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a b s t r a c t

Transesterification of palm kernel oil (PKO) and coconut oil (CCO) with methanol was investigated under a
heterogeneous catalysis system. Various Al2O3-supported alkali and alkali earth metal oxides prepared via
an impregnation method were applied as solid catalysts. The supported alkali metal catalysts, LiNO3/Al2O3,
NaNO3/Al2O3 and KNO3/Al2O3, with active metal oxides formed at calcination temperatures of 450–550 ◦C,
showed very high methyl ester (ME) content (>93%). XRF analysis suggests this is likely to be due to a
homogeneous catalysis of dissoluted alkali oxides. On the other hand, Ca(NO3)2/Al2O3 calcined at 450 ◦C
yielded the ME content as high as 94% with only a small loss of active oxides from the catalyst, whereas
calcined Mg(NO3)2/Al2O3 catalyst possessed an inactive magnesium-aluminate phase, resulting in very
low ME formation. At calcination temperatures of >650 ◦C, alkali metal- and alkali earth metal-aluminate

compounds were formed. Whilst the water-soluble alkali metal aluminates formed over NaNO3/Al2O3

and KNO3/Al2O3 were catalytically active, the aluminate compounds on LiNO3/Al2O3 and Ca(NO3)2/Al2O3

are less soluble, giving very low ME content. The suitable conditions for heterogeneously catalyzed trans-
esterification of PKO and CCO over Ca(NO3)2/Al2O3 are the methanol/oil molar ratio of 65, temperature of
60 ◦C and reaction time of 3 h, with 10 and 15–20% (w/w) catalyst to oil ratio for PKO and CCO, respectively.
Some important physical and fuel properties of the resultant biodiesel products meet the standards of
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diesel fuel and biodiesel is

. Introduction

Biodiesel is mono-alkyl esters of fatty acids derived from veg-
table oils and animal fats. It has received increasing levels of
ttention as a potential alternative green fuel due to its non-toxic,
ulfur- and aromatic-free, biodegradable and renewable mate-
ial status [1]. The physical and fuel properties, i.e. kinematic
iscosity, specific gravity, calorific value, flash point, and cetane
umber of biodiesel are categorized into the same range as that
f petroleum-based diesel fuel. Thus, it can be applied to the mass
f currently existing compression-ignition diesel engines with little
r no modifications. The additional advantage is that, like any other
iomass-derived fuels, the exhaust gas from biodiesel combustion
ontains no SOx and a relatively small amount of CO, unburnt hydro-
arbons and particulate matter, compared to the combustion of

onventional diesel fuel [2–4].

Conventional biodiesel production is performed through the
ransesterification of triglycerides from vegetable oils and animal
ats with mono-alkyl alcohols, for example methanol and ethanol.

∗ Corresponding author. Tel.: +66 2 218 7528/7523 5; fax: +66 2 255 5831.
E-mail address: Chawalit.Ng@chula.ac.th (C. Ngamcharussrivichai).
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he process is usually carried out in the presence of a homoge-
eous base or acid catalyst to reduce the reaction temperature and
o control the product selectivity. Sodium or potassium hydroxides,
arbonates or alkoxides are the common base catalysts [5–8] and
he often used acid catalysts are sulfuric and hydrochloric acids
9–11]. However, these homogeneous catalysis systems have many
rawbacks. Removal of the catalysts to purify the biodiesel fuel and
lycerol by-product is difficult and requires a large amount of water.
onsequently, a considerable amount of wastewater is inevitably
roduced. To overcome these problems, the transesterification over
nvironmentally benign solid catalysts is a promising route.

A number of articles relating to the development of heteroge-
eous catalysts for transesterification of various oils with methanol
ave been reported [12–16]. Natural calcium carbonate rock is a
heap catalyst but its activity is low and a high reaction temper-
ture is required to achieve the conversion of >95% [12]. On the
ther hand, Kim et al. [13] applied Na/NaOH/�-Al2O3 as a strong
ase catalyst to the transesterification of soybean oil, showing a

omparable performance to the conventional homogeneous NaOH
atalyst. Al2O3-supported potassium oxides derived from carbon-
te [14], nitrate [15] and iodide [16] salts of potassium are also
atalytically active, giving a high triglyceride conversion. However,
he catalysis over these supported alkali metal oxides has been con-

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:Chawalit.Ng@chula.ac.th
dx.doi.org/10.1016/j.cej.2008.04.036
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Table 1
Fatty acid composition of palm kernel and coconut oils used in the present study

Fatty acid Fatty acid composition (wt.%)

Palm kernel oil Coconut oil

C 6:0 Caproic acid 0.24 0.50
C 8:0 Capryric acid 5.14 9.95
C 10:0 Capric acid 4.82 7.90
C 12:0 Lauric acid 59.83 51.00
C 14:0 Myristic acid 14.92 16.46
C 16:0 Palmitic acid 5.38 6.09
C 18:0 Stearic acid 1.52 1.90

Saturated 91.85 93.80

C 18:1 Oleic acid 6.87 4.94
C 18:2 Linoleic acid 1.28 0.82
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3.1. Effect of active metal components

Table 3 shows the ME contents obtained from various Al2O3
supported metal oxide catalysts after being calcined at 450 ◦C. The
transesterification reaction of PKO was carried out at 60 ◦C for 3 h

Table 2
Physicochemical properties of palm kernel and coconut oils used in the present
study

Properties Analysis results

Palm kernel oil Coconut oil
S. Benjapornkulaphong et al. / Chemic

idered to occur through the homogeneous route to a significant
xtent [17], since the oxides of alkali metal group are generally
ater-soluble [18]. Consequently, the major drawbacks of homo-

eneous catalysis are not be technically resolved by using these
ypes of catalysts. In contrast, oxides of alkali earth metals are less
oluble in methanol [19]. Even though this group of oxides is less
asic compared to the former group, under suitable preparation and
ransesterification conditions they should exhibit a good catalytic
erformance.

In the present work, we studied the transesterification of palm
ernel oil and coconut oil, which are readily available at a rela-
ively low price in Thailand, using various Al2O3-supported alkali
nd alkali earth metal oxides prepared through the conventional
mpregnation method as catalysts. Effects of metal types, calci-
ation temperatures, and reaction conditions were investigated
ogether with a combination of structural characterization and
lemental analysis. Under suitable catalyst preparation and trans-
sterification conditions, biodiesel products with the methyl ester
urity of 94% could be obtained. Some important fuel properties
f the biodiesel produced were compared with the standard range
f diesel fuel and biodiesel specifications issued by Department of
nergy Business, Ministry of Energy, Thailand.

. Experimental

.1. Catalyst preparation

Supported metal oxide catalysts were prepared according to the
onventional incipient-wetness impregnation of aqueous solutions
f the corresponding metal salt precursors on an aluminum oxide
upport. The metal precursors applied to the study were analytical
rade nitrate salts of alkali and alkali earth metals, including LiNO3,
aNO3, KNO3, Mg(NO3)2·6H2O, and Ca(NO3)2·4H2O (Ajax Chemi-
als). Al2O3 support (Fluka) has a BET surface area of 126 m2 g−1.
t was calcined at 450 ◦C for 2 h before being used. Typically, a
equired amount of metal nitrate salt was completely dissolved
n deionized water at ambient temperature. The support was then
dded into the solution followed by vigorous mixing. The amount of
etal loading was maintained at 20 mmolmetal g−1

support. After equili-
rating the mixture for 2 h, the paste was dried in an oven at 120 ◦C
vernight. Prior to use in the transesterification, the dried solid was
alcined at 450–850 ◦C for 4 h.

.2. Transesterification reaction procedure

Refined palm kernel oil (PKO) was donated by Chumporn Palm
il Industry Co. Ltd. Refined coconut oil (CCO) is a commercial
rade. Both were used as received. The fatty acid composition
nd physicochemical properties of the oils are summerized in
ables 1 and 2, respectively. The reaction was carried out in a 250-
L three-neck round bottom flask equipped with a condenser and
magnetic stirrer. Typically, 1 g of calcined catalyst was suspended

n a required volume of methanol (99.5%, commercial grade) and
eated to a controlled temperature of 60 ◦C by a water bath. Subse-
uently, the oil was added into the mixture under vigorous stirring.
he methanol/oil molar ratios were varied between 10 and 65. After
he course of reaction (1–3 h), the catalyst was separated by fil-
ration and the reaction mixture was then loaded into a rotary
vaporator to remove excess methanol. Methyl ester product was

ecovered in a separating funnel, followed by washing with deion-
zed water and drying with anhydrous Na2SO4.

Composition of methyl esters produced was analyzed with a
arian CP-3800 gas chromatograph (GC) equipped with a FID detec-

or and a 30-m DB-1 capillary column. Methyl ester (ME) content

D
K
A
M
I

nsaturated 8.15 5.76

otal fatty acid 100 100
verage molecular weight 677 659

as calculated based on the internal standard method using n-
ecane as a reference. The accuracy of this method was confirmed
y comparing the data with those obtained according to the stan-
ard method of EN 14103.

.3. Catalyst characterization

Crystallinity of supports and metal oxide catalysts was con-
rmed by technique of powder X-ray diffraction (XRD) using a
igaku D/MAX 2200/Ultima + diffractometer. Elemental analysis
as performed on an ED-2000 energy dispersive X-ray fluorescence

XRF) spectrometer. N2 adsorption–desorption was measured on
Micromeritics ASAP 2020 surface area and porosity analyzer to

haracterize BET surface area and textural properties of catalysts.

. Results and discussion

As shown in Tables 1 and 2, the fatty acid composition of the
efined PKO and CCO used here was similar, mainly consisting of
auric acid (C12), and the water content was very low. This is an
dvantage to avoid dissolution of active metal oxides into water, and
oisoning of basic sites by water molecules. Thus, the interpretation
f catalytic results is less complicated. However, it can be seen that
CO has a significantly higher acid value than PKO (Table 2). This
ifference may contribute to a variation in the reaction conditions
equired for the heterogeneously catalyzed transesterification of
ach of the two oils. Moreover, the acidity of free fatty acids can be
armful to basic sites through the acid–base neutralization [20].
ensity at 15 ◦C (g−1 mL) 0.922 0.920
inematic viscosity at 40 ◦C (mm2 s−1) 28.52 27.96
cid value (mgKOH g−1

oil
) 2.49 11.59

oisture content (wt.%) 0.1 0.19
odine value (giodine 100 g−1

oil
) 17.55 8.35
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Table 3
Methyl ester (ME) content of the biodiesel from transesterificationa of palm kernel
oil over supported metal oxides calcined at 450 ◦C

Catalyst ME content (wt.%)

Al2O3 0
LiNO3/Al2O3 91.6
NaNO3/Al2O3 24.7
KNO3/Al2O3 34.5
Mg(NO3)2/Al2O3 10.4
Ca(NO3)2/Al2O3 94.3
CaO 38.5
Ca(OH)2 5.7
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Table 4
Methyl ester (ME) content of the biodiesel from transesterificationa of palm kernel
oil over supported metal oxides calcined at various temperatures

Catalyst Calcination temperature (◦C) ME content (wt.%)

LiNO3/Al2O3 450 91.6
550 93.4
650 76.6
850 4.1

NaNO3/Al2O3 450 24.7
550 93.8
650 95.1
850 94.7

KNO3/Al2O3 450 34.5
550 94.7
650 86.3
850 54.4

Mg(NO3)2/Al2O3 450 10.4
550 3.8
650 2.4
850 1.5

Ca(NO3)2/Al2O3 450 94.3
550 21.7
650 3.5

b

s
t
a
o
s
[

p
o
p

aCO3 3.4

a Reaction conditions: methanol/oil molar ratio, 65; catalyst amount, 10 wt.%
ased on oil weight; temperature, 60 ◦C; time, 3 h.

ith the methanol/oil ratio of 65. In all experiments, there was no
ormation of soap. Calcined Al2O3 itself did not contribute to the for-

ation of ME. However, the impregnation of alkali and alkali earth
etals enhanced the ME content. It can be seen that LiNO3/Al2O3

nd Ca(NO3)2/Al2O3, giving the ME contents >90%, catalyzed the
KO transesterification much more actively than NaNO3/Al2O3,
NO3/Al2O3 and Mg(NO3)2/Al2O3 under these conditions. These
esults are unexpected since the oxides of Na and K are commonly
ore basic than alkali earth oxides.
To identify the presence of the metal oxide species, XRD anal-

ses of the catalysts after treating at 450 ◦C were performed. As
llustrated in Fig. 1, over LiNO3/Al2O3 and Ca(NO3)2/Al2O3 cat-
lysts, most of the corresponding metal nitrate precursors were
ecomposed with the concomitant formation of mainly the metal
xides and metal-aluminate compounds. In contrast, many diffrac-
ion peaks related to the nitrate salts still remained on the catalysts
sing NaNO3 and KNO3 as the precursors. This observation suggests
hat the calcination of NaNO3/Al2O3 and KNO3/Al2O3 at 450 ◦C did
ot sufficiently convert the corresponding nitrate precursors into
he active oxide forms, thus resulting in the low ME contents.
Although CaO species were mainly formed after the calcination
f Ca(NO3)2/Al2O3 catalyst at 450 ◦C, they were considered to have a
ifferent nature to bulk CaO. As shown in Table 3, Ca(NO3)2/Al2O3
as much more active than CaO, Ca(OH)2 and CaCO3 under the

ig. 1. XRD patterns of Al2O3-supported metal oxide catalysts after calcination at
50 ◦C: LiNO3/Al2O3 (a), NaNO3/Al2O3 (b), KNO3/Al2O3 (c), Mg(NO3)2/Al2O3 (d), and
a(NO3)2/Al2O3 (e). (Symbols: (�) nitrate salts, (�) metal oxides, and (©) Al2O3).
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850 3.6

a Reaction conditions: methanol/oil molar ratio, 65; catalyst amount, 10 wt.%
ased on oil weight; temperature, 60 ◦C; time, 3 h.

ame calcination conditions. Small crystalline CaO particles formed
hrough a suitable impregnation method may be more basic and
ctive than bulk CaO. A synergetic effect between active metal
xides and supports or within metal oxide particles has also been
uggested for many heterogeneously acid–base catalyzed reactions
21,22].

In the case of Mg(NO3)2/Al2O3, although a small number of
eaks related to the residual nitrate salt were found, we did not
bserve peaks of magnesium oxide. Moreover, the characteristic
eaks of the alumina support (2� = 19.8◦, 32◦, 37.5◦, 46◦, 57.4◦, 60.7◦

nd 67◦) became less intense, implying a transformation of Mg
nd Al2O3 support into magnesium-alumina compounds as well
s an inactive spinel phase [23]. Therefore, we concluded that the
igh activity of LiNO3/Al2O3 and Ca(NO3)2/Al2O3 is attributed to
he major presence of active metal oxides formed by the suffi-
ient thermal decomposition of nitrate precursors in air during the
alcination step.

.2. Effect of calcination temperatures

Since the calcination temperature largely affects the structural
nd catalytic properties of the resultant catalysts, we treated the
mpregnated catalyst samples at various temperatures to attempt
o optimize this. As summarized in Table 4, Mg(NO3)2/Al2O3 cal-
ined at all tested temperatures showed the lowest activity. The
E contents never exceeded 10%. This should be due to the major

resence of an inactive magnesium-alumina phase in the catalyst
s indicated in Fig. 1. On the other hand, the calcination at tem-
eratures higher than 450 ◦C remarkably retarded the formation of
E over Ca(NO3)2/Al2O3. At the calcination temperature of 850 ◦C,

a(NO3)2/Al2O3 gave the ME content of only 4%.
The XRD patterns of Ca(NO3)2/Al2O3 catalysts calcined at vari-

us temperatures indicated a decrease in the peaks corresponding
o CaO simultaneously with the presence of calcium-aluminate

ompounds when the calcination was performed at higher temper-
tures (Fig. 2). Moreover, the peaks of calcium aluminate (2� = 14.5◦,
9.4◦, 32.5◦, 37.9◦ and 45.6◦) were increased with the temperature.

t was also found that the XRD patterns of the catalysts calcined
t 650 and 850 ◦C were quite similar to that of Mg(NO3)2/Al2O3
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after being used in the transesterification indicated that ca. 70 and
ig. 2. XRD patterns of Ca(NO3)2/Al2O3 catalyst calcined at various temperatures:
50 ◦C (a), 550 ◦C (b), 650 ◦C (c), and 850 ◦C (d). (Symbols: (�) nitrate salts, (�) metal
xides, (�) metal-aluminate compounds, and (©) Al2O3).

Fig. 1), suggesting the formation of a less basic and less active
alcium-aluminate phase.

In contrast, the ME content was improved dramatically when
sing LiNO3/Al2O3, NaNO3/Al2O3 and KNO3/Al2O3 calcined at
50 ◦C as the catalysts (Table 4). The ME contents >90% could be
chieved. With further increasing the temperature, the ME content
btained over NaNO3/Al2O3 remained high, but LiNO3/Al2O3 and
NO3/Al2O3 exhibited a gradual drop of ME contents. At the tem-
erature of 850 ◦C, while the formation of ME over LiNO3/Al2O3
atalyst was mostly retarded, only NaNO3/Al2O3 still gave the high

E content, 94.7%. Under the same calcination conditions, the ME

ontent was decreased to 54.4% when KNO3/Al2O3 was used as the
atalyst.

ig. 3. XRD patterns of LiNO3/Al2O3 catalyst calcined at various temperatures:
50 ◦C (a), 550 ◦C (b), 650 ◦C (c), and 850 ◦C (d). (Symbols: (�) nitrate salts, (�) metal
xides, (�) metal-aluminate compounds, and (©) Al2O3).

4
r
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ig. 4. XRD patterns of NaNO3/Al2O3 catalyst calcined at various temperatures:
50 ◦C (a), 550 ◦C (b), and 850 ◦C (c). (Symbols: (�) nitrate salts, (�) metal oxides,
�) metal-aluminate compounds, and (©) Al2O3).

Compared to the observed XRD pattern at 450 ◦C, there was
o significant change when LiNO3/Al2O3 catalyst was calcined
t 550 ◦C (Fig. 3). In contrast, the formation of Na2O (Fig. 4)
nd K2O (Fig. 5) was enhanced, together with the presence of
small amount of corresponding alkali-aluminate compounds,

fter performing the calcination at 550 ◦C. These alkali metal
xides are generally considered as the catalytically active sites
or the heterogeneously base catalyzed transesterification reac-
ions [21]. However, the investigation of elemental composition
f NaNO3/Al2O3 and KNO3/Al2O3 calcined at 550 ◦C before and
5 wt.% of Na2O and K2O, respectively, were leached during the
eaction, whereas Ca(NO3)2/Al2O3 catalyst exhibited a loss of CaO
nly ca. 8 wt.% (Table 5). The dissolution of active Na2O and K2O can

ig. 5. XRD patterns of KNO3/Al2O3 catalyst calcined at various temperatures: 450 ◦C
a), 550 ◦C (b), 650 ◦C (c), and 850 ◦C (d). (Symbols: (�) nitrate salts, (�) metal oxides,
�) metal-aluminate compounds, and (©) Al2O3).
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Table 5
XRF elemental analyses of catalysts calcined at 550 ◦C before and after being used
in transesterification reaction

Component Elemental composition (%)

NaNO3/Al2O3 KNO3/Al2O3 Ca(NO3)2/Al2O3

Before After Before After Before After

Al2O3 85.09 94.89 44.26 68.23 44.94 49.83
Na2O 13.74 4.10 0 0 0.16 0.15
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in the ratio to 80. Our previous study [25] showed that when the
methanol/oil ratio was decreased to 33, the ME content could be
maintained as high as 90% by the addition of tetrahydrofuran (THF)
as a co-solvent. However, the use of THF in a biodiesel production
2O 0.37 0.14 55.65 31.59 0.25 0
aO 0.13 0.12 0 0 54.33 49.63
thers 0.67 0.75 0.09 0.18 0.32 0.39

ccur via following reactions:

a2O + CH3OH → CH3O−Na+ + OH−Na+ (1)

2O + CH3OH → CH3O−K+ + OH−K+ (2)

This result suggests that, when NaNO3/Al2O3 and KNO3/Al2O3
s well as LiNO3/Al2O3 were used as the catalyst, the reaction
ainly proceeds through the conventional homogeneous cataly-

is, yielding the high ME content. This is consistent with the recent
emonstration of the leaching effect on the transesterification
ctivity and catalytic behavior of an Al2O3-supported potassium
atalyst [17].

At the higher calcination temperatures of 650 and 850 ◦C, the
eaks related to a lithium-aluminate compound on LiNO3/Al2O3
atalyst appeared (Fig. 3c and d). With increasing the tempera-
ure, the intensity of these peaks (2� = 19.5◦, 32◦, 37.7◦, 45.9◦, 60.8◦

nd 67◦) was increased at the expense of Li2O phase. This result
ndicates an increase in the formation of lithium-aluminate phase

ith the temperature. As discussed on the results obtained from
a(NO3)2/Al2O3 and Mg(NO3)2/Al2O3, this phase is less active, ren-
ering the ME content decreased.

The formation of alkali-aluminate compounds was also
bserved from XRD patterns of NaNO3/Al2O3 and KNO3/Al2O3 cat-
lysts, as shown in Figs. 4 and 5, respectively, when performing
he calcination at high temperatures. The presence of sodium alu-

inate was indicated by the peaks at 2� = 18.4◦, 20.3◦, 32.5◦, 33.6◦,
5.1◦, 37.8◦ and 50.7◦ (Fig. 4b and c). On the other hand, the peaks at
� = 18.1◦, 20.5◦, 33.3◦, 36.6◦, 45.9◦ and 46.6◦ suggested the forma-
ion of potassium aluminate on KNO3/Al2O3 catalyst (Fig. 5c and d).
n contrast to other catalysts, although the alkali-aluminate com-
ounds were formed, the ME content was not reduced so severely
Table 4). This should be attributed to the fact that NaAlO2 and
AlO2 can dissolve in water to give a very strong basic solution,
hile other alkali aluminates are less or non-soluble oxides [24].

ndeed, using commercial NaAlO2 as the catalyst revealed the ME
ontent as high as 92% under the same reaction conditions. Thus,
he high ME contents from NaNO3/Al2O3 and KNO3/Al2O3 catalysts
alcined at high temperatures are likely to have also occurred via
he homogeneous catalysis.

From the above results, we conclude that Ca(NO3)2/Al2O3
alcined at 450 ◦C is the most suitable catalyst for the hetero-
eneously catalyzed transesterification of PKO with methanol.
lthough the supported alkali metal oxides formed at high enough
alcination temperatures are catalytically active for the transes-
erification (Table 4), the catalysis proceeds principally by the
omogeneous pathway. Too high calcination temperatures resulted

n the formation of less active oxides, probably the alkali- or alkali

arth-aluminate phases. The except ion here is for NaNO3/Al2O3
nd KNO3/Al2O3 that formed soluble strongly basic NaAlO2 and
AlO2, respectively. Hereafter, Ca(NO3)2/Al2O3 catalyst calcined at
50 ◦C is applied to study the influences of reaction conditions in
he transesterification of PKO and CCO.

F
C
a

ig. 6. Dependence of methyl ester content on catalyst amount in the transesterifi-
ation of PKO over Ca(NO3)2/Al2O3. Reaction conditions: methanol/PKO molar ratio,
5; temperature, 60 ◦C; time, 3 h.

.3. Effects of reaction conditions

The effects of catalyst amount and methanol/oil ratio on the ME
ormation in the PKO transesterification are showed in Figs. 6 and 7,
espectively. Dependence of the ME content on the amount of cat-
lyst indicated that, when using PKO as the starting oil, applying
a(NO3)2/Al2O3 catalyst calcined at 450 ◦C for 10 wt.% yielded the
E content of 94% (Fig. 6). However, reducing a half amount of

he catalyst to 5 wt.% decreased the ME content remarkably, while
ncreasing more catalyst amount to 15 wt.% did not enhance the for-

ation of ME significantly. Therefore, a 10 wt.% of Ca(NO3)2/Al2O3
s the suitable catalyst amount for the transesterification of PKO.

As illustrated in Fig. 7, with increasing the methanol/oil ratio
rom 33 to 65, the ME content was increased. At the ratio of 65,
he highest ME content of 94 was attained. There was no signif-
cant improvement in the ME formation with a further increase
ig. 7. Dependence of methyl ester content on methanol/PKO molar ratio over
a(NO3)2/Al2O3 catalyst. Reaction conditions: catalyst amount, 10 wt.% based on
mount of PKO; temperature, 60 ◦C; time, 3 h.
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Table 6
Comparison of the properties of biodiesel produced in this work with the standards of diesel fuel and biodiesel issued by Department of Energy Business, Ministry of Energy,
Thailand

Properties Standard of diesel fuel Standard of biodiesel Biodiesel from PKO Biodiesel from CCO
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pecific gravity at 15.6/15.6 C 0.81–0.87 0
etane index >47 >
lash point (◦C) >52 >
eating value (MJ/kg) – –

rocess brings about additional handling precautions with both
afety and economic and environmental costs. In the present study,
he appropriate molar ratio of methanol/oil for the transesterifica-
ion of PKO over Ca(NO3)2/Al2O3 catalyst is 65.

Compared to the previous reports [13–16], it can be seen
hat our transesterification system uses a relatively large
mount of methanol. This increased methanol requirement
ould be explained by the observation above that the calcined
a(NO3)2/Al2O3 exhibited a real heterogeneous catalysis in which
he mass transfer between the immiscible liquid phases and the
olid catalyst surface is a major limitation. The larger amount of
ethanol would then facilitate the diffusion of reactants and the

ormation of active methoxide species, resulting in a higher ME con-
ent. In contrast, other supported alkali catalysts exhibited the loss
f active surface oxides simultaneously with the liberation of metal
nd hydroxide ions into the reaction mixture. Consequently, the
ransesterification occurs to a significant extent via a homogenous
atalysis in which the mass transfer limitation is less restricted.
hus, even at the low methanol/oil ratios [13–16], the high ME
ontents can be achieved.

Fig. 8 shows dependence of the ME content on the catalyst
mount in the transesterification of CCO. Compared to the PKO
ransesterification at the same catalyst amount (10 wt.%), the ME
ontent of 85% was obtained when using CCO as the starting oil.
his is about 8% lower than the case of PKO. Relatively large amount
f Ca(NO3)2/Al2O3 catalyst, ca. 15 wt.%, was required to produce
he biodiesel with the comparable ME content (94%). It could be
scribed to the higher free fatty acid (acid value) in CCO (Table 2),

hich results in a deactivation of some basic sites of the cata-

yst through the acid–base neutralization [20]. Using the catalyst
mount of 20 wt.% can improve the ME content to 99.8%. Therefore,
he suitable amount of Ca(NO3)2/Al2O3 catalyst in the transesteri-
cation of CCO is in the range of 15–20 wt.%.

ig. 8. Dependence of methyl ester content on catalyst amount in the transesterifi-
ation of CCO over Ca(NO3)2/Al2O3. Reaction conditions: methanol/CCO molar ratio,
5; temperature, 60 ◦C; time, 3 h.
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.4. Biodiesel quality

Table 6 shows the physical and fuel properties of the biodiesel
roduced from PKO and CCO via the transesterification with
ethanol over Ca(NO3)2/Al2O3 catalyst, determined according to
STM methods. Compared to the standard of diesel fuel and
iodiesel issued by the Department of Energy Business, Ministry
f Energy, Thailand, the specific gravity, cetane index and flash
oint of biodiesel from both vegetable oils met the requirement but
heir kinematic viscosity was significantly lower. This is likely to be
ttributed to the fatty acid composition of both oils which mainly
onsist of C12 (Table 1), rendering the resulting biodiesel less vis-
ous. However, the viscosity of both biodiesel can be categorized
n the standard of diesel fuel. Therefore, they could be applied to a
iesel engine as an additive or a main component of diesel fuel.

. Conclusions

The heterogeneously catalyzed transesterification of PKO and
CO was studied using various Al2O3-supported alkali and alkali
arth metal oxides, prepared through the conventional impreg-
ation method, as the catalysts to produce the biodiesel with a
igh ME content under batch conditions at 60 ◦C. The calcination
emperature was found to largely influence the catalytic activity
f the resultant catalysts, except for Mg(NO3)2/Al2O3 that exhib-
ted very low ME content at all temperatures. Ca(NO3)2/Al2O3 and
iNO3/Al2O3 yielded the high ME contents (>90%) when the calci-
ation was performed at 450 ◦C. With increasing the temperature,
he ME contents were dropped due to the formation of inactive

etal aluminates. On the contrary, the activity of NaNO3/Al2O3
nd KNO3/Al2O3 catalysts was remarkably improved when the cal-
ination was carried out at >550 ◦C. However, the XRF elemental
nalysis suggested the dissolution of the basic oxides from the sup-
orted alkali catalysts during the reaction. Therefore, in the present
tudy, Ca(NO3)2/Al2O3 calcined at 450 ◦C was found to be the most
uitable heterogeneous catalyst.

The suitable conditions for the transesterification of PKO
nd CCO with methanol over Ca(NO3)2/Al2O3 catalyst are the
ethanol/oil ratio = 65, temperature = 60 ◦C, reaction time = 3 h,

nd the appropriate catalyst amount = 10 wt.% and 15–20 wt.% for
KO and CCO, respectively. Importantly, the key physical and fuel
roperties of biodiesel from the heterogeneously catalyzed trans-
sterification of both CCO and PKO meet the standards of diesel
uel and biodiesel issued by the Department of Energy Business,

inistry of Energy, Thailand.
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