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Abstract
Limestone was converted to high surface area CaO/MgO catalysts via calcination-hydration-dehydration (CHD) method for
transesterification of coconut oil to biodiesel. Thermal decomposition at 900°C transformed dolomite CaMg(CO3)2 to large
crystallite and low surface area CaO/MgO. CHD treatment eliminated the large CaO/MgO aggregates and increased the surface
area and the activity of CaO/MgO. The addition of polyethylene glycol (PEG) as surfactant during CHD reduced the CaO/MgO
crystallite size to ~377 nm and enhanced the surface area (39 m2/g), the pore volume (0.0322 m3/g), and the basicity of the
catalysts (7.8 mmol/g). Transesterification of coconut oil showed an increase in oil conversion from 16.45 to 49.27%when CaO/
MgO was produced using PEG. Optimization studies at the variation of reaction temperatures, the ratio methanol:oil, and the
amount of catalysts produced the optimum biodiesel yield of 81.76%. Impregnation with 5% NiO introduced acid-base func-
tionality for esterification FFA to FAME, further improved biodiesel yield to 90%, and reduced the FFA yield. The kinematic,
density, flash point, acid numbe,r and carbon residue of biodiesel from coconut oil were determined at 1.93 mm2/s, 0.86g/cm3,
137°C, 0.27 mg KOH/g, and 0.22% respectively, and were within the ASTM D6751 standard.
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1 Introduction

The global energy crisis has opened up opportunities for re-
searcher to investigate the production of sustainable and

renewable source of energy such as solar and wind energy,
hydrogen, and fuel from biomass [1, 2]. Biodiesel from bio-
mass provided a green and non-toxic alternative, classified as
sustainable, renewable, and environmental friendly fuel [3–6].

Statement of novelty This study aimed to enhance the catalytic activity
of CaO/MgO from limestone as naturally abundant minerals without
removal of MgO for transesterification reaction. Direct decomposition
of limestone produced CaO/MgO with low catalytic activity.
Calcination-hydration-dehydration (CHD) treatment on limestone with
the addition of surfactant have reduced the crystallite size and enhanced
the surface area, the pore volume, and the basicity for high activity to-
wards biodiesel production. Following impregnation with 5% NiO, the
activity of CaO/MgO was increased for the production of biodiesel and
significantly reduced the FFA formation. NiO introduced acid-base func-
tionality to the catalysts for efficient esterification of free fatty acids to
methyl esters.
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Biodiesel consists of a mixture of alkyl esters from long-chain
fatty acids [7–9] with better lubricating properties and low
sulfur content in comparison to fossil fuels [10, 11].
Triglyceride from vegetable oil or animal lipid was trans-
formed via transesterification reaction with alcohol (methanol
or ethanol) to produce methyl esters [12–14]. Ideally, catalysts
for transesterification must be easily separated from the prod-
uct, non-corrosive and stable against deactivation, or further
reaction with reactant or product [15, 16].

CaO has been investigated as catalyst for biodiesel produc-
tion due to the high basicity, non-toxicity, and eco-friendly
properties [1, 9]. CaO was generally produced from decompo-
sition of CaCO3 at high temperatures between 600 and 1000°C
[9, 17, 18]. CaCO3 can be extracted from many natural sub-
stances such as limestone[19], chicken eggshells[20], and
shellfish[21], and was even found in chicken manure[10].
Limestone is an abundantly available mineral mainly consisted
of Ca and Mg in the form of dolomite CaMg(CO3)2. CaO
catalysts derived from natural limestone via thermal decompo-
sition and co-precipitation method showed high activity for
transesterification reaction in comparison to MgO and CaO/
MgO composites [19]. However, extraction of CaO from do-
lomite required a precise control of the temperatures [22] or the
use of strong acid to facilitate the leaching process of Mg [23].
Although the activity of CaO/MgO from dolomite was lower
than the isolated CaO[19], the presence of MgO enhanced the
basicity and the stability of CaO towards deactivation in the
presence of free fatty acids in oil [24, 25]. Conversion of dolo-
mite to CaO/MgO was carried out using direct calcination at
high temperatures; however, the CaO/MgO formed large crys-
tallites with low surface area which was proven detrimental
towards the activity of the catalysts[26]. Surfactants such as
cetyltrimethylammonium bromide (CTAB) and polyethylene
glycol (PEG) have been widely employed for the synthesis of
catalysts to enhance dispersion of solid particles, thermal sta-
bility, and porosity [27]. The porosity of metal oxide was de-
veloped by the self-assembly of surfactants molecule in the
solid solution [28]. Large molecular weight PEG created a
stable bond with Ca2+ for the formation of small CaO particles
[29]. CTAB was also reported to form uniform particles due to
the enhanced viscosity of the solution preventing interaction
between ions and therefore enhanced the dispersion [30].

This research aimed to upgrade the catalytic activity of
CaO/MgO from limestone as naturally abundant mineral for
transesterification of coconut oil to biodiesel via calcination-
hydration-dehydration (CHD) method. Cationic surfactant
cetyltrimethylammonium bromide (CTAB) and non-ionic
surfactant polyethylene glycol (PEG) were added during
CHD in order to control the recrystallization process.
Crystallite size, surface area, porosity, and basicity of CaO/
MgO were correlated with the oil conversion and the selectiv-
ity towards methyl esters. Biodiesel production was optimized
by the variation of the amount of catalysts, the ratio between

methanol and oil and the influence of reaction temperatures.
The effect of NiO nanoparticles on the catalytic activity of
CaO/MgO was investigated with the variation of NiO loading
and finally the biodiesel properties were also determined ac-
cording to the ASTM standard.

2 Materials and methods

2.1 Materials

Limestone was obtained from Madura, East Java, Indonesia.
Ammonia 25% (Merck), benzoic acid 99% (Merck),
cetyltrimethylammonium bromide (CTAB) 98% (Sigma
Aldrich), hydrochloric acid 37% (Merck), methanol 99,9%
(Merck), n-hexane 99% (Merck), polyethylene glycol (PEG
1000) (Merck), Hammett indicator (phenolphthalein (Sigma
Aldrich), 2,4-dinitroaniline (Sigma Aldrich), and 4-
nitroaniline (Sigma Aldrich), and distilled water.

2.2 Catalyst preparation

The calcination-hydration-dehydration (CHD)methodwas car-
ried out by crushing Madura limestone into 125 mesh and
washed with water until the pH of the filtrate reached 7. The
limestone powder was then dried at 110 °C for 12 h and cal-
cined at 900 °C for 3 h to form CaO/MgO. The calcined CaO/
MgO was rehydrated by mixing with distilled water, sonicated
at 60 °C for 150 min and then was placed under microwaves at
400 watts for 10 min. Finally, the dehydration process was
carried on CaO/MgO powder via hydrothermal method with
the presence of surfactant CTAB and PEG. For dehydration
using CTAB surfactant labeled as CaO/MgO-C, 5.028 g
CTAB was dissolved with 100 ml distilled water followed by
the addition of 4.48 g of CaO/MgO powder and continued to
stir for 3 h at 60 °C. For dehydration using PEG surfactant
labeled as CaO/MgO-P, similar approached was repeated but
using 13.79 g of PEG. Themixture was put into a hydrothermal
reactor and heated at 160 °C for 24 h. Next, the solids obtained
were filtered and the precipitates were washed with water until
the pH of the filtrate becomes neutral. The solid was also
washed with copious amount of ethanol to remove the excess
surfactants. Calcination was carried out on the resulting powder
in a tubular furnace at 800 °C for 3 h. The process was also
repeated following the similar procedures without the presence
of surfactants and labeled as CaO/MgO-H.

2.3 Catalyst characterization

Analysis of the composition of limestone was carried out
using XRF (Philips Xpert MPD). Thermal stability of lime-
stone was analyzed using thermo-gravimetric analyzer (TGA)
Linseis STA PT-1000 at room temperature until 900 °C, 10°
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per minute of heating rate. The crystallinity and the mineral
phases were determined using PHILIPS binary (scan) PW
3050/60 X-ray diffractometer, with Cu Kα radiation and gen-
erator settings of 30 mA and 40 kV. Particle size was mea-
sured using Zetasizer nm (Malvern). The morphology was
investigated using JEOL JSM 6010LV scanning microscope
at an accelerated voltage of 10 kV. The catalyst functional
group was characterized using Fourier transform infrared
(FTIR 8400S Shimadzu) with a KBr/pellet ratio of 99 mg/1
mg and measured at 400–4000 cm−1. The surface area was
calculated using N2 adsorption-desorption technique,
Quantachrome Physics instrument. The basicity of the catalyst
was measured using the Hammett indicator. For analysis of
the basicity strength, the catalyst was calcined at 800°C for 3 h
and cooled down to 100°C. The catalyst was immediately
removed from the furnace and dripped with Hammett indica-
tor solution consisting of phenolphthalein, 2-nitroaniline and
4-nitroaniline in ethanol [13]. Meanwhile, the number of basic
sites was determined using titration with benzoic acid solu-
tion. 0.15 g of freshly calcined catalyst was dispersed in tolu-
ene solution containing phenolphthalein (2 ml, 0.1 mg/ml)
and stirred for 30 min. The solution was titrated with benzoic
acid in toluene (0.01 M).

2.4 Catalytic activity

Transesterification of coconut oil to biodiesel was carried out in
stainless steel autoclave with Teflon-liner equipped with mag-
netic stirrer and thermometer. Catalyst and methanol were
mixed at 65°C in the reactor and stirred at 500 rpm. In another
beaker, 50 mL of coconut oil was heated at 120°C. After the
temperature was reached at 120°C for 10 min, the oil was put
into the autoclave reactor and sealed. CaO/MgO, CaO/MgO-H,
CaO/MgO-C, and CaO/MgO-P were used as catalysts respec-
tively with the amount of catalysts were varied at 0.625, 1.25,
2.5, 3.75, and 5% wt/v. The compositions of oil to methanol
were varied at 1:3, 1:6, 1:9, 1:12, and 1:15, and the reaction
temperatures were changed at 100, 125, 15, and 175 °C.

2.5 Analysis properties of biodiesel

The properties of biodiesel including flash point, kinematic
viscosity, density, acid number, and carbon residue were com-
pared with the value according to the ASTM D6751 standard
of bio-fuel. Determination of flash point was measured using
ASTM D93 standard test method for flash point by Pensky-
Martens Closed Cup Tester. The biodiesel was placed in a
brass cup with cover, and an ignition source is directed into
the test cup at regular intervals with stirring, until a flash is
detected. Kinematic viscosity was determined by measuring
the time for biodiesel to flow under gravity through a calibrat-
ed glass capillary viscometer at 40°C according to ASTM D-
445 standard test method. Biodiesel density was carried out

following ASTM D-1298 method at 15°C and the acid num-
ber was determined using titration with a standard solution of
0.1 N KOH according to ASTM D-664. Carbon residue was
measured by placing biodiesel sample in a glass vial and heat-
ed to 500°C under nitrogen atmosphere to evacuate the vola-
tile compound and to decompose the biodiesel. The
carbonaceous-type residue is reported as a percentage of the
original sample (ASTM D4530)

Biodiesel composition was analyzed using GC-MS
(Agilent Technologies 6820). Quantitative analysis of oil con-
version was calculated using formula 1.

Oil conversion %ð Þ

¼ Weight of initial oil−weight of residual

Weight of initial oil
� 100%: ð1Þ

The selectivity and yield of FFA and biodiesel were then
calculated according to the following Eqs. 2–4.

FAME selectivity %ð Þ

¼ Weight of FAME product

Weight FAMEþ FFA
� 100%: ð2Þ

Yield of FAME or biodiesel %ð Þ

¼ ∑AFAME

Ais

� �
Cis � V is

ms

� �
� 100%: ð3Þ

Yield of FFA %ð Þ ¼ ∑AFFA

Ais

� �
Cis � V is

ms

� �
� 100%: ð4Þ

where ∑A is the number of areas under all peaks from fatty
acid methyl ester (FAME) (C8:0 to C24:1); AIS is the peak
area of methyl heptadecanoate used as an internal standard;
CIS is the concentration of the methyl heptadecanoate solution
(g mL−1); VIS is the volume of the methyl heptadecanoate
(mL) solution; and ms is the sample weight (mg) [17].

3 Results and discussion

3.1 Characterization of limestone using XRF and
DTG/TGA analysis

XRF analysis was used to determine the elemental composi-
tion of limestone from Madura Island used as CaO/MgO pre-
cursor. Based on the XRF analysis, limestone contained
50.7% of Mg and 46.8% of Ca with traces amount of Fe
(1.9%). TGA/DTG analysis was used to determine the thermal
stability of limestone and the temperatures for evacuation of
the volatile impurities [31]. Figure 1 showed the stability of
limestone until 600°C followed by significant reduction of
weight at ~39.21% between 700 and 800°C due to the decom-
position of CaMg(CO3)2 to MgO, CaO, and CO2. Initially
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dolomite was transformed to MgO and CaCO3 (calcite) at
600–800°C followed by the decomposition of calcite to CaO
and CO2 at 740–800°C [32–34]. The sharp decomposition
peak observed in TGA indicated the high crystalline order of
dolomite that required calcination at 900 °C for complete
transformation into CaO/MgO.

3.2 Characterization of CaO/MgO catalysts

3.2.1 XRD analysis

The transformation of limestone into CaO/MgO catalysts via
CHD treatment with the presence of PEG and CTAB surfac-
tants was recorded using XRD technique. XRD pattern of
limestone (Fig. 2) showed the main peaks corresponded to
CaMg(CO3)2 (dolomite) (JCPDS No. 00-083-1530).
Following calcination at 900°C, the CaMg(CO3)2 peaks dis-
appeared and the peaks associated with CaO were observed at
2θ = 32°, 37°, and 55° (JCPDS No. 00-004-0777).
Meanwhile, the MgO peak appeared at 2θ = 43.7° was
assigned to (200) crystal plane (JCPDS No. 01-077-2364).
Calcination of limestone at 900°C also showed the presence
of low intensity peaks at 2θ = 29° (JCPDS No. 00-183-1762)
corresponded to calcite (CaCO3) and 18°, 34°, and 54.25o

assigned to Ca(OH)2 (JCPDS No. 00-084-1267) [10, 35].
CHD treatment of the CaO/MgO without the presence of sur-
factant showed the increase of CaCO3 peak intensity due to
the reaction of CaO with CO2 in air, and Ca(OH)2 peak inten-
sity resulted from the reaction with moisture. Introduction of
CTAB during CHD treatment inhibited the formation of cal-
cite and Ca(OH)2; meanwhile, PEG exhibited the increase
intensity of calcite and Ca(OH)2 peaks. PEG is a polyether
polymer with hydroxyl group in the structure, which was
largely decomposed into CO2 and H2O at high temperatures.
During calcination, CaO was reacted with the resulting H2O
and CO2 to form CaCO3 and Ca(OH)2 [36]. Strong hydrogen
bond developed between the hydroxyl group in PEG with

CaO may also contribute to the formation of Ca(OH)2 and
CaCO3. Nevertheless, there were no significant differences
on the diffraction peaks of CaO/MgO-H, CaO/MgO-C, and
CaO/MgO-P catalysts following CHD method apart from the
intensity of Ca(OH)2 and CaCO3 peaks varied depending of
the synthesis procedures.

3.2.2 Morphology and particle size analysis

SEM analysis of CaO/MgO produced from direct calcination
of limestone revealed the formation of large crystallites with
irregular morphology (Fig 3a). CHDmethod without the pres-
ence of surfactant significantly reduced the frequency of large
aggregates to form much smaller crystallites (Fig 3b).
Addition of CTAB and PEG to the CaO/MgO during CHD
treatment further reduced the crystallite size of the catalysts.
The CaO/MgO composites were also monitored using
FESEM, (Fig 3e–h) to show the morphology of the small
crystallites. The results of the FESEM analysis showed the
formation of spherical shape CaO/MgOs with the appearances
of small crystallites following addition of CTAB and PEG.

Fig. 1 DTG/TGA and DSC profiles of limestone fromMadura Indonesia

Fig. 2 XRD patterns of limestone, CaO/MgO, CaO/MgO-H, CaO/MgO-
C, and CaO/MgO-P
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CaO/MgO catalysts were further analyzed using particle
size analyzer and the crystallite size distributions were shown
in Fig. 4. CaO/MgO produced from direct calcination of lime-
stone showed the crystallites were divided into small aggre-
gates with the average size of 0.426 μm and the large aggre-
gates with the average size of 5.027 μm. The average diameter
of CaO/MgO from direct calcination was determined at 0.681
μm. Following CHD treatment without the presence of sur-
factant, the crystallite size of CaO/MgO-H significantly re-
duced to give the average diameter of 0.521 μm, with the
disappearances of the large aggregates >2 μm. The addition

of CTAB surfactant showed the shift of CaO/MgO-C crystal-
lite sizes to diameter less than 2 μmwith the average diameter
significantly reduced to 0.391 μm. CaO/MgO-P catalyst pro-
duced using PEG also showed further reduction of the average
diameter to ~ 0.377 μm. In general, CHD treatment reduced
the presence of large CaO/MgO crystallites due to the en-
hanced dispersion following hydration and dehydration
methods. The crystallite size was further reduced with the
addition of surfactants that prevented the agglomeration of
CaO/MgO particles. The particle size reduced in the order of
CaO/MgO > CaO/MgO-H > CaO/MgO-C > CaO/MgO-P.

Fig. 3 SEM images of CaO/MgO (a), CaO/MgO-H (b), CaO/MgO-C (c), and CaO/MgO-P (d) and FESEM images of CaO/MgO (e), CaO/MgO-H (f),
CaO/MgO-C (g), and CaO/MgO-P (h)

Fig. 4 Particle size distribution of
CaO/MgO, CaO/MgO-H, CaO/
MgO-C, and CaO/MgO-P
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3.2.3 The basicity of the catalysts

The Hammett method was used to determine the basicity of
the catalysts using phenolphthalein (H_ = 9.8), 2.4-
dinitroaniline (H_ = 15.0), and 4-nitroaniline (H_ = 18.4) as
indicators [13, 37, 38]. The results of the basicity analysis
were summarized in Table 1. In general, all CaO/MgO have
strong basicity with the basic strengths determinedwithin 15 ≤
(H_) ≤ 18.4 range. The analysis of the number of basic sites
showed the increase of surface basicity of the catalysts was in
the order of CaO/MgO-H < CaO/MgO-C < CaO/MgO-P <
CaO/MgO. CHD treatment involved hydration and dehydra-
tion of CaO/MgO from the calcined limestone that caused
reduction in basicity. PEG restored the basicity of CaO/MgO
presumably due to the formation of calcium hydroxide clus-
ters evident by the XRD analysis [29]. In addition, PEG as
surfactant also produced a relatively smaller CaO/MgO parti-
cles with high surface area and consequently enhanced the
number of basic sites of the catalyst.

3.2.4 Nitrogen adsorption-desorption analysis

Surface area and pore size distribution of CaO/MgO were
determined using nitrogen adsorption-desorption analysis.
Figure 5 showed the N2 isotherm of CaO/MgO catalysts was
identified as the type II adsorption that indicated the behavior
of nonporous material. At very low relative pressure P/Po, N2

formed a monolayer adsorption on the surface with the vol-
ume of adsorbed N2 significantly low for nonporous material.
However, the volume of adsorbed N2 for CaO/MgO-P was
gradually increased until P/Po-0.9 suggesting the increase of
surface area of the catalysts. At higher P/Po, the nitrogen
adsorption-desorption showed hysterisis for capillary conden-
sation which was due to the presence of inter-particle
mesopores in CaO/MgO [39]. The hysteresis loop formed in

the CaO/MgO catalyst was a type H-3 hysteresis loop that
implied the presence of slit-shaped pores caused by the ag-
glomeration of the particles [39].

The pore size distribution of CaO/MgO catalysts analyzed
using the BJH method (Fig. 6) revealed the CaO/MgO pro-
duced from direct calcination of limestone, CaO/MgO-H from
CHD without surfactant, and CaO/MgO-C using CTAB were
nonporous material with traces of adsorption in microporous
region, presumably due to the interaction between particles.
However, it was apparent that CaO/MgO-P using PEG
showed micropore and mesopore features with significant in-
crease of the pore volume. It was suggested that the presence
of mesopores originated from the inter-particle interaction
which was evident by the hysterysis at a higher relative pres-
sure P/Po [40]. CTAB and PEG surfactants were reported to
facilitate the formation of mesopore structures for CaO cata-
lysts [29]; however, the promotional effect of the surfactant
was only observed when using PEG. BET surface area anal-
ysis also showed the increased of surface area when PEG was
added during the CHD treatment at 39 m2/g, relative to the
specific surface area of CaO/MgO produced from direct cal-
cination of limestone at 900°C~9 m2/g. In the absence of
surfactants and with the addition of CTAB surfactant, the
CHD treatment showed no enhancement of the CaO/MgO
surface area. It was suggested that PEG promoted the forma-
tion of small crystallites with interparticle mesoporosity to
improve the specific surface area of the catalysts.

3.3 Characterization of NiO/CaO/MgO-P catalysts with
XRD, FTIR, and FESEM

CaO reacted with CO2 and H2O in air to form the respective
CaCO3 and Ca(OH)2 that compromised the activity as catalyst
[41]; therefore, NiO was impregnated to CaOMgO-P to in-
crease the stability of CaO. The XRD pattern of NiO/CaO/

Table 1 Textural properties of the CaO/MgO catalyst from natural limestone

Catalyst Methods Surface area (m2/g) Pore volume (m3/g) Size (nm) Ca (%) Mg
(%)

Basicity

mmol/
g

Base strength

CaO/MgO Calcination 9 0.0033 681 45 55 7.92 H_ = 15.0

CaO/MgO-H CHD 3 0.0040 521 45 55 6.66 H_ = 15.0

CaO/MgO-C CHD + CTAB 8 0.0025 391 47 53 6.98 H_ = 15.0

CaO/MgO-P CHD + PEG 39 0.0322 377 52 48 7.8 H_ = 15.0

1 CHD–calcination-hydration-dehydration
2 BET surface area and pore volume (N2 adsorption-desorption)
3 Average particle size–particle size analyzer
4 CaO, MgO from EDX analysis
5 Basicity–Hammett indicator
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MgO at 2.5%, 5%, and 7.5% wt (Fig. 7) showed the absence
of NiO peaks due to the characteristic peaks of NiO at 37.22°,
43.254°, 62.83°, and 75.35° 2θ (JCPDS card No-73-1523)
was overlapped with the CaO and MgO peaks. However,
the intensity of Ca(OH)2 and calcite, CaCO3, was significantly
reduced with the increased loading of NiO, together with the
increase intensity of CaO. The results suggested that nickel
oxide stabilized CaO by inhibiting the reaction of CaO with
CO2 and H2O for form calcite and Ca(OH)2.

The infrared spectra of NiO/CaO/MgO-P in Fig. 8 showed
the band observed at 3648 cm−1 was assigned to the vibration-
al stretching of –OH group attached in Ca(OH)2 due to the
hydrolysis of CaO to Ca(OH)2 when exposed to air [42–44].
The intensity was significantly reduced following addition of
NiO. XRD analysis also showed significant reduction of
Ca(OH)2 peak intensity with the increase of NiO loading
(Fig. 7). The absorption band at 3448 cm−1 corresponded to
the vibrational band of hydroxyl group from adsorbed water
molecule [13, 42]. The absorption band at wavenumber 1419–
1457 cm−1 and the narrow peak at 875 cm−1 were assigned to

Fig. 5 N2 isotherm adsorption-
desorption of CaO/MgO catalysts
produced from direct calcination
of limestone, CaO/MgO-H cata-
lyst from CHD without surfac-
tants, CaO/MgO-C catalyst from
CHD using CTAB, and CaO/
MgO-P catalyst catalyst from
CHD using PEG

Fig. 6 Pore radius of CaO/MgO catalysts produced from direct calcina-
tion of limestone, CaO/MgO-H catalyst from CHD without surfactants,
CaO/MgO-C catalyst from CHD using CTAB, and CaO/MgO-P catalyst
from CHD using PEG
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the asymmetric stretching vibrational peaks of the CO3
−2

group from calcite [42, 45] due to CO2 chemisorption on the
surface of the material [43]. Impregnation of NiO onto CaO/
MgO-P catalyst reduced the formation of calcite as evidenced
by the reduced intensity of 1421, 1457, and 875 cm−1 peaks
for NiO/CaO/MgO-P catalyst in comparison to CaO/MgO-P.
The presence of high amount of calcite in CaO reduced the
number of acid sites for catalytic reaction [9].

3.4 Catalytic activity for transesterification of coconut
oil

3.4.1 Catalytic activity of CaO/MgO

The activity of CaO/MgO catalysts for transesterification of
coconut oil to biodiesel was carried out at 150oC, with the
molar ratio of methanol to oil was 9:1. The conversion of
oil, the biodiesel yield, and the free fatty acid production
were summarized in Table 2. CaO/MgO produced from di-
rect calcination of limestone at 900°C give 16.45% of con-
version with 15.38% yield of biodiesel. Free fatty acid was
also analyzed at 1.07%. Following CHD treatment to form

CaO/MgO-H, the activity was improved to give 23.93% of
conversion with 20.95% of biodiesel yield. The presence of
surfactants during the CHD treatment produced catalysts
with enhanced conversion of coconut oil and selectivity to-
wards biodiesel production. The selectivity of the methyl
ester yield was increased from 87.5% in CaO/MgO-H to
96.04% in CaO/MgO-P. The selectivity towards free fatty
acid also reduced to only 3.9% in CaO/MgO-P to give only
~ 1.95% of FFA yield. The addition of CTAB surfactant
increased the conversion to 30.48% with the production of
methyl ester also increased to 27.92%. CaO/MgO-P pro-
duced when using PEG further increased the conversion to
49.27% to give 47.32 % of biodiesel yield. The effect of
CHD treatment to eliminate the large crystallites in CaO/
MgO catalysts significantly enhanced the catalytic activity
for transesterification reaction. The addition of surfactants
during CHD treatment to form high surface area CaO/
MgO not only enhanced the conversion of coconut oil, but
also significantly improved the selectivity towards biodiesel
production. The selectivity of the methyl ester yield was
increased from 87.5% in CaO/MgO-H to 96.04% in CaO/
MgO-P. The selectivity towards free fatty acid also reduced
to 3.9% in CaO/MgO-P to give only ~ 1.95% of FFA yield.

Facile calcination-hydration-dehydration (CHD) method
was carried out to upgrade the activity of CaO/MgO from
limestone as catalyst for transesterification reaction.
Elemental composition of the catalysts analyzed using EDX
(Table 1) showed no significant differences on the composi-
tion of CaO andMgO and therefore the catalytic performances
were correlated with the surface area and the particles size of
the catalysts. Direct calcination of limestone produced low
surface area and nonporous CaO/MgO with low activity as
catalyst. Further hydration and dehydration with the presence
of non-ionic PEG surfactant controlled the recrystallization of
CaO/MgO to form small particles with enhanced surface area
and porosity. It is interesting to see that although the ionic
CTAB surfactant reduced the crystallite size of CaO/MgO,
the surface area was still significantly low. PEG is a non-
ionic surfactant with the presence of hydroxyl groups in the
structures acted as electron donor to form hydrogen bond [46].
The hydroxyl group in PEG also formed a strong interaction
with CaO/MgO crystallite to increase the dispersion that was
crucial for the formation of smaller structures [46]. Hydration
of CaO/MgO via sonication and microwave irradiation en-
hanced the dissolution; meanwhile, the addition of PEG cre-
ated hydrophilic encapsulation layer on the surfaces.
Hydrothermal method was known to produce uniform and
well-dispersed crystallites [47, 48], and the presence of PEG
provided hydrophilic layer to increase the repulsion that
prevented agglomeration. Therefore, CHD treatment en-
hanced the dispersion of CaO/MgO particles, and the presence
PEG surfactant further improved the surface area and the po-
rosity of the catalysts.

Fig. 7 XRD diffractogram of NiO/CaO/MgO-P
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3.4.2 Optimization of the amount of catalysts

Since the CaO/MgO produced with the addition of PEG
displayed high activity for transesterification of coconut oil
to biodiesel, the optimization of transesterification reaction
condition was carried out using CaO/MgO-P, with the varia-
tion of the amount of catalysts at 0.625, 1.25, 2.5, 3.75, and
5% loading. Table 3 showed the catalytic data from
transesterification of coconut oil when the reactionwas carried
out at 150oC and the ratio between methanol to oil was set at
1:9. The conversion of oil was increased from 31.92 to
75.44% when increasing the amount of catalyst from 0.625
to 2.5 wt% due to the addition of active sites for catalytic
reaction [24]. The presence of basic sites facilitated the forma-
tion of highly reactive methoxy anion to react with carbonyl
triglyceride group for the formation of biodiesel [7]. However,
when the amount of catalyst was further increased to 3.75 and

5% wt, the yield significantly reduced to 63.10% and 49.6%
respectively. Another factor that reduced the conversion was
the viscosity of the reaction media. Further addition of the
catalyst increased the viscosity and reduced the homogeneity
of the reaction mixtures, consequently reducing the efficiency
of the reaction [24].

3.4.3 Optimization of the ratio between oil to methanol
for biodiesel synthesis

The efficiency of triglyceride conversion to methyl ester was
significantly influenced by the concentration of methanol, and
therefore methanol concentration was optimized by increasing
the methanol to oil ratios from 1:3 to 1:15. The conversion of
oil, biodiesel yield, and FFA production were summarized in
Table 4. Biodiesel was produced at 61.94% when the ratio
was 1:3 and further increasing the methanol to oil ratio at

Table 2 Transesterification of
coconut oil on CaO/MgO catalyts Catalyst Conversion

of oil (%)
Methyl ester
selectivity (%)

FFA selectivity (%) Methyl ester yield (%) FFA yield

(%)

CaO/MgO 16.45 93.5 6.5 15.38 1.07

CaO/MgO-H 23.93 87.5 12.4 20.95 2.98

CaO/MgO-C 30.48 91.6 8.4 27.92 2.56

CaO/MgO-P 49.27 96.04 3.9 47.32 1.95

*Molar ratio of methanol: oil 9:1, catalyst amount 5%, reaction time 3 h, and reaction temperature 150°C

Fig. 8 Infrared spectra of CaO/MgO-P and NiO/CaO/MgO-P
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1:9 significantly enhanced the yield to 76.80%. High concen-
tration of methanol in general shifted the reversible
transesterification reaction to methyl ester production [12].
Methanol also facilitated the dispersion of the catalyst in the
reaction media and reduced the mass transfer limitation [49].
However, high concentration of methanol also caused proton-
ation of the carbonyl group of triglycerides that reduced the
biodiesel yield as exhibited by slight reduction to 73.09% at
1:15 ratio. At higher methanol to oil molar concentrations, it
reduced the viscosity and the concentration of oil. Low oil
concentration was detrimental in transesterification reaction
due to incomplete dispersion of methanol and also restricted
the contact between reactants (oil and methanol) and the cat-
alyst [50]. High concentration of methanol was also contrib-
uted to the increase of operational cost for biodiesel produc-
tion due to the difficulty of separating the by-product glycerol
from the methyl ester yield [12, 38].

3.4.4 Optimization of the reaction temperature for biodiesel
synthesis

The effect of reaction temperature was investigated at 100–
175°Cwhile using 2.5 wt% of catalysts and 1:9 of methanol to
oil ratio (Table 5). Biodiesel yield was increased from 76.51%
at 100°C to 81.29% at 125°C. Further increasing the temper-
atures to 150°C and 175°C significantly reduced the catalytic
transformation of coconut oil to biodiesel to only ~ 71.92%
and 68.55%, respectively. Transesterification reaction of oil
on heterogeneous catalyst was an endothermic reaction that

will benefit from high-temperature condition [14, 35].
Increasing the temperatures also enhanced the mass transfer
of reactants to the active sites of the catalysts [51]. However at
much higher temperatures, the biodiesel production was re-
duced due to the formation of excess free fatty acids which
eventually reacted with CaO to produce soap [52]. The for-
mation of soap from saponification reaction also reduced the
mass transfer during the reaction [53]. Further decomposition
of triglycerides to fatty acid was observed at 150°C and 175°C
that consequently reduced the production of methyl esters.

3.5 The effect of NiO on CaO/MgO

CaO/MgO-P was impregnated with NiO to produce catalysts
with acid-base functionality. The catalytic activity of NiO/
CaO/MgO-P was determined at optimal reaction conditions
(125 °C, 2.5% wt of catalyst, 3 h, and 1 methanol:9 oil mol
ratios). NiO loading were varied at 2.5 % wt, 5.0 % wt, and
7.5% wt and the results were summarized in Table 6. The
conversion of oil to biodiesel was significantly improved to
90.06% on 5% of NiO in comparison to CaO/MgO-P at
81.76% (Table 5). Impregnation of NiO also enhanced the
selectivity of methyl ester at 99.68% to produce 89.77% of
yield, and significantly reduced the FFA yield from 0.47%
(Table 5) to 0.29% (Table 6). NiO was reported to have high
activity than MgO and also increased the surface basicity of
CaO for biodiesel production [54, 55]. The stability of CaO
and presumably the water tolerance property were improved
in the presence NiO evident by the XRD analysis of NiO/

Table 3 Transesterification
reaction of coconut oil using
CaO/MgO-P at different amount
of catalysts

Catalyst loading (%) Conversion of oil (%) Methyl ester
selectivity %

Methyl ester yield (%) FFA yield (%)

0.625 31.92 90.13 28.77 3.15

1.25 79.51 86.39 68.69 10.82

2.50 75.44 97.98 73.92 1.52

3.75 63.10 96.80 61.08 2.02

5.00 49.56 94.56 47.05 2.51

* Catalyst: CaO/MgO-P, molar ratio of methanol: oil 9:1, reaction time 3 h, and reaction temperature 150°C

Table 4 Biodiesel production
from transesterification of
coconut oil using CaO/MgO-P
catalyst on the effect of
methanol:oil ratios

Methanol:oil Conversion (%) Methyl ester yield (%) Methyl ester selectivity (%) FFA (%)

1:3 62.21 61.94 99.56 0.27

1:6 69.14 68.36 98.87 0.78

1:9 77.61 76.80 98.96 0.81

1:12 74.04 72.47 97.88 1.57

1:15 74.00 73.09 98.77 0.91

* Catalyst: CaO/MgO-P, the amount of catalyst was 2.5 wt%, the reaction temperature was 150°C, and the
reaction time was 3 h
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CaO/MgO that showed the disappearances of Ca(OH)2 and
CaCO3 peaks in comparison to the CaO/MgO catalyst [54].
Analysis of the biodiesel exhibited similar methyl esters com-
position from CaO/MgO-P and 5%NiO/CaO/MgO-P cata-
lysts; however, the yield and the selectivity of methyl ester
were significantly improved in the presence of NiO. Free fatty
acids in the form of octanoic acid, capric acid, myristic acid,
caproic acid, and oleic acid were analyzed from CaO/MgO-P;
however, the presence of NiO co-catalyst only produced lauric
acid (Fig. 9 inset). The results suggest the ability of NiO to
catalyze esterification of fatty acids to methyl esters.

The mechanism of transesterification using NiO/CaO/
MgO-P catalyst started with the reaction of hydroxyl group
in methanol with the basic sites presumably on CaO andMgO
surfaces to form methoxide species, CH3O

−, via deproton-
ation reaction [56]. Triglyceride adsorbed on CaO conse-
quently weakens the C=O bond strength for the reaction with
methoxide to form methyl esters. High concentration of fatty
acids decreased the basicity and poisoned the catalysts [57].
Biodiesel was also produced from free fatty acids in the oil by
the esterification with methoxide species to formmethyl ester;
however, the reaction required the presence of acid catalyst
[58]. It is interesting to note that NiO also has acid-base prop-
erties with large isoelectric point of 8.3–10.3 [59]. There is a
possibility that modification of NiO in CaO/MgO-P may be
contributed to the formation of both acid and base sites [60].
NiO was reported to produce bifunctional catalysts with
strong basicity and moderate acidity when impregnated on
CaO/SiO2/Al2O3 that enhanced the activity for deoxygenation
reaction [61]. The bifunctional acid-base catalyst can simulta-
neously perform esterification of free fatty acids and

transesterification of triglycerides. The acid and base sites on
NiO/CaO/MgO were immobilized and insoluble in the reac-
tion medium (methanol), thus restricting the interaction that
can cause neutralization unlike in homogeneous system. In
esterification of free fatty acid, NiO acted as Lewis acid sites
to activate the free fatty acids conversion to biodiesel.
Synergistic effect between basicity and acidity increased the
formation of fatty acid methyl esters in the mild condition and
accelerated the process of fatty acid esterification into methyl
esters [56]. Free fatty acids were converted to methyl esters
presumably via C=O bond activation on NiO to transform the
carbon carbonyl into active carbon intermediates. The active
carbon species was subsequently reacted with methoxide to
produce me thy l e s te r . P roposed mechan i sm of
transesterification of triglycerides and esterification of free
fatty acids to biodiesel on NiO/CaO/MgO reaction were illus-
trated in Fig. 10.

3.6 Properties and component of biodiesel

Table 7 summarized the properties of biodiesel from coconut
oil produced using CaO/MgO-P and NiO/CaO/MgO-P. The
results were also compared with the properties of biodiesel
according to ASTM D6751 standard and biodiesel from co-
conut oil reported by Nakpong et al., (2010) [52]. Biodiesel
derived from coconut oil has the density of 0.86–0.87 g/cm3

which was within the standard and also comparable with the
reported studies [8, 52]. The viscosity of biodiesel from coco-
nut oil was determined at ~1.88–1.93 mm2/s, significantly
lower than the biodiesel derived from soybean oil (4.08
mm2/s) [52]. Methyl ester component analyzed using GC-

Table 5 The effect of reaction
temperatures for biodiesel
production

Temperature (°C) Conversion (%) Methyl ester
yield (%)

Methyl ester selectivity (%) FFA yield (%)

100 77.83 76.51 98.30 1.32

125 81.76 81.29 99.42 0.47

150 72.32 71.29 98.58 1.03

175 70.55 68.55 97.17 2.00

* The transesterification was carried out using 2.5 wt% CaO/MgO-P catalyst at the molar ratio of oil:methanol of
1:9, for 3 h

Table 6 The effect NiO loading
on CaO/MgO activity for biodie-
sel production

Sample Conversion (%) Methyl ester yield (%) Methyl ester
selectivity (%)

FFA yield (%)

2.5% NiO/CaO/MgO(2)-P 84,63 84.12 99.39 0,14

5% NiO/CaO/MgO(2)-P 90,06 89.77 99.68 0.29

7.5% NiO/CaO/MgO(2)-P 88.26 87,91 99.60 0.35

* Transesterification conditions: catalyst loading: 2.5 wt%, ratio of methanol to oil: 9:1 and reaction temperature:
125°C, reaction time 3 h
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Fig. 9 Analysis of biodiesel
composition produced using
CaO/MgO-P and NiO/CaO/
MgO-P

Fig. 10 Proposed reaction
mechanism for biodiesel
production using NiO/CaO/MgO-
P catalyst
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MS (Fig. 11) indicated that ~50% of the methyl esters were in
the form of short chained compounds such as methyl laurate,
methyl myristate, methyl decanoate, and methyl caproate,
contributing to the low viscosity of biodiesel [52]. Acidity,
flashpoint, and number of acids were also determined within
the standard properties of biodiesel. The carbon residues of the
biodiesel were significantly low indicating the potential of
biodiesel derived from coconut oil to reduce knocks when
used in diesel engines [8].

4 Conclusion

Catalytic upgrading of CaO/MgO from limestone was
achieved using calcination-hydration-dehydration (CHD)
method without removal of MgO. Direct calcination of lime-
stone produced CaO/MgO with low surface area resulting in
low activity towards transesterification reaction. The presence
of PEG surfactant during CHD method produced CaO/MgO

with high surface area, porosity, and basicity that were respon-
sible for the enhanced activity towards transesterification of
coconut oil to biodiesel. CHD method in general reduced the
presence of large CaO/MgO crystallites resulting from direct
calcination of limestone at 900°C. The addition of CTAB and
PEG surfactants further reduced the crystallite size, but the
surface area only increased when using PEG. Optimization
of the reaction temperatures, the methanol to oil ratios, and
the amount of catalysts showed that the optimum conditions
for the transesterification reaction were obtained when the
amount of catalyst was 2.5% w/w at 1:9 of methanol to oil
ratio and the reaction temperature was 125°C to give ~
81.29% of biodiesel yield. Impregnation of NiO on CaO/
MgO effectively increased the production of methyl esters
and reduced the FFA formation. NiO introduced acid-base
functionality to further enhance the esterification of free fatty
acids to methyl esters. Biodiesel derived from coconut oil
exhibited the physicochemical properties that were within
the ASTM D6751 standard although the viscosity was

Table 7 Properties of biodiesel from transesterification of coconut using CaO/MgO-P and NiO/CaO/MgO-P catalysts

Properties of biodiesel ASTM D6751 Synthesized biodiesel
by CaO/MgO-P

Synthesized biodiesel
by 5%NiO/CaO/MgO-P

Nakpong et al., (2010)

Density (g/cm3) 0.86–0.90 0.87 0.86 0.87

Viscosity (mm2/s) 1.9–6.0 1.88 1.93 2.9

Flashpoint (°C) 100–170 132 137 191

Number of acids (mg KOH/g) < 0.8 0.22 0.27 0.29

Carbon residue (%) < 0.3 0.21 0.22 0.24

* Reaction conditions: catalyst loading: 2.5 wt%, ratio of methanol to oil: 9:1, reaction temperature: 125°C, and reaction time 3 h

Fig. 11 GC chromatogram of methyl ester in biodiesel
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significantly lower than the standard parameters due to the
presence of light carbon-chained methyl esters.
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