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1  INTRODUCTION

Renewable energy or green energy sources can be con-
verted directly into liquid fuels - biofuels for transportation 
needs（cars, trains, trucks, and buses）. Biodiesel is a 
common renewable fuel produced from waste vegetable 
oils and animal fats for use in diesel engine1, 2）. In addition, 
biodiesel, an alternative fuel that is green to environment 
because of its biodegradability, biorenewable nature, very 
low sulfur content, low volatility, and balancing carbon 
dioxide in atmosphere3）. The production of biodiesel is 
widely proceeded through transesterification reaction cata-
lyzed by homogeneous catalysts or heterogeneous cata-
lysts. The most notable homogeneous catalyst used in the 
transesterification reaction is alkaline catalysts such as 
KOH, NaOH, CH3ONa and CH3OK. In contrast to homoge-
neous catalysts, heterogeneous catalysts4）are easily 
removed from the reaction mixture leading the facile puri-
fication step and the quality of biodiesel. As a result, the 
development of heterogeneous catalysts for the production 
of biodiesel is of great importance. Metal oxide support or 
natural solid waste such as eggshells, bone, and manure 
are used as catalysts for the production of biodiesel. The 
limitations of these catalysts are sensitive to water and also 
quite expensive. Therefore, the adaptation of heteroge-
neous catalysts should be more efficient and cheap for bio-
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diesel productions.
In this research, the synthesized solid base catalyst was 

obtained from the utilization of hydrogel as a template. 
Metal oxides, especially alkali earth oxides have been 
studied extensively because of their suitable basic strength. 
Heterogeneous catalysts are generally impregnated with 
KF or K＋ ion to increase the catalytic performance. These 
catalysts are the highly active for the transesterification re-
action in production of biodiesel. KF-doped solid oxides; 
for example, KF/ZnO5）, KF/Al2O3

6）, KF/Eu2O3
7）, KF/hydro-

talcite8）, KF/CaO9, 10）, KF/Zn（Al）O11）, KF/CaO-MgO12）, KF/
Ca-Al hydrotalcite13）, KF/CaxAl2O（x＋3）

14）, KF/Mg–Fe bi-metal 
oxides15）, KF/Mg-La16）, KF/Si-MCM-4117）, KF/CaO–Fe3O4

18）, 
KF/clam shells19）, KF/CaO（lime mud）20）, and KF/clay21）have 
been reported to be efficient heterogeneous catalysts for 
transesterification of vegetable oils. Moreover, synthesized 
catalysts of KF with Ca2＋ could form new KCaF3 phase that 
was probably the active specie for the enhancement of cat-
alytic activity9, 10, 13, 22）. Niju et al. found that KF on CaO 
leads to the formation of KCaF3, which enhanced catalytic 
activity19）. Other solid supports have been developed from 
waste biodegradable products by utilizing imperfectly car-
bonized natural products; for instance, eggshell23－30）, biont 
shell31）, cockle shell32）, crab shell33）, fish scale34）, shrimp 
shell35）, snail shell36）, scallop shell37）, chicken manure38）, 
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seashell39）, and cellulose40）. Here, a hydrogel was used as a 
model template for a new synthesis of solid base catalyst 
due to its facile incorporation of ions into the structures of 
hydrogel（the left-handed helical structure）41）upon micro-
wave irradiation and the hydrogel can be removed by calci-
nation to new phase and morphology of heterogeneous 
catalysts. Recently, hydrogel was used as a template to 
produce gold, silver nanoparticles42）, and iron oxide nano-
clusters43）with microwave irradiation in which the mung 
bean starch noodle or mung bean vermicelli was used as 
hydrogel44, 45）. In this study, heterogeneous catalysts were 
prepared by the incorporation of KF and Ca（NO3）2 into the 
hydrogel and the prepared catalysts were tested for the 
transesterification reaction of soybean oil.

2  EXPERIMENTAL PROCEDURES

2.1  Chemicals and Materials

Potassium fluoride（KF）, calcium nitrate（Ca（NO3）2, and 
methanol were purchased from Sigma Aldrich. Hydrogel
（mungbean vermicelli）and soybean oil were purchased a 
local market in Thailand.

2.2  Catalyst Preparation

In general, three steps were used for the incorporation 
of KF and/or Ca（NO3）2 into hydrogel for catalysts prepara-
tion; （i）50 cm3 of 2.5 mol/dm3 KF solution was added into 
20 g of hydrogel then heated the mixture in microwave 
oven at 100 W for 3 minutes, （ii）adding 50 cm3 of Ca（NO2）3 
into the mixture and heat it in a microwave oven for 3 
minutes, （iii）KF solution was added to the mixture before 

it was heated in a microwave oven for 3 minutes. The final 
step, the mixture of each step（or method）washed with 
water and calcined at 800℃ for 5 hours. Thus, the catalysts 
consist of three types that are one-step（only KF with hydro-
gel）, two-step（KF and then Ca（NO3）2 with hydrogel）, and 
three-step catalysts（KF（1st-time）, Ca（NO3）2, KF（2nd-
time））with hydrogel）and all step were calcined at 800℃ 
for 5 hours. The experiments of each step were shown in 
Scheme 1.

2.3  Catalyst Characterization

The basic strength of the solid bases（H_）was deter-
mined by using Hammett indicator. The following Hammett 
indicators were used: bromthymol blue（H_＝7.2）, phenol-
phthalein（H_＝9.8）, 2,4-dinitroaniline（H_＝15.0）, and 
4-nitroaniline（H_＝18.4）. X-ray diffraction was carried out 
on D8 Advance Bruker analytical system operating at the 
Cu Kα1（λ＝ 1.5406 Å）at 40 mA and 40 kV. The Data were 
collected over a 2θ  range of 20-85°. Scanning Electron Mi-
croscopy（SEM）was obtained on a JEOL JSM-6301F micro-
scope. Fourier Transform Infrared（FTIR）spectra of the 
samples were recorded on a Perkin Elmer spectrometer in 
the range of 400 to 4000 cm－1. A standard KBr technique 
was used for the sample preparation. Brunauer-Emmett-
Teller（BET）surface area was measured with N2 as adsorb-
ate at 77.4 K by Quantachrome Autosorb-1. The chemical 
composition of sample surface was investigated by X-ray 
photoelectron spectrometer（XPS; AXIS ULTRADLD, Kratos 
analytical, Manchester UK.）. The base pressure in the XPS 
analysis chamber was about 5×10－9 torr. The samples 
were excited with X-ray hybrid mode 700×300 μm spot 
area with a monochromatic Al Kα1,2 radiation at 1.4 keV. 

Scheme 1　The incorporation of KF and Ca（NO3）2 into the hydrogel upon microwave irradiation.



Hydrogel-Templated Solid Base Catalysts for Transesterification of Soybean Oil

J. Oleo Sci. 67, (3) 355-367 (2018)

357

X-ray anode was run at 15 kV 10 mA 150 W.

2.4  Transesterification Reaction

The experiments were performed in a 100-cm3 two-
necked round-bottom flask equipped with a water-cooled 
condenser, thermometer, and mechanical stirrer. Firstly 10 
g of soybean oil was warmed at 65℃ for 10 minutes and 
then a mixture of methanol and catalyst was added to the 
reaction. A reaction condition was as follows: 1:15 molar 
ratio of oil to methanol, 1 g of the catalyst amount, 65℃ of 
the reaction temperature, and 1 hour of the transesterifica-
tion time. After the reaction, the catalyst was separated 
from the product mixture by filtration. The product of 
transesterification reaction was separated into two phases; 
top layer is the biodiesel phase of methyl esters and upper 
layer is glycerol. The biodiesel was washed by gently 
mixing warm distilled water in separatory funnel. This 
process was repeated until the water separated out quickly 
and then removing water with sodium sulfate（Na2SO4）. 
The biodiesel was transferred to a beaker and gently 
heated until it dried. The methyl ester was analyzed by 1H 
Nuclear Magnetic Resonance spectroscopy（1H NMR）46, 47）

and Gas Chromatography（GC）with HP-Innowax and FID 
detector48, 49）. After each cycle of reaction, the catalyst was 
separated and washed several times with methanol and n-

heptane. The resultant dried solid was calcined at 800℃ 
for 5 h and reused in a new batch transesterification 
process. 

3  Results and discussion

3.1  Catalyst preparation and characterization

The catalyst preparation for incorporation of KF and  
Ca（NO3）2 into the hydrogel and the prepared catalysts 
were tested for the transesterification reaction of soybean 
oil as shown in Scheme 2. When a solution of KF is mixed 
with a solution of Ca（NO3）2, CaF2 is obtained as solid pre-
cipitate which is not active in the transesterification of veg-
etable oils as shown in Table 1. A hydrogel was chosen a 
good template for the absorption of ions and the incorpora-
tion of ions into its structure was carried out by microwave 
irradiation42, 43）. The incorporation of KF and Ca（NO3）2 into 
the hydrogel upon microwave irradiation was carried out 
and then the hydrogel with absorbed ions was calcined at 
800℃ under air atmosphere. As shown in Scheme 1 and 
Table 1, the first type of catalyst, a one-step catalyst, was 
prepared by the incorporation of 2.5 mol/dm3 KF into the 
hydrogel（entry 3）. The second type of catalyst was two-
step catalysts prepared by the incorporation of 2.5 mol/dm3 

Scheme 2　The preparation of catalysts and CaF2 for testing the biodiesel productions.
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KF and then Ca（NO3）2 at different concentrations（entries 
4-6）. The last type of catalyst was three-step catalysts pre-
pared by the incorporation of 2.5 mol/dm3 KF, then  
Ca（NO3）2 at different concentrations, and reincorporation 
of 2.5 mol/dm3 KF before the calcination at 800℃ under air 
atmosphere（entries 7-12）. Even though the one-step cata-
lyst showed a good performance on the catalytic activity 
with 96％ FAME yield, this catalyst was moisture-sensitive 
and soluble in water. Therefore, the second addition of  
Ca（NO3）2 was expected to stabilize the catalysts. The reac-
tion of KF and Ca（NO3）2 usually yields insoluble CaF2 as a 
product which is inactive for biodiesel productions. There-
fore, the sequential incorporation of KF and/or Ca（NO3）2 
into the hydrogel was expected to yield other species 
which were different from the direct mixing. In our study, 
CaF2 was chosen as a reference support for biodiesel pro-
ductions（entries 1 and 2）. The hydrogel template was 
removed by calcination to yield active species for biodiesel 
productions. The hydrogel was expected to block the for-
mation of CaF2 after incorporation of two solutions. The re-
incorporation of KF solution was carried out in order to in-
teract with free Ca2＋ which was left in the hydrogel 
structure.

The basic strengths of catalysts were measured by 
Hammett method. Catalysts A and B（entries 1 and 2）
showed the lowest basic strength at the range of 7.2 – 9.8 
range and less than 7.2, respectively and they were inactive 
for transesterification of soybean oil. One-step and two-
step catalysts showed more strongly basic sites or the basic 
strength at a wider range of 7.2-15.0（entries 3-6）. Three-

step catalysts at higher incorporated concentrations of  
Ca（NO3）2（entries 7-9）showed the higher basic strength 
than ones at lower concentration of incorporated Ca（NO3）2

（entries 10-12）.
Some prepared catalysts were selected for the further 

studies. Two-step and three-step catalysts showed differ-
ent compositions of potassium（K）and calcium（Ca）based 
on XRF measurements as shown in Table 2. At the same 
concentration of added Ca（NO3）2（entries 5 and 7, Table 

1）, the two-step catalyst（Catalyst E）had higher Ca amount 
than the three-step catalyst（Catalyst G）. The two-step 
catalyst especially catalyst E showed unexpectedly the 
highest surface area among other prepared catalysts（Table 

2）. Both two-step and three-step catalysts showed the 
pore size in the range of mesoporous types（2 nm＜d＜50 
nm）. The one-step catalyst（Catalyst C）showed the XRD 
patterns as the phase of KF（2θ＝ 29.3, 33.8, 48.5, 58.1, 
60.4, 70.9, 80.7）as shown in Fig. 1a. In addition, the phases 
of KCaF3 and CaO were observed for the two-step catalysts 
as shown in Figs. 1b and c while decreased Ca（NO3）2 con-
centration, only the phase of KCaF3 was observed for the 
three-step catalysts as shown in Figs. 1e and f. The active 
species of two-step catalysts was KCaF3 because the phase 
of CaO was disappeared for the catalyst H but the high 
conversion was still obtained. Kaur and Ali studied KF im-
pregnated CaO/NiO catalyst for transesterification that 5％ 
KF in CaO/NiO found the CaF2 and KCaF3 phases. The 
higher 10％ KF concentration obtained the only KCaF3 
phase and concluded the higher activity of 20％ KF/CaO/
NiO catalyst due to the KCaF3 formation50）. Thus, the for-

Table 1　Basic strength of prepared catalysts and their biodiesel yields.

Entry Catalyst

No. of Steps 

of Added 

Salts

Concentration of Incorporated Salts  

(mol/dm
3
) in order

Support or 

Template

Basic 

Strength 

(H_)

FAME 

Yield
a
 (%)

KF Ca(NO3)2 KF

 1 A 0 － － － CaF2 7.2 – 9.8  0

 2 B 1 2.5 － － CaF2 < 7.2  0

 3 C 1 2.5 － － Hydrogel 7.2 -15.0 96

 4 D 2 2.5 3 － Hydrogel 7.2 -15.0 99

 5 E 2 2.5 2.5 － Hydrogel 7.2 -15.0 97

 6 F 2 2.5 1.25 － Hydrogel 7.2 -15.0 97

 7 G 3 2.5 2.5 2.5 Hydrogel 7.2 -15.0 96

 8 H 3 2.5 1.25 2.5 Hydrogel 7.2 -15.0 95

 9 I 3 2.5 0.625 2.5 Hydrogel 7.2 -15.0 96

10 J 3 2.5 0.3 2.5 Hydrogel 7.2 – 9.8 94

11 K 3 2.5 0.1 2.5 Hydrogel 7.2 – 9.8 90

12 L 3 2.5 0.01 2.5 Hydrogel 7.2 – 9.8 75
a
 Determined by 

1
H NMR

All catalysts were prepared by incorporation of salts and calcination at 800℃ under atmosphere for 5 hours. Transesterification 

condition: oil/methanol molar ratio, 1:15; catalyst amount, 10 wt.%; reaction time, 1 hour; reaction temperature, 65℃. 
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mation of new KCaF3 phase might be the main reason for 
the enhancement of catalytic activity9, 10, 14, 22）. The phase of 
CaO in three-step catalysts was disappeared as decreasing 

the concentration of Ca（NO3）2.
FTIR spectra of catalysts were shown in Fig. 2. The one-

step catalyst showed FTIR bands at 1500 cm－1, 1670 cm－1 
and a broad band at 3300 cm－1. The broad band here indi-
cated strong moisture adsorption on the surface of cata-
lysts. The two-step catalyst D showed that the band of O-H 
stretching vibration was much sharper than the two-step 
catalyst F. The morphologies of catalysts were character-
ized by SEM as shown in Fig. 3 that clinging sheets and 
small particles were observed for each catalyst. Table 2 

Table 2　Surface area and pore size of two-step and three-step catalysts.

Catalyst Composition (%)
Surface area 

(m
2
/g)

Pore volume 

(cm
3
/g)

Pore size 

(nm)
Fresh (%) Reuse (%)

Two-step catalyst E
K = 14, 

Ca = 73
867.5 0.14990 31.4  97 87

Two-step catalyst D
K = 11, 

Ca = 78
218.2 0.01696 24.6 N.A. N.A.

Three-step catalyst G
K = 36, 

Ca = 39
68.98 0.00599 23.4 100 18

N.A. = Not Available

Fig. 1　 XRD patterns of （a）one-step catalyst C; （b）two-
step catalyst E; （c）two-step catalyst F; （d）three-
step catalyst G; （e）three-step catalyst H; and（f）
three-step catalyst I.

Fig. 3　 SEM images of （a）two-step catalyst E, （b）three-
step catalyst H, （c）three-step catalyst J, （d）three-
step catalyst K.

Fig. 2　 FTIR spectra of catalysts; （a）, catalyst C, （b）, 
catalyst D, and（c）, catalyst F.
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shows the surface area of two-step（218.2 and 867.5 m2/g）
and three-step catalysts（68.98 m2/g）. The surface area of 
the commercial CaO was 3 m2/g. Niju et al. obtained the 
surface area of 7.98 m2/g for KF/CaO catalyst19）. Kaur and 
Ali obtained the surface area of 2.6 m2/g for 5％ KF impreg-
nated CaO/NiO catalyst. They concluded that the increase 
in the surface area could be due to the appearance of 
defects in calcium oxide structure upon impregnating po-
tassium fluoride50）. In this work, it was clear that the ob-
served morphology was resulted from the removal of the 
hydrogel during the calcination resulting to the pro-
nounced high surface area especially catalyst E at 867.5 
m2/g. Figure 4 shows the N2 adsorption–desorption iso-
therms of two-step catalyst E, D, and three-step catalyst G, 
and it exhibits a typical IUPAC type IV pattern with the 
presence of a hysteresis loop. These results suggest that 
are characterised by mesoporous structures51）. TGA curves 
of the mung bean starch with and without incorporation of 
KF and/or Ca（NO3）2 into the hydrogel are shown in Fig. 5. 
The initial decomposition temperatures of hydrogel and KF 
and/or Ca（NO3）2 with the hydrogel occurred at 189 and 
200℃ that exhibited the release of the physically absorbed 
water. The second as a major weight loss in the range of 
300–700℃ was the decomposition of starch. The mung 
bean starch was decomposed completely with no carbon 
residue at 800℃, which is similar to other previous 
reports52）.

XPS spectra of the C 1s, O 1s, F 1s, K 2p, and Ca 2p for 
catalyst E（two-step）and catalyst G（three-step）are shown 
in Fig. 6. The binding energy of C 1s at 285 eV was as-
signed to C-C53）that was found as the major component of 
C 1s in catalyst E and G. Interestingly, catalyst E showed 
the higher C-C component than catalyst G. The peaks of 
Ca 2p for catalyst E and catalyst G were found at 346.8 eV 
and 347.0 eV, respectively, corresponding to the binding 

energies reported for CaO in the range 346.3-347.5 eV54）. In 
addition, the peaks of O 1s at 530 eV were also found for 
both catalyst E（530.7 eV）and catalyst G（530.9 eV）as-
signed as the binding energy of O of CaO. The F 1s spec-
trum of catalyst E showed two peaks at 683.0 eV and 683.9 
eV while one of catalyst G showed only one peak at 683.8 
eV corresponding to the K＋ and F－ interaction. The 
binding energy of fluoride of CaF2 usually shows at 684.4 
eV55）. The F 1s spectrum at 683 eV was assigned as the 
binding energy of fluoride of KCaF3. The K 2p3/2 spectra of 
both catalyst E and G showed two peaks indicating the 
presence of free K＋（294.5-295.1 eV）and unfree K＋（295.5-
296.0 eV）where catalyst G had the higher amount of free 
K＋.

3.2  Transesterification of soybean oil

Even though catalyst C showed a high conversion of the 
transesterification at 96％ yield of FAME, this catalyst 
showed a strong adsorption of moisture from the atmos-
phere as confirmed by FTIR（Fig. 2a）and a good dissolu-
tion in methanol. Therefore, the one-step catalyst may not 
be used as a heterogeneous catalyst for biodiesel produc-
tions. The incorporation of Ca（NO3）2 into the hydrogel at 
the second step resulting to the formation of active species 
and less moisture-sensitive than the one-step catalyst for 
biodiesel productions. Both two-step and three-step 
methods showed the high conversions of the transesterifi-
cation. These catalysts exhibited the basic strength（H_）at 
wider range of 7.2-15.0 which indicated the present of 
active species to more than one species（CaO and KCaF3）. 
Furthermore, at the same concentration of KF, as decreas-
ing the concentration of Ca（NO3）2, the conversion of these 
catalysts started to abate to 75％ at 0.01 mol/dm3 of  
Ca（NO3）2 which this basic strength range（H_）was 7.2-9.8. 
The basic strength value of catalyst influenced to the con-
version of the transesterification reaction which high basic 

Fig. 4　 Nitrogen adsorption - desorption isotherms of two-
step catalyst E, two-step catalyst D and three-step 
catalyst G.

Fig. 5　 TGA of the mung bean starch with and without 
incorporation of KF and/or Ca（NO3）2.
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strength value increased the catalytic activity as well17, 56, 57）. 
The lower basic strength of the catalyst B without the as-
sistant of the hydrogel（H_< 7.2）showed no conversion of 
the transesterification reaction of vegetable oil. On the 
other hand, catalyst C with the assistant of the hydrogel 
showed the higher conversion of the transesterification.

The performance of catalysts was evaluated by leaching 
experiments by stirring catalysts in methanol for a period 
of time58）. Then undissolved and dissolved parts were sepa-
rated for the transesterification tests. The first part was 
the undissolved catalyst while the other part was the 
leached active species in methanol or homogeneous part. 
Both parts were used to test whether they were active cat-
alysts for biodiesel productions. If the leached active 
species were highly dissolved in methanol, the heteroge-
neous catalyst would reduce the activity of the catalyst. 
The leaching experiments of the two-step and three-step 
catalysts are shown in Table 3. The leaching of both two-

step and three-step catalysts was detected as the dissolu-
tion part in methanol showed the catalytic activity for the 
transesterification. The three-step catalyst showed rela-
tively much more dissolution of active catalysts in metha-
nol than the two-step catalysts. This is consistent with the 
higher percentage of free K＋ for catalyst G as shown by 
XPS data. Thus, the two-step catalysts showed higher sta-
bility compared to the three-step catalyst.

The influence of catalyst amount in transesterification 
reaction is shown in Table 4. As increasing the catalyst 
amount of both two-step and three-step catalysts, the con-
versions of transesterification vegetable oils were increased 
but the two-step catalyst E showed the higher conversion 
than the three-step catalyst G. As shown in Fig. 7, the in-
fluence of reaction time was also investigated; the conver-
sion of the two-step catalyst E was higher than the one of 
three-step catalyst G（58％ and 35％ at 2.5 minutes, re-
spectively）. In addition, the two-step catalyst E was very 

Fig. 6　XPS spectra of the C 1s, O 1s, F 1s, K 2p, and Ca 2p for two-step catalyst E and three-step catalyst G.
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active with the conversion of 96％ for 15 minutes. Thus, 
the two-step catalyst was more appropriate to be utilized 
as a heterogeneous catalyst as confirmed from the leach-
ing, reuse and the study on the catalyst amount. The reac-
tion rate will be determined by the basic strength and the 
number of accessible active sites on the surface. As shown 
in Table 5, the larger surface area provides much more ac-
cessible active sites of KF/Ca（NO3）2 hydrogel enhanced 
the reaction rate and explained the stronger catalytic activ-
ity than that of other catalysts59－62）. Recyclability study of 
two-step catalyst E on the biodiesel production is illustrat-
ed in Fig. 8. One can see that the reduction of the FAME 

conversion in each cycle could be explained by the deacti-
vation of active sites due to their poisoning by some mole-
cules present in the reaction mixture such as ion-exchange 
between alkali cations with protons and natural adsorption 
of reactants and products in the system. It indicated a sig-
nificant reduction of the number of active sites on the cata-
lyst63, 64）.

3.3  Kinetic of the transesterification reaction

Kinetic studies of transesterification of soybean oil in the 
presence of two-step catalyst, E were investigated by GC 
chromatography as shown in Fig. 9. The effects of tempera-
ture and time were investigated to determine the reaction 
kinetics. The kinetic modeling used in this study is based 
on the assumptions given by Moradi et al., Birla et al., and 
Zhang et al.65－67）. The rate constant k can be obtained by 
fitting the experimental data of each ester concentration at 
various temperatures. And then, plotting ln k versus 1/T 
will give a straight line that Arrhenius plot displayed in Fig. 

10. The observed rate constants of each fatty acid compo-
nent of FAME were extracted by the pseudo-first-order as-
sumption67, 68）and then activation energies of each fatty 
acid of FAME were calculated based on Arrhenius equation 
as shown in Table 6. The order of the observed rate con-
stants of the corresponding fatty acid-derived FAME at all 
temperatures was as the following; C18:2＞C18:1＞C16:0
＞C18:3＞C18:0. The observed rate constants may corre-
late to the concentration of the corresponding fatty acid in 
the soybean oil. The activation energies of all FAMEs were 
in the range of 40-52 kJ/mol and the activation energy of 
the overall FAME was 46 kJ/mol. Kumar and Ali studied a 
pseudo first order kinetic model that was optimized condi-
tions first order rate constant and activation energy was 

Table 3　Leaching of two-step and three-step catalysts.

Catalyst

Conversion
a
 (%)

Undissolved catalyst 

(solid phase)

Dissolution in methanol

 (liquid phase)

Two-step catalyst E 84.24 57.83

Two-step catalyst D 50.27 5.12

Three-step catalyst G 78.64 94.57
a
 Determined by 

1
H NMR 

Table 4　 Conversion of two-step catalyst E and three-step 
catalyst G at each catalyst amount.

Catalyst amount 

(wt%)

Conversion
a
 (%)

Two-step catalyst E Three-step catalyst G

2.5 63 21

5 87 37

10 97 97
a
 Determined by 

1
H NMR

Fig. 7　 Two-step catalyst E and three-step catalyst G, 
influence of reaction time on conversion.  Reaction 
condition: catalyst amount 10%, methanol/oil molar 
ratio 15:1.
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found 54 kJ/mol for nanocrystalline K–CaO catalyst by the 
transesterification69）. Activation energies calculated by 
other reports were also in the range of 27 – 100 kJ/mol for 
transesterification of vegetable oil70－73）.

4  Conclusions

Novel catalysts were developed based on the sequential 
additions of KF and Ca（NO3）2 into the hydrogel upon mi-
crowave irradiation and then calcination at 800℃. The 
solid base KF/Ca（NO3）2 hydrogel can be used for biodiesel 
production with yield of more than 96％. The best catalyst 
of this preparation was the two-step catalyst, E, （KF 2.5 
mol/dm3/Ca（NO3）2 2.5 mol/dm3）. The optimum condition of 
transesterification reaction was as follows; 10％ catalyst 
amount, 15:1 methanol/oil molar ratio and 30 minutes for 
reaction time. BET analysis showed the high surface area 
of 867.5 m2/g and crystal KCaF3 from XRD results which 

increase catalytic activity. The high specific surface area 
favored to contact between catalyst and substrates, which 
improved efficiency of transesterification reaction. The 
elimination of the hydrogel template produced the high 
surface area materials which may be useful for the synthe-
sis of other materials to increase the surface area. The pre-
pared catalysts showed the mixed properties of homoge-
neous and heterogeneous catalysts which could be 
improved in future by the optimization of the components 
in the incorporations by microwave irradiation and the 
temperature of the calcination. The improvement of bio-
diesel yield may be carried out in a closed system at higher 
temperature for the development of commercial catalysts.

Acknowledgments

The financial supports by Center of Excellence for Inno-
vation in Chemistry（PERCH-CIC）, Royal Golden Jubilee 
Ph.D. Program（Grant No. PHD/0094/2552）to Titiya 
Meechai, and the Office of the Higher Education Commis-
sion-Mahidol University under the National Research Uni-
versity Initiative are acknowledged.

References

1） Serrano-Ruiz, J.C.; Ramos-Fernandez, E.V.; Sepulveda-
Escribano, A. From biodiesel and bioethanol to liquid 
hydrocarbon fuels: new hydrotreating and advanced 
microbial technologies. Energy Environ. Sci. 5, 
5638-5652（2012）.

2） Demirbas, A. Comparison of transesterification meth-
ods for production of biodiesel from vegetable oils and 
fats. Energy Environ. Sci. 49, 125-130（2008）.

3） Lee, A.F.; Wilson, K. Recent developments in hetero-
geneous catalysis for the sustainable production of 
biodiesel. Catal. Today 242, Part A, 3-18（2015）.

4） Mardhiah, H.H.; Ong, H.C.; Masjuki, H.H.; Lim, S.; Lee, 

Table 5　Comparison of biodiesel production activity and properties of the synthesized biodiesel with other catalysts.

Catalysts type

Transesterification condition
Conversion 

(%)

Surface area 

(m
2
/g)

a Ref.Molar ratio of 

Oil:Methanol
Time (h)

Catalyst 

amount (%wt)

Temp. 

(℃)

KF/Ca(NO3)2 hydrogel (Catalyst E) 1:15 15 min 10 65 96.0 867.5 this work

CaO-SnO2 1:12  6  8 70 89.3 N.A. 59

CaO-MoO3-SBA-15 1:50 50  6 65 83.2 N.A. 60

SBA-15 with 1,3-dicyclohexyl-2-

octylguanidine
1:15 15  8 65 92.6 267 61

SBA-15-pr-NR3OH 1:12 30 min 2.5 65 99.4 271 62

N.A. = Not available, 
a
 Determined by BET method

Fig. 8　 Reuse of the two-step catalyst E for the biodiesel 
production（reaction conditions: 65℃ for 1 h with 
methanol/oil molar ratio 15:1 and a catalyst loading 
of 10 wt％）.



T. Meechai, S. Kongchamdee, W. W. Mar et al.

J. Oleo Sci. 67, (3) 355-367 (2018)

364

H.V. A review on latest developments and future pros-
pects of heterogeneous catalyst in biodiesel produc-
tion from non-edible oils. Renew. Sustain. Energy 

Rev. 67, 1225-1236（2017）.
5） Xie, W.; Huang, X. Synthesis of biodiesel from soybean 

oil using heterogeneous KF/ZnO catalyst. Catal. Lett. 

107, 53-59（2006）.
6） Bo, X.; Guomin, X.; Lingfeng, C.; Ruiping, W.; Lijing, G. 

Transesterification of palm oil with methanol to bio-
diesel over a KF/Al2O3 heterogeneous base catalyst. 

Energy Fuels 21, 3109-3112（2007）.
7） Sun, H.; Hu, K.; Lou, H.; Zheng, X. Biodiesel Produc-

tion from Transesterification of Rapeseed Oil Using 
KF/Eu2O3 as a Catalyst. Energy Fuels 22, 2756-2760
（2008）.

8） Gao, L.; Xu, B.; Xiao, G.; Lv, J. Transesterification of 
palm oil with methanol to biodiesel over a KF/hydro-
talcite solid catalyst. Energy Fuels 22, 3531-3535
（2008）.

9） Wen, L.; Wang, Y.; Lu, D.; Hu, S.; Han, H. Preparation 

Fig. 9　�Ester concentrations of the two-step catalyst E at each temperature monitored by Gas Chromatography（a. 35℃, b. 
45℃, c. 55℃ and d. 65℃）.

Table 6　 Rate constant and activity energy of the two-step catalyst E of each fatty 
acid methyl ester（FAME）.

FAME
Observed Rate Constant (s

－1
) Activation Energy

(kJ/mol)35 ℃ 45 ℃ 55 ℃ 65 ℃
C16:0 5.4×10

－5
23×10

－5
31×10

－5
21×10

－5
40

C18:0 1.2×10
－5

5.2×10
－5

6.9×10
－5

6.0×10
－5

44

C18:1 6.2×10
－5

25×10
－5

39×10
－5

31×10
－5

46

C18:2 16×10
－5

70×10
－5

90×10
－5

90×10
－5

47

C18:3 1.7×10
－5

7.0×10
－5

9.3×10
－5

11×10
－5

52

Overall 38×10
－5

15×10
－4

21×10
－4

19×10
－4

46



Hydrogel-Templated Solid Base Catalysts for Transesterification of Soybean Oil

J. Oleo Sci. 67, (3) 355-367 (2018)

365

of KF/CaO nanocatalyst and its application in biodiesel 
production from Chinese tallow seed oil. Fuel 89, 
2267-2271（2010）.

10） Liu, H.; Su, L.; Shao, Y.; Zou, L. Biodiesel production 
catalyzed by cinder supported CaO/KF particle cata-
lyst. Fuel 97, 651-657（2012）.

11） Xu, C.; Sun, J.; Zhao, B.; Liu, Q. On the study of KF/ 
Zn（Al）O catalyst for biodiesel production from vege-
table oil. Appl. Catal., B 99, 111-117（2010）.

12） Fan, M.; Zhang, P.; Ma, Q. Enhancement of biodiesel 
synthesis from soybean oil by potassium fluoride mod-
ification of a calcium magnesium oxides catalyst. Bio-

resour. Technol. 104, 447-450（2012）.
13） Chen, J.; Jia, L.; Guo, X.; Xiang, L.; Lou, S. Production 

of novel biodiesel from transesterification over KF-
modified Ca-Al hydrotalcite catalyst. RSC Adv. 4, 
60025-60033（2014）.

14） Tao, G.; Hua, Z.; Gao, Z.; Chen, Y.; Wang, L.; He, Q.; 
Chen, H.; Shi, J. Synthesis and catalytic activity of meso-
structured KF/CaxAl2O（x＋3）for the transesterification 
reaction to produce biodiesel. RSC Adv. 2, 12337-
12345（2012）.

15） Tao, G.; Hua, Z.; Gao, Z.; Zhu, Y.; Zhu, Y.; Chen, Y.; Shu, 
Z.; Zhang, L.; Shi, J. KF-loaded mesoporous Mg-Fe bi-
metal oxides: high performance transesterification 
catalysts for biodiesel production. Chem. Commun. 

49, 8006-8008（2013）.
16） Song, R.; Tong, D.; Tang, J.; Hu, C. Effect of composi-

tion on the structure and catalytic properties of KF/
Mg–La solid base catalysts for biodiesel synthesis via 
transesterification of cottonseed oil. Energy Fuel 25, 
2679-2686（2011）.

17） Ranucci, C.R.; Colpini, L.M.S.; Monteiro, M.R.; Kothe, 
V.; Gasparrini, L.J.; Alves, H.J. Preparation, character-
ization and stability of KF/Si-MCM-41 basic catalysts 
for application in soybean oil transesterification with 
methanol. J. Environ. Chem. Eng. 3, 703-707（2015）.

18） Hu, S.; Guan, Y.; Wang, Y.; Han, H. Nano-magnetic cat-
alyst KF/CaO–Fe3O4 for biodiesel production. Appl. 

Energy 88, 2685-2690（2011）.
19） Niju, S.; Niyas, M.; Sheriffa Begum, K.M.M.; Ananthar-

aman, N. KF-impregnated clam shells for biodiesel 
production and its effect on a diesel engine perfor-
mance and emission characteristics. Environ. Prog. 

Sustain. Energy 34, 1166-1173（2015）.
20） Li, H.; Niu, S.; Lu, C.; Liu, M.; Huo, M. Transesterifica-

tion catalyzed by industrial waste̶Lime mud doped 
with potassium fluoride and the kinetic calculation. 
Energy Convers. Manage. 86, 1110-1117（2014）.

21） Silva, L.C.A.; Silva, E.A.; Monteiro, M.R.; Silva, C.; 
Teleken, J.G.; Alves, H.J. Effect of the chemical com-
position of smectites used in KF/Clay catalysts on soy-
bean oil transesterification into methyl esters. Appl. 

Clay Sci. 102, 121-127（2014）.
22） Gao, L.; Teng, G.; Xiao, G.; Wei, R. Biodiesel from palm 

oil via loading KF/Ca–Al hydrotalcite catalyst. Bio-

mass Bioenergy 34, 1283-1288（2010）.
23） Cho, Y.B.; Seo, G. High activity of acid-treated quail 

eggshell catalysts in the transesterification of palm oil 
with methanol. Bioresour. Technol. 101, 8515-8519
（2010）.

24） Khemthong, P.; Luadthong, C.; Nualpaeng, W.; Chang-
suwan, P.; Tongprem, P.; Viriya-Empikul, N.; Faung-
nawakij, K. Industrial eggshell wastes as the heteroge-
neous catalysts for microwave-assisted biodiesel 
production. Catal. Today 190, 112-116（2012）.

25） Chen, G.; Shan, R.; Shi, J.; Yan, B. Ultrasonic-assisted 
production of biodiesel from transesterification of 
palm oil over ostrich eggshell-derived CaO catalysts. 
Bioresour. Technol. 171, 428-432（2014）.

26） Chavan, S.B.; Kumbhar, R.R.; Madhu, D.; Singh, B.; 
Sharma, Y.C. Synthesis of biodiesel from Jatropha cur-
cas oil using waste eggshell and study of its fuel prop-
erties. RSC Adv. 5, 63596-604（2015）.

27） Piker, A.; Tabah, B.; Perkas, N.; Gedanken, A. A green 
and low-cost room temperature biodiesel production 
method from waste oil using egg shells as catalyst. 
Fuel 182, 34-41（2016）.

28） Tan, Y.H.; Abdullah, M.O.; Nolasco-Hipolito, C.; Taufiq-
Yap, Y.H. Waste ostrich- and chicken-eggshells as het-
erogeneous base catalyst for biodiesel production from 
used cooking oil: Catalyst characterization and bio-
diesel yield performance. Appl. Energy 160, 58-70
（2015）.

29） Tan, Y.H.; Abdullah, M.O.; Nolasco-Hipolito, C. The po-
tential of waste cooking oil-based biodiesel using het-
erogeneous catalyst derived from various calcined 
eggshells coupled with an emulsification technique: A 
review on the emission reduction and engine perfor-
mance. Renew. Sustain. Energ. Rev. 47, 589-603
（2015）.

Fig. 10　 Arrhenius plots of the two-step catalyst E at each 
fatty acid of FAME.



T. Meechai, S. Kongchamdee, W. W. Mar et al.

J. Oleo Sci. 67, (3) 355-367 (2018)

366

30） Joshi, G.; Rawat, D.S.; Lamba, B.Y.; Bisht, K.K.; Kumar, 
P.; Kumar, N.; Kumar, S. Transesterification of Jatro-
pha and Karanja oils by using waste egg shell derived 
calcium based mixed metal oxides. Energy Convers. 

Manage. 96, 258-267（2015）.
31） Xie, J.; Zheng, X.; Dong, A.; Xiao, Z.; Zhang, J. Biont 

shell catalyst for biodiesel production. Green Chem. 

11, 355-364（2009）.
32） Boey, P.L.; Maniam, G.P.; Hamid, S.A.; Ali, D.M.H. Utili-

zation of waste cockle shell（Anadara granosa）in bio-
diesel production from palm olein: Optimization using 
response surface methodology. Fuel 90, 2353-2358
（2011）.

33） Boey, P.L.; Maniam, G.P.; Hamid, S.A. Biodiesel pro-
duction via transesterification of palm olein using 
waste mud crab（Scylla serrata）shell as a heteroge-
neous catalyst. Bioresour. Technol. 100, 6362-6368
（2009）.

34） Chakraborty, R.; Bepari, S.; Banerjee, A. Application of 
calcined waste fish（Labeo rohita）scale as low-cost 
heterogeneous catalyst for biodiesel synthesis. Biore-

sour. Technol. 102, 3610-3618（2011）.
35） Zheng, X.S.; Yang, L.G.; Zhang, A.Q. Shrimp shell cata-

lyst for biodiesel production. Energy Fuels 23, 3859-
3865（2009）.

36） Liu, H.; Guo, H.S.; Wang, X.j.; Jiang, J.Z.; Lin, H.; Han, 
S.; Pei, S.P. Mixed and ground KBr-impregnated cal-
cined snail shell and kaolin as solid base catalysts for 
biodiesel production. Renew. Energy 93, 648-657
（2016）.

37） Kouzu, M.; Kajita, A.; Fujimori, A. Catalytic activity of 
calcined scallop shell for rapeseed oil transesterifica-
tion to produce biodiesel. Fuel 182, 220-226（2016）.

38） Maneerung, T.; Kawi, S.; Dai, Y.; Wang, C.-H. Sustain-
able biodiesel production via transesterification of 
waste cooking oil by using CaO catalysts prepared 
from chicken manure. Energy Convers. Manage. 

123, 487-497（2016）.
39） Jindapon, W.; Jaiyen, S.; Ngamcharussrivichai, C. Sea-

shell-derived mixed compounds of Ca, Zn and Al as 
active and stable catalysts for the transesterification 
of palm oil with methanol to biodiesel. Energy Con-

vers. Manage. 122, 535-543（2016）.
40） Fu, L.-H.; Li, S.-M.; Bian, J.; Ma, M.-G.; Long, X.-L.; 

Zhang, X.-M.; Liu, S.-J. Compare study cellulose/Mn3O4 
composites using four types of alkalis by sonochemis-
try method. Carbohydr. Polym. 115, 373-378（2015）.

41） Wang, S.; Li, C.; Copeland, L.; Niu, Q.; Wang, S. Starch 
retrogradation: A comprehensive review. Compr. Rev. 

Food Sci. F. 14, 568-585（2015）.
42） Chairam, S.; Poolperm, C.; Somsook, E. Starch vermi-

celli template-assisted synthesis of size/shape-con-
trolled nanoparticles. Carbohydr. Polym. 75, 694-704
（2009）.

43） Chairam, S.; Somsook, E. Starch vermicelli template 
for synthesis of magnetic iron oxide nanoclusters. J. 

Magn. Magn. Mater. 320, 2039-2043（2008）.
44） Sung, W.C.; Stone, M. Characterization of legume 

starches and their noodle quality. J. Mar. Sci. Tech. 

12（1）, 25-32（2004）.
45） Le Corre, D.; Bras, J.; Dufresne, A. Starch nanoparti-

cles: A review. Biomacromolecules 11, 1139-1153
（2010）.

46） Knothe, G. Analyzing biodiesel: standards and other 
methods. J. Am. Oil Chem. Soc. 83, 823-833（2006）.

47） Niju, S.; Meera Sheriffa Begum, K.M.; Anantharaman, 
N. Enhancement of biodiesel synthesis over highly ac-
tive CaO derived from natural white bivalve clam shell. 
Arabian J. Chem. 9, 633-639（2016）.

48） Schober, S.; Seidl, I.; Mittelbach, M. Ester content 
evaluation in biodiesel from animal fats and lauric oils. 
Eur. J. Lipid Sci. Tech. 108, 309-314（2006）.

49） Correia, L.M.; Campelo, N.d.S.; Albuquerque, R.D.F.; 
Cavalcante, C.L.; Cecilia, J.A.; Rodríguez-Castellón, E.; 
Guibal, E.; Vieira, R.S. Calcium/chitosan spheres as 
catalyst for biodiesel production. Polym. Int. 64, 242-
249（2015）.

50） Kaur, M.; Ali, A. Potassium fluoride impregnated CaO/
NiO: An efficient heterogeneous catalyst for trans-
esterification of waste cottonseed oil. Eur. J. Lipid 

Sci. Tech. 116, 80-88（2014）.
51） Leofanti, G.; Padovan, M.; Tozzola, G.; Venturelli, B. 

Surface area and pore texture of catalysts. Catal. To-

day 41, 207-219（1998）.
52） Canché-Escamilla, G.; Canché-Canché, M.; Duarte-

Aranda, S.; Cáceres-Farfán, M.; Borges-Argáez, R. Me-
chanical properties and biodegradation of thermoplas-
tic starches obtained from grafted starches with 
acrylics. Carbohydr. Polym. 86（4）, 1501（2011）.

53） Lee, W. H.; Kim, S. J.; Lee, W. J.; Lee, J. G.; Haddon, R. 
C.; Reucroft, P. J. X-ray photoelectron spectroscopic 
studies of surface modified single-walled carbon nano-
tube material. Appl. Surf. Sci. 181, 121-127（2001）.

54） Gong, X.; Iyer, P.K.; Moses, D.; Bazan, G.C.; Heeger, 
A.J.; Xiao, S.S. Stabilized blue emission from polyfluo-
rene-based light-emitting diodes: Elimination of fluo-
renone defects. Adv. Funct. Mater. 13, 325-330
（2003）.

55） Bahadur, S.; Gong, D.; Anderegg, J.W. Investigation of 
the influence of CaS, CaO and CaF2 fillers on the 
transfer and wear of nylon by microscopy and XPS 
analysis. Wear 195, 95-101（1996）.

56） Boz, N.; Degirmenbasi, N.; Kalyon, D.M. Conversion of 
biomass to fuel: Transesterification of vegetable oil to 
biodiesel using KF loaded nano-γ-Al2O3 as catalyst. 
Appl. Catal. B Environ. 89, 590-596（2009）.

57） Alves, H.J.; da Rocha, A.M.; Monteiro, M.R.; Moretti, C.; 
Cabrelon, M.D.; Schwengber, C.A.; Milinsk, M.C. Treat-



Hydrogel-Templated Solid Base Catalysts for Transesterification of Soybean Oil

J. Oleo Sci. 67, (3) 355-367 (2018)

367

ment of clay with KF: New solid catalyst for biodiesel 
production. Appl. Clay Sci. 91-92, 98-104（2014）.

58） Sadaba, I.; Lopez Granados, M.; Riisager, A.; Taarning, 
E. Deactivation of solid catalysts in liquid media: the 
case of leaching of active sites in biomass conversion 
reactions. Green Chem. 17, 4133-4145（2015）.

59） Xie, W.; Zhao, L. Production of biodiesel by transester-
ification of soybean oil using calcium supported tin ox-
ides as heterogeneous catalysts. Energ. Convers. 

Manage. 76, 55-62（2013）.
60） Xie, W.; Zhao, L. Heterogeneous CaO–MoO3–SBA-15 

catalysts for biodiesel production from soybean oil. 
Energ. Convers. Manage. 79, 34-42（2014）.

61） Xie, W.; Yang, X.; Fan, M. Novel solid base catalyst for 
biodiesel production: Mesoporous SBA-15 silica immo-
bilized with 1,3-dicyclohexyl-2-octylguanidine. Renew. 

Energy 80, 230-237（2015）.
62） Xie, W.; Fan, M. Biodiesel production by transesterifi-

cation using tetraalkylammonium hydroxides immobi-
lized onto SBA-15 as a solid catalyst. Chem. Eng. J. 

239, 60-67（2014）.
63） Teo, S.H.; Rashid, U.; Taufiq-Yap, Y.H. Heterogeneous 

catalysis of transesterification of Jatropha curcas oil 
over calcium-cerium bimetallic oxide catalyst. RSC 

Adv. 4, 48836-48847（2014）.
64） Maneechakr, P.; Samerjit, J.; Karnjanakom, S. Ultra-

sonic-assisted biodiesel production from waste cook-
ing oil over novel sulfonic functionalized carbon 
spheres derived from cyclodextrin via one-step: a way 
to produce biodiesel at short reaction time. RSC Adv. 

5, 55252-55261（2015）.
65） Moradi,G.; Davoodbeygi, Y.; Mohadesi, M.; Hosseini, S. 

Kinetics of transesterification reaction using CaO/
Al2O3 catalyst synthesized by sol-gel method. Can. J. 

Chem. Eng. 93, 819-824（2015）.
66） Birla, A.; Singh, B.; Upadhyay, S.N.; Sharma, Y.C. Ki-

netics studies of synthesis of biodiesel from waste fry-
ing oil using a heterogeneous catalyst derived from 
snail shell. Bioresour. Technol. 106, 95-100（2012）.

67） Zhang, L.; Sheng, B.; Xin, Z.; Liu, Q.; Sun, S. Kinetics 
of transesterification of palm oil and dimethyl carbon-
ate for biodiesel production at the catalysis of hetero-
geneous base catalyst. Bioresour. Technol. 101, 8144-
8150（2010）.

68） Freedman, B.; Pryde, E.H.; Mounts, T.L. Variables af-
fecting the yields of fatty esters from transesterified 
vegetable oils. J. Am. Oil Chem. Soc. 61, 1638-1643
（1984）.

69） Kumar, D.; Ali, A. Nanocrystalline K–CaO for the 
transesterification of a variety of feedstocks: structure, 
kinetics and catalytic properties. Biomass Bioenergy 

46, 459-468（2012）.
70） Morgenstern, M.; Cline, J.; Meyer, S.; Cataldo, S. De-

termination of the kinetics of biodiesel production us-
ing proton nuclear magnetic resonance spectroscopy
（1H NMR）. Energy Fuels 20, 1350-1353（2006）.

71） Wang, L.; Yang, J. Transesterification of soybean oil 
with nano-MgO or not in supercritical and subcritical 
methanol. Fuel 86, 328-333（2007）.

72） Vujicic, D.; Comic, D.; Zarubica, A.; Micic, R.; Boskov-
ic, G. Kinetics of biodiesel synthesis from sunflower oil 
over CaO heterogeneous catalyst. Fuel 89, 2054-2061
（2010）.

73） Liu, X.; Piao, X.; Wang, Y.; Zhu, S. Calcium ethoxide as 
a solid base catalyst for the transesterification of soy-
bean oil to biodiesel. Energy Fuels 22, 1313-1317
（2008）.


