneechakr and S. Karnjanakom

2.75 —
1A T=80°C
25| (A) o V= 0.0199
2.25 - SR =0.9989
2 T=70°C
Q 1.75 1 y = 0.0162x
Y15 ] R =0.9995
—( - | —
N’
£ 1.25 9 _E[T=60°C
' 1 ] i B hy=0.0103x
2 R = 0.9993
0.75 - A K
0.5 4 _— "\ [T=50°C
9 y = 0.0057x
0.25 4 R =0.995
R .
20 40 60 80 100 120 140 160
Reaction time (min)
35
(B)
4 PN
. 45
_~<
=
54 y=-4816.4x + 9.8196
R?=0.9687 o
5.5 1 Arrhenius plot
-6 — . —r
0.0027  0.0028 0.0029 0.0030 0.0031 0.0032
/T
9
1(©)
9.5 -
-
-10 4 ®
) N
g . Ot
e -10.5 4
-’ N
= 14  y=-4478.9x+2.9976 *
R? = 0.9636
-11.5 4 Eyring—Polanyi plot
-12 —— ——————
0.0027 0.0028 0.0029 0.0030 0.0031 0.0032

1/T

Fig. 11. (A) Kinetic logarithms of at various temperatures (50-80 °C) and times
(40-120 min), (B) Arrhenius plot of In k* vs. 1/T and (C) Eyring-Polanyi plot of
In(k’/T) vs. 1/T for sustainable production of FAME from transesterification of
PO over 10%KI/CaO catalyst.

for transesterification catalyzed by 10%KI/CaO at different tempera-
tures. One can see that a linear kinetic relationship was well accorded
with the hypothesis of pseudo-first order (R? > 0.99) for FAME pro-
duction. As shown in Table S2, the reaction rate constants were
increased from 0.0057 to 0.0199 min~! with the increasing of the re-
action temperatures from 50° to 80°C, suggesting that the trans-
esterification was generally required at higher temperature. Fig. 11B
shows the Arrhenius plots of 1/T versus reaction rate constants. The
activation energy and pre-exponential factor were found to be 40.04 kJ/
mol, 2.85 x 102 min~?, respectively. The performance of 10%KI/CaO
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amount = 3 wt% of oil, molar ratio of methanol to oil = 15:1, reaction tem-
perature = 80 °C and reaction temperature = 2 h. (B) DTG profile of spent 10%
KI/CaO after reusability test for 5 times.

catalyst in this study was also compared with previous literatures
(Table S3) [48-53]. An activation energy of 10%KI/CaO catalyst pro-
moted faster reaction rate which was in good agreement with the range
33-84 kJ/mol for transesterification of vegetable oils catalyzed by het-
erogeneous CaO catalysts [44]. Fig. 11C shows Eyring-Polanyi plot to
determine thermodynamic parameters. Here, the values of AG, AH and
AS were calculated, and the results are shown in Table S2. The AG in
each temperature had positive values, indicating that the trans-
esterification catalyzed by 10%KI/CaO were endergonic and unspon-
taneous reaction. Also, the endothermic nature was confirmed since AH
had positive value of 37.24 kJ/mol [54]. Here, AS did not consider since
MeOH was used in excessive amount. From these results, it summarizes
that 10%KI/CaO catalyst exhibited high reactivity/pre-exponential
factor, fast reaction rate and low activation energy/mass transfer resis-
tance for transesterification of PO.

3.5. Catalyst reusability

The reusability of 10%KI/CaO catalyst was evaluated under the
optimal conditions for six consecutive runs (Fig. 12A). From 1st to 5th
cycles, the catalyst was recovered from the reaction mixture by centri-
fugation, and washed with acetone to eliminate some impurities without
further regeneration process. It is found that FAME yield was still higher
than 69%, indicating that the catalyst stability was remained during the
three cycles. Unlikely, in 4th and 5th cycles, a serious decrease in cat-
alytic performance was observed. This deactivation could be described
in the change of CaO phase into calcium glyceroxide phase, resulting in
the dramatic reduction of catalyst basicity [55]. Herein, the crystallite
size of CaO was highly decreased from 34.4 to 2.0 nm with the
increasing of cycle number from 1 to 5. The leaching amount of KO
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species on catalyst was detected by EDX technique, and the results found
that the difference percent of K,O amount on catalyst between fresh one
and spent one (5th cycle) was < 1.5 wt%, indicating that main problem
of catalyst deactivation was mainly occurred from changing of CaO
phase. These phenomena were also confirmed by XRD and CO,-TPD
results (Figs. 2B, 5D-E and Table 3). Therefore, it was necessary to be
regenerated by calcination process. Fig. 12B shows the DTG profile of
spent catalyst in form of calcium glyceroxide. Initially, minor weight
loss at ~100 °C was assigned to general evaporation of moisture. Then, a
strong exothermic effect with major decomposition of the glyceroxide
anions to CaCO3 was appeared at 150-450 °C [56]. Finally, CaO was
obtained from CaCOj3 decomposition at 600-800 °C. Here, further
increasing at > 800 °C had no significant change in DTG curve. Based on
this study, regeneration of spent catalyst by calcination at 800 °C was
applied. As expected after regeneration, the CaO phase with total ba-
sicity was restored, leading to significant enhancement of FAME yield in
6th cycle. In the other words, no serious reduction in the FAME yield was
found when compared with the fresh one, suggesting that catalytic of the
spent catalyst could be perfectly recovered using this regeneration
method.

4. Conclusion

In summary, porous KoO@CaO was successfully prepared and
applied as a low-cost/effective catalyst for sustainable production of
FAME from transesterification of PO. The surface area and pore size of
CaO catalyst were well improved after hydration-dehydration, leading
to regeneration of new basic site for catalytic upgrading of PO. The 10%
KI/CaO presented better catalytic performance than CaOcom, CaOpyis and
CaOpre because it had higher basicity and/or stronger basic site, a
maximum FAME yield of 87.9% was achieved under optimal conditions:
catalyst loading amount = 3 wt% of oil, molar ratio of methanol to
oil = 15:1, reaction temperature =80°C and reaction temper-
ature = 2 h via an integration of 2" factorial with Box-Behnken analyses.
According to their kinetic and thermodynamic behavior, an activation
energy for transesterification catalyzed by 10%KI/CaO was 40.04 kJ/
mol which was endergonic/unspontaneous/endothermic reaction. The
deactivation problem of spent catalyst could be solved by calcination at
800 °C. This is expected that such catalysts could be widely applied for
sustainable production of FAME in practical process.
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