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A B S T R A C T

A limestone from the South of Thailand was utilized as a source for preparation of heterogeneous base

catalysts for transesterification of various vegetable oils with methanol and ethanol has been

investigated. Series of CMA catalysts were prepared through a wet mixing of ground limestone with

different divalent and trivalent metal precursors, as binders, followed by drying and calcination. Effects

of preparation conditions, including types of wetting media and metal precursors, metal compositions,

and thermal treatment temperatures for the parent limestone and the mixed catalyst precursors, on the

structural properties and the transesterification activity of the resultant catalysts, and on the catalyst

formulation were studied. The catalytic test under batch conditions at 60 8C indicated an enhancement

of the methyl ester formation over the catalysts prepared due to the presence of new active phase

generated in situ upon the calcination of the mixed catalyst precursors at high temperatures. The metal

precursors also acted as good binders in the catalyst shaping. Using the sodium salt of Al as a precursor

remarkably improved the mechanical strength of the catalyst extrudates. The CMA catalysts can be

regenerated and reused without a severe drop of the methyl ester yield. Moreover, the transesterification

in a continuous-flow fixed bed reactor indicated a good activity and stability of the catalyst extrudates

prepared.

� 2011 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.
1. Introduction

Transesterification, an interchange of alkoxy groups, is an
important reaction in the oleochemical syntheses. Fatty acid alkyl
esters are the oleochemicals from the transesterification of
triglycerides, as the major components in vegetable oils or animal
fats, with alcohols. The reaction itself occurs at temperatures
around 200 8C but the formation of the desired esters is not
selective due to an incomplete alcoholysis of glyceride derivatives.
To promote the conversion of triglycerides and to increase the alkyl
ester selectivity, homogeneous acid or base catalysts are practi-
cally used in the reaction [1,2]. The catalysts also reduce the
reaction temperatures required to 60–120 8C.

Although the catalytic transesterification is easily performed,
the use of homogeneous catalysts in the conventional industrial
scale generates many serious drawbacks. Requisition of subse-
quent neutralization, separation and purification steps inserts
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additional production cycle time, capital investment and operation
costs. Furthermore, large amounts of water consumed and highly
caustic wastewater produced from several washing stages are
environmentally unfriendly [1]. Replacement of the homogeneous
catalysis with a heterogeneous route has received much attention
since the process can be simplified by facilitating the catalyst
separation and purification steps [3]. The solid catalysts also
prevent a loss of the alkyl ester yield due to a soap formation via
saponification reaction. Recently, Axens has commercialized the
first heterogeneously catalyzed biodiesel production process,
invented by the Institut Français du Pétrole (IFP), at Sète using a
spinel mixed oxide of Zn and Al as a solid base [3]. Mixed oxides as
Mg–Al hydrotalcites were studied by several research groups [4–
6]. However, the reaction requires high temperature and high
pressure conditions. Although various Al2O3-supported alkali
metal oxides catalyzed the transesterification more rapidly under
mild conditions, their catalytically active centers are easily leached
by methanol [7].

CaO is an active catalyst that has been widely investigated in
the alcoholysis [8–14] due to its low solubility in methanol [10],
high basic strength (H_ = 26.5) [14] and availability. A cheap CaO is
ing Chemistry. Published by Elsevier B.V. All rights reserved.
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simply produced via a thermal decomposition of high-purity
calcium carbonate rock at temperatures >825 8C [15]. Neverthe-
less, the attempts to directly use CaO in the forms of both powder
and crushed limestone in the methanolysis of vegetable oils
reflected some disadvantages [10,16]. CaO was transformed to
calcium methoxide (Ca(OCH3)2) at the early stages of the reaction
[17] after which the suspensoid can be formed [10]. Kouzu et al.
observed a serious agglomeration of the quick lime bits by the
recrystallized calcium diglyceroxides (Ca(C3H7O3)2) generated
during the successive conversion of vegetable oil, resulting in
the catalyst deactivation and the blocking of the fixed bed reactor
[16]. The flowing trouble was overcome by the dilution of the
catalyst bed with active carbon [16]. In addition, CaO is known as a
hard but brittle material.

Normally, commercial catalysts are available in any forms of
pellets, pills, rings, spheres, granules or extrudates to facilitate the
separation of the solid phase from the fluid stream of reactants and
products. In many cases, the formulation requires the addition of
small quantities (0.5–5 wt.%) of plasticizers or lubricants [18]. MgO
is a solid lubricant [19] often applied as a binder, while Al2O3 can be
used as a strength improving additive [20]. In spite of an expected
enhancement of the mechanical strength, CaO particulates shaped
with these metal oxides may exhibit a smaller extent of the
agglomeration and the deactivation since the added components
can be considered as diluents. However, the catalyst shaping in the
presence of inorganic binders, especially under a high pressure
compression, results in a reduction of surface area, pore volume and
number of active sites in comparison with the original powder [18].
Therefore, the choice and the quantity of binders added and the
catalyst formulation procedure must be optimized.

In the present study, we prepared the transesterification
catalysts, in the forms of both powder and particulates, from
calcined limestone, formerly presenting as calcite (CaCO3) and
dolomite (CaMg(CO3)2), by physically mixing with divalent and
trivalent metal precursors as binders in the presence of wetting
media to form a paste, followed by drying and calcination. To avoid
the detrimental effects of the high pressure compression, the
catalyst pastes were shaped in the form of extrudates. The effects
of preparation conditions on the structural properties and the
transesterification performance of the resultant catalysts, and on
the catalyst formulation were focused. The effects of binder
addition on the mechanical strength of the extrudates are under
investigation and will not be reported here. The biodiesel
production from various vegetable oils over the catalyst extrudates
was studied in a fixed bed reactor under continuous conditions,
concomitantly with the stability check.

2. Experimental

2.1. Catalyst preparation

Limestone used in the present study was donated by Thai
Dolomite Co., Ltd. The elemental analysis by XRF spectroscopy
indicated the presence of CaO and MgO as the major metal
components, 65.3 and 33.1 wt.% respectively. Series of solid
catalysts were prepared via a physical mixing of the limestone
with various binders in the presence of wetting media. Typically,
the limestone with particle sizes of less than 325 mesh was
calcined in a muffle furnace at 600–800 8C for 2 h. Required
amounts of oxides, hydroxides or carbonate of the alkali earth
metals (Ca or Mg) and Al (AR grade, Ajax Finechem) were then
mixed with the calcined limestone. Under stirring, an NH4

+-based
caustic solvent or deionized water was slowly added into the
powdery mixture until forming a uniform paste. After aging for
15 min, the paste was dried in an oven at 100 8C overnight.
Subsequently, the dried catalyst was crushed and sieved into fine
powder (<10 mm), and calcined in a muffle furnace at 800–900 8C
for 2 h prior to use in the transesterification reaction.

To investigate the effects of binder addition on the catalyst
formulation and to study the catalytic transesterification in a fixed
bed reactor, the aged paste was shaped into a continuous rod with
a cross-sectional diameter of 2 mm by using a manual extruder.
After drying at 100 8C, it was cut into 5-mm length extrudates,
followed by calcination in a muffle furnace at 800 8C for 4 h.
Hereafter, the catalysts were designated as CMA-XYZ, where X, Y

and Z are numbers related to the types of the precursors of Ca, Mg
and Al, respectively.

2.2. Catalyst characterization

Structural properties of the prepared catalysts were determined
by using a Bruker D8 ADVANCE X-ray diffractometer equipped
with Cu Ka radiation. Assignments of diffraction peaks were given
by the JCPDS powder diffraction files. Elemental analysis was
performed on an Oxford ED-2000 energy dispersive X-ray
fluorescence (XRF) spectrometer. Morphological study was carried
out with a JEOL JSM-5800LV scanning electron microscope (SEM).
A Perkin Elmer Pyris Diamond thermogravimetry (TG/DTA) was
applied to thermogravimetric analysis (TGA) using a temperature
ramp rate of 8 8C min�1 and dry air flow of 50 mL min�1. Textural
properties of the parent limestone and the catalysts before and
after the formulation were measured by a technique of N2

physisorption using a Micromeritic ASAP 2020 surface area and
porosity analyzer. Calculation of surface area was based on the BET
equation using the linear-relationship data attained in the P/P0

range of 0.02–0.2 [21].

2.3. Fragmentation test

The procedure was developed to preliminary evaluation of
mechanical strength of the catalyst extrudates. In a typical
experiment, 1 g of the calcined extrudates was added into
20 mL of methanol. The mixture was shaken using a rotation
shaker at the rate of 120 rpm for 30 min at room temperature. The
extrudates with the unchanged dimension were recovered
selectively and dried overnight at 100 8C. The amount of
fragmented fraction was determined by subtracting the weight
of the recovered extrudates from the initial catalyst weight.

2.4. Transesterification procedure

Refined bleached deodorized palm oil (RPO) and palm kernel oil
(RKO) were provided by Chumporn Palm Oil Industry Co., Ltd. Food
grade palm olein oil (POO) was donated from Pathum Vegetable Oil
Co., Ltd. Waste cooking oil (WCO), after being used for potato and
chicken frying, was received from Chester’s Grill. Methanol and
ethanol were a reagent grade with >99.5% purity. Under batch
conditions, the transesterification of RKO with methanol over a
powdery catalyst was carried out in a 100-mL 3-neck round
bottom flask equipped with a reflux condenser and a magnetic
stirrer as reported earlier [22]. The investigation of effects of
reaction parameters suggested that the suitable conditions for the
batch study are the methanol/oil molar ratio of 30, the catalyst
amount of 6 wt.%, and the reaction time of 3 h.

The transesterification of various oils with methanol and
ethanol in a continuous-flow fixed bed reactor was carried out in a
glass column (20-mm inside diameter and 550-mm height) packed
with 40 mL of the calcined catalyst extrudates. Glass bead with the
diameter of ca. 3 mm was used as the bed diluent. Typically, oil and
alcohol were separately fed upward into the column by peristaltic
pumps with a LHSV of 2.12 h�1 (Fig. 1). By using the present
feeding system, the alcohol/oil molar ratio inside the reactor can be
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Fig. 1. Experimental setup for transesterification of vegetable oils under fixed bed conditions.

Table 1
Transesterification.a of RKO with methanol over various metal precursors.b

Metal Precursor type ME yield (wt.%)

Ca Hydroxide 92.3

Oxide 94.6

Mg Hydroxide 0.7

Oxide 0.7

Carbonate 1.2

Al Hydroxide 0.0

Oxide 0.8

Sodium salt 92.4

a Reaction conditions: catalyst amount, 10 wt.%; methanol/RKO ratio, 30;

temperature, 60 8C; time, 3 h.
b The metal precursors were calcined at 800 8C prior to use in the reaction.

Table 2
Effects of wetting media used in the preparation of CMA-033 and CMA-035 on the

transesterificationa of RKO with methanol.

Catalystb Metal precursor Wetting media ME yield (wt.%)

Mg Al Type pH

Limestone – – – – 59.3

CMA-033 Hydroxide Hydroxide NH4OHc 12.2 77.2

Hydroxide Hydroxide (NH4)2CO3
c 8.3 61.8

Hydroxide Hydroxide H2O 7.0 87.9

CMA-035 Hydroxide Oxide NH4OHc 12.2 75.5

Hydroxide Oxide H2O 7.0 84.6

a Reaction conditions: catalyst amount, 6 wt.%; methanol/RKO ratio, 30;

temperature, 60 8C; time, 3 h.
b The catalysts used were in the powdery form. The atomic ratio of Ca:Mg:Al in

the prepared catalysts was 1:1:1. Prior to the preparation, the limestone was

calcined at 600 8C for 2 h. The mixed catalyst precursors were calcined at 800 8C for

2 h.
c The solution concentration was 5 mol L�1.
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maintained at the desired value (30:1) without a need of
emulsification. The column temperature was controlled at 60 8C
by using a heater jacket equipped with a thermocouple and
connected to a temperature controller. The product mixture
overflowing from the top of the column into a water-cooled
condenser was collected in a 50-mL glass bottle. The layer of ester
phase was recovered without any washing after the excess alcohol
was removed by a rotary evaporator.

The analysis of the ester phase was carried out after the
separation of glycerol, indicating a co-existence of alkyl esters,
monoglycerides, diglycerides and unreacted triglycerides, and
negligible amount of free glycerol. The ester composition was
analyzed with a Shimadzu 14B gas chromatograph (GC) equipped
with a FID detector and a 30-m DB-Wax capillary column. Methyl
undecanoate (C12H24O2) and methyl heptadecanoate (C18H36O2)
were used as internal standards for calibration in the analyses of
the transesterified products from RKO and RPO, respectively. When
a quantitative analysis of glycerides remaining was required, a
Varian CP-3800 gas chromatograph equipped with a FID detector
and a 15-m DB-1HT capillary column was used. The analysis was
performed according to the standard method of EN 14105 using N-
methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA) as silylating
agent and tricaprin as internal standard for calibration [23].

3. Results and discussion

3.1. Transesterification over divalent and trivalent metal precursors

Likely to the hydroxide and oxide precursors of Al, Mg(OH)2,
MgO and MgCO3 did not promote the formation of methyl esters
(Table 1). The high activity of sodium salt of Al in the
transesterification of soybean oil with methanol was previously
reported by Wan et al. [24]. Although a high ME yield can be
achieved, it significantly generated soap since NaAlO2 is present in
a hydrate form and partially soluble in methanol. As expected, both
the hydroxide and the oxide precursor of Ca catalyzed the
transesterification at the higher extent.

3.2. Effects of wetting media

The effects of using NH4OH and (NH4)2CO3 as the wetting media
in comparison with deionized water were studied in the
preparation of CMA-033 and CMA-035 (Table 2). The parent
limestone calcined at 800 8C exhibited the ME yield of 59.3%. The
data was comparable to those reported earlier [9]. Interestingly,
the addition of Mg and Al precursors enhanced the methyl ester
generation. Regardless of the types of metal precursors, using
water gave the catalysts with higher transesterification activity.

The analysis of textural properties indicated that the parent
limestone calcined at 800 8C had the BET surface area of
13.8 m2 g�1, the average pore size of 214 Å and the average pore
volume of 0.09 cm3 g�1, whereas the CMA-033 and CMA-035
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Fig. 2. XRD patterns of CMA-033 with the Ca:Mg:Al ratio of 1:1:1 before (a) and after

(b) calcination at 800 8C. Catalyst preparation conditions: see Table 2. (Symbols: ~,

CaCO3 (calcite); &, CaCO3 (dolomite); !, Ca(OH)2; *, CaO; [TD$INLINE] , MgCO3; [TD$INLINE] , Mg(OH)2;

^, MgO; [TD$INLINE] , Al(OH)3; and $, MgAl2O4.)
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catalysts prepared in deionized water exhibited an increase in the
specific surface area to 28.6 and 21.4 m2 g�1, respectively,
concomitantly with a slight shrinkage of the average pore size.
Probably, this result implied the formation of new phase by the
present procedure used for the catalyst preparation.

Fig. 2 shows the XRD patterns of CMA-033 with the Ca:Mg:Al
ratio of 1:1:1 before and after the calcination at 800 8C. The mixed
catalyst precursors before the calcination exhibited various
diffraction peaks, corresponding to CaCO3 with orthorhombic
form of calcite and that with rhombohedral form of dolomite,
MgCO3, Mg(OH)2 and Al(OH)3 (Fig. 2a). After the calcination, the
limestone and the metal precursors were completely transformed
to the corresponding metal oxides (Fig. 2b) via decarbonation
(Eqs. (1) and (2)) and dehydration (Eqs. (3) and (4)).

CaCO3 @ CaO þ CO2 (1)

MgCO3 @ MgO þ CO2 (2)

MgðOHÞ2 @ MgO þ H2O (3)

2AlðOHÞ3 @ Al2O3þ3H2O (4)

CaO þ H2O @ CaðOHÞ2 (5)
Table 3
Effects of types of divalent and trivalent metal precursors used in the preparation of C

Catalystb Metal precursor

Ca Mg Al

Limestone – – –

CMA-300 Hydroxide – –

CMA-030 – Hydroxide –

CMA-003 – – Hy

CMA-005 – – Ox

CMA-000N – – Sod

CMA-303 Hydroxide – Hy

CMA-503 Oxide – Hy

CMA-033 – Hydroxide Hy

CMA-035 – Hydroxide Ox

CMA-055 – Oxide Ox

CMA-075 – Carbonate Ox

a Reaction conditions: catalyst amount, 6 wt.%; methanol/RKO ratio, 30; temperature
b The catalysts used were in the powdery form. 5 M NH4OH was used as the wetting me

precursors were calcined at 800 8C for 2 h.
Wilson et al. observed nanocrystallites of MgO dispersed over
CaO particles upon the calcination of dolomitic rock at 900 8C [25].
A high crystal size-dependent activity of MgO in the methanolysis
of triglycerides was reported [26]. From the XRD analysis using
Scherrer’s equation, we found that MgO existing in the calcined
limestone possessed the crystal size, ca. 28 nm, similarly to MgO
derived from the commercial Mg(OH)2, which exhibited nearly
absence of the methyl ester formation (Table 1). Therefore, we
believe that CaO is the major active site in our catalysts prepared
from the calcined limestone, while MgO is less active under the
present reaction conditions.

As shown in Fig. 2, the presence of Ca(OH)2 is due to a hydration
of CaO upon contacting with moisture in the atmosphere during
the XRD analysis (Eq. (5)). It was reported that the transformation
of CaO to Ca(OH)2 is very fast [13]. However, no peak related to
Al2O3 was found. It was expected that the calcined Al(OH)3 was
present in the form of h-alumina with low crystallinity [27]. A new
phase appearing at 2u = 37.2, 44.9, 59.4 and 65.48 was assigned to a
spinel MgAl2O4. The generation of the mixed oxide phase under the
studied conditions was confirmed by the XRD analysis of a mixture
of Mg(OH)2 and Al(OH)3, prepared in the presence of deionized
water. After the calcination of the mixed hydroxides at 800 8C for
2 h, the resultant solid showed the XRD pattern of MgAl2O4 with
spinel phase. The solid-state reaction of Al2O3 and MgO powder via
the pressureless sintering technique is the conventional method
for the synthesis of MgAl2O4 [28]. The spinel MgAl2O4 possesses
some basicity and finds application in the fields of heterogeneous
catalysis [29,30]. Thus, the enhancement of the ME yield over the
CMA catalysts should be due to the presence of additional basicity
from MgAl2O4.

The reaction and the XRD results suggested that the catalysts
prepared with the addition of Mg and Al precursors possessed at
least two kinds of basic sites. The first one is CaO generated from
the thermal decomposition of CaCO3 and CaMg(CO3)2 in the parent
limestone (Eq. (1)). The other is the spinel MgAl2O4 phase resulted
from the in situ solid-state reaction of Mg and Al precursors upon
the calcination at 800 8C.

3.3. Effects of types of divalent and trivalent metal precursors

There were two divalent metals used in this study, i.e. Ca and
Mg, while the precursors of trivalent metal were the hydroxide,
oxide and sodium salt of Al. As shown in Table 3, mixing solely the
calcined limestone with the hydroxide or the oxide of Al (CMA-003
and CMA-005, respectively) retarded the formation of methyl
esters. The added Al species might cover the surface of the
limestone, resulting in blocking of CaO active sites. A similar effect
MA catalysts on the transesterificationa of RKO with methanol.

Ca:Mg:Al atomic ratio ME yield (wt.%)

1:0.7:0 59.3

2:0.7:0 98.3

1:2:0 37.5

droxide 1:0.7:1 11.9

ide 1:0.7:1 8.6

ium salt 1:0.7:1 89.9

droxide 9:1:1 99.8

droxide 9:1:1 96.2

droxide 1:1:1 77.2

ide 1:1:1 75.5

ide 1:1:1 69.4

ide 1:1:1 56.8

, 60 8C; time, 3 h.

dia. Prior to the preparation, the limestone was calcined at 600 8C for 2 h. The mixed
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Fig. 3. Representative weight loss (TG) and DTG curves of dried mixed catalyst precursors for the preparation of CMA-033 (A) and CMA-035 (B) with the Ca:Mg:Al ratio of

1:1:1. Catalyst preparation conditions: see Table 3.
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should be found in the case of adding only Mg(OH)2 (CMA-030).
Since the sodium salt of Al itself actively catalyzed the
transesterification [24], the addition of this precursor largely
promoted the reaction (CMA-000N). However, a significant
amount of soap was observed.

The ME yield was enhanced when the addition of the Ca
precursors was performed (CMA-300, CMA-303 and CMA-503). It
should be due to an increase in the number of active CaO. It was
found that the use of hydroxide and oxide of Mg together with
those of Al did not only increase the ME yield due to the in situ

formation of basic spinel MgAl2O4 phase as mentioned above, but
also made the extrusion of the catalyst pastes smoothly. Moreover,
the extrudates attained retained their shape after the calcination.
Without the addition of any Mg precursors, the catalyst formula-
tion could not be accomplished. This result should be attributed to
the lubricity of the Mg precursors, while the phase of MgAl2O4

should contribute to a high mechanical strength [31].
The combination of the hydroxide precursors of both Mg and Al

(CMA-033) yielded the catalyst that gave the ME yield higher than
those prepared from the metal precursors in the form of oxides
(CMA-055) or carbonate (CMA-075). It was reported that the
crystallization of hydroxide-hydroxide precursors is relatively fast
owing to the acceleration of OH� in the condensation process [32].
The low reactivity of MgCO3 was related to the fact that the
precursor itself must be transformed to MgO through the
decarbonation (Eq. (2)) during the calcination of the mixed
precursors prior to the solid phase reaction with Al2O3 to attain
MgAl2O4.

The representative weight loss (TG) and DTG curves of dried
CMA precursors prepared from different types of Mg and Al
precursors are compared in Fig. 3. All of the mixed precursors
exhibited similar thermal decomposition patterns. The weight loss
Table 4
Effects of metal compositions in catalysts on the transesterificationa of RKO with meth

Catalystb Metal precursor

Ca Mg Al

CMA-033 – Hydroxide Hy

– Hydroxide Hy

– Hydroxide Hy

– Hydroxide Hy

– Hydroxide Hy

CMA-333 Hydroxide Hydroxide Hy

Hydroxide Hydroxide Hy

a Reaction conditions: catalyst amount, 6 wt.%; methanol/RKO ratio, 30; temperature
b The catalysts used were in the powdery form. Deionized water was used as the wett

mixed precursors were calcined at 800 8C for 2 h.
occurring below 150 8C was related to a loss of physisorbed water.
The dehydration of Al (Eq. (4)) and Mg (Eq. (3)) precursors to
generate the corresponding oxides was found at temperatures of
ca. 260 and 380 8C, respectively. The major weight loss at ca. 752 8C
was due to the decarbonation of CaCO3 and MgCO3 presenting in
the limestone [33]. The released amounts of H2O and CO2

calculated from the decomposition patterns were in accordance
with the amounts of the hydroxide, the oxide or the carbonate
precursors used in the catalyst preparation. The SEM images of
CMA-033 calcined at 800 8C revealed that there were mainly 2
types of morphology (Fig. 4A and B). The one with large size,
approximately 10 mm, was the limestone particle, while the ill-
defined aggregating particles were the mixed oxide phase of Mg
and Al as confirmed by the EDX technique.

3.4. Effects of metal compositions

Table 4 summarizes the ME yields attained over the CMA
catalysts with different metal atomic ratios. The formation of
methyl esters increased with increasing the Mg content from the
Mg/Al ratio of 1–3 (CMA-033 series). The higher amount of Mg had
a detrimental effect on the transesterification. At the Mg/Al ratio of
6, the ME yield was dropped to 62.5%. As expected, increasing the
amount of the Ca precursor (CMA-333 series) promoted the methyl
ester formation due to the increase in the amount of CaO basic
sites.

The XRD patterns illustrating in Fig. 5 showed that, with
increasing the Mg content, the intensity of the diffraction peaks
assigned to MgO and MgAl2O4 phases was increased. Moreover, it
was surprised that the amount of CaO related to the peaks at
2u = 32.4, 37.8, 54.3 and 67.68 was enhanced, while the intensity of
the peaks corresponding to Ca(OH)2 was decreased. Since the
anol.

Ca:Mg:Al atomic ratio ME yield (wt.%)

droxide 1:1:1 87.9

droxide 1:2:1 89.4

droxide 1:3:1 92.3

droxide 1:4:1 77.1

droxide 1:6:1 62.5

droxide 3:3:1 95.7

droxide 4:3:1 97.1

, 60 8C; time, 3 h.

ing media. Prior to the preparation, the limestone was calcined at 600 8C for 2 h. The
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Fig. 4. SEM images of CMA-033 (A and B) and CMA-033N (C and D) with the Ca:Mg:Al ratio of 1:1:1 after calcination at 800 8C. Catalyst preparation conditions: see Table 3.
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hydroxide phase was generated by the hydration of CaO (Eq. (5)),
the increasing amount of the Mg precursor should suppress the
formation of Ca(OH)2 by blocking the surface of the calcined
limestone from contacting with moisture in the atmosphere. If this
was the case, although the highest amounts of MgAl2O4 and CaO
were attained at the Mg/Al ratio of 6 (Fig. 5c), the large excess of
MgO can block the basic sites on the surface, retarding the
transesterification. The results were also supported by the SEM
images (not shown here).
[(Fig._5)TD$FIG]
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Fig. 5. XRD patterns of CMA-033 catalysts with the Ca:Mg:Al ratios of 1:1:1 (a),

1:3:1 (b) and 1:6:1 (c) after calcination at 800 8C. Catalyst preparation conditions:

see Table 3 (Symbols: !, Ca(OH)2; *, CaO; ^, MgO; and $, MgAl2O4.)
3.5. Effects of thermal treatment of limestone and mixed catalyst

precursors

The calcination temperature for the parent CaMg(CO3)2 rock
was a crucial factor in the preparation of modified dolomite
catalysts with a high transesterification activity [33]. Although the
transformation of the mixed carbonate rock to the corresponding
active mixed oxides occurred at 800 8C, as evidenced by the TGA
results, the appropriate temperature for the calcination of the
parent dolomite before its modification via the co-precipitation
method was 600 8C [33]. In the present study, we also found that
the treatment of the parent limestone at the temperature of 600 8C
for 2 h prior to the catalyst preparation was the most suitable
conditions (Table 5). Without the pretreatment of limestone, the
catalyst accelerated the transesterification at smaller extent.
However, too high temperatures for the limestone calcination
resulted in a severe drop of the ME yield. Furthermore, our study
suggested that the suitable temperature for the final calcination of
the mixed catalyst precursors was 800 8C.

According to Fig. 6, compared to the diffraction pattern of the
catalyst prepared from the limestone treated at 600 8C (Fig. 6b), the
catalyst prepared by using the uncalcined limestone exhibited
smaller amount of the active phases as CaO and Ca(OH)2 (Fig. 6a). It
should be related to the retention of CaCO3 phase due to an
inadequate thermal treatment. Without the pretreatment, the
decarbonation of the limestone (Eq. (1)) mixed with the Mg and Al
precursors occurred at once during the final calcination at 800 8C.
The metal precursors covering the surface of the limestone can
block the diffusion of CO2 released. Moreover, the relatively large
amount of MgO (Fig. 6a) suggested that the formation of the spinel
phase was retarded in the presence of CO2. When the parent
limestone was previously treated at 600 8C, a part of CO2 was



Table 5
Effects of thermal treatment temperatures for limestone and mixed catalyst precursors on the transesterificationa of RKO with methanol.

Catalystb Metal precursor Treatment temperaturec (8C) ME yield (wt.%)

Mg Al Limestone Mixed precursor

CMA-033 Hydroxide Hydroxide – 800 62.8

Hydroxide Hydroxide 600 800 87.9

Hydroxide Hydroxide 600 900 61.4

Hydroxide Hydroxide 700 800 38.5

Hydroxide Hydroxide 800 800 16.9

a Reaction conditions: catalyst amount, 6 wt.%; methanol/RKO ratio, 30; temperature, 60 8C; time, 3 h.
b The catalysts used were in the powdery form. The atomic ratio of Ca:Mg:Al in the prepared catalysts was 1:1:1. Deionized water was used as the wetting media.
c The treatment duration was 2 h.
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Fig. 6. XRD patterns of CMA-033 catalysts with the Ca:Mg:Al ratio of 1:1:1 prepared

from uncalcined limestone (a) and the limestone pretreated at 600 (b) and 800 8C
(c). The mixed catalyst precursors were calcined at 800 8C prior to the analysis.

Other catalyst preparation conditions: see Table 5 (Symbols: ~, CaCO3 (calcite); &,

CaCO3 (dolomite); !, Ca(OH)2; *, CaO; ^, MgO; $, MgAl2O4, [TD$INLINE] ,

(CaO)3Al2O3(H2O)6; and [TD$INLINE] , Ca12Al14O33.)
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removed [33]. As a result, the complete decarbonation of the
limestone occurred more easily at the final calcination of 800 8C. In
the case of the catalyst prepared from the limestone pretreated at
800 8C, the diffraction pattern became complicated due to the
presence of (CaO)3Al2O3(H2O)6 and Ca12Al14O33 (Fig. 6c). These
phases should be derived from an interaction of CaO, locating on
the surface of the limestone pre-calcined at 800 8C, with the Al
precursor. The formation of the mixed Ca–Al phases expensed the
main active sites, resulting in a loss of the catalyst basicity and the
lower ME yield (Table 5).

The effects of the thermal treatment of the limestone on the
catalyst shaping were also investigated. It was observed that the
extrudates derived from the uncalcined limestone collapsed after
the final calcination at 800 8C. It should be due to a high CO2

pressure generated inside the extrudates. The catalysts with the
Table 6
Effects of addition of sodium aluminate on the catalyst shaping and the transesterifica

Catalystb Metal precursor ME yield

Mg Al

CMA-033 Hydroxide Hydroxide 92.3

CMA-033N Hydroxide Hydroxide + sodium salt 91.6

CMA-053 Oxide Hydroxide 89.9

CMA-053N Oxide Hydroxide + sodium salt 90.4

a Reaction conditions: catalyst amount, 6 wt.%; methanol/RKO ratio, 30; temperature
b The catalysts used in the reaction test were in the powdery form. The Ca:Mg:Al at

preparation, the limestone was calcined at 600 8C for 2 h. The mixed catalyst precursor
c Determined from the fragmentation test of the catalyst extrudates (see Section 2).
d Observed after the calcination at 800 8C for 4 h.
desired shape were achieved when the limestone was previously
calcined at 600–700 8C. On the other hand, the extrudates prepared
from the limestone treated at 800 8C exhibited relatively high
density and hardness. The results suggested that the mixed Ca–Al
phases enhanced the mechanical strength of the extrudates.

3.6. Effects of addition of sodium aluminate

In spite of the enhancement of the methyl ester formation
(Table 3), the addition of NaAlO2 remarkably improved the
mechanical strength of the catalyst extrudates (Table 6). In the
present case, the amount of the sodium salt added was finely tuned
to avoid the formation of soap. Consequently, the ME yields were
not altered, but the fragmentation test in methanol indicated much
smaller weight loss of the catalyst extrudates prepared with the
NaAlO2 addition. It was suggested by the XRD analysis that the
dense and hard characteristics of the extrudates were due to the
formation of (CaO)3Al2O3(H2O)6 and Ca12Al14O33 (Fig. 7). The
mixed oxides of Ca and Al are key phases for the high strength of
cement [34]. The comparative study on textural properties of the
catalyst powder and extrudates indicated that the catalyst shaping
had no the detrimental effects on the surface area, pore size and
pore volume. The SEM images of CMA-033N revealed the presence
of small spheres with diameters of less than 0.4 mm dispersed over
the surface of the limestone with larger particle sizes (Fig. 4C and
D). The EDX technique was used to confirm that these tiny
spherical particles were the Ca–Al mixed oxides. Although the
addition of NaAlO2 expensed the CaO active sites, it facilitated the
formation of MgAl2O4 phase (Fig. 7) by which the basicity of the
catalyst could be optimized.

3.7. Reusability of catalysts from limestone

Fig. 8 shows the results from the batch study on the reusability
of CMA-333N. After the course of the reaction, the spent catalyst
was regenerated by washing with 20 mL of methanol, followed by
centrifuge to recover the solid. In the next repetition, the dried
catalyst was mixed with fresh methanol and oil. There was a loss of
the catalyst during the washing and transferring process. It was
tiona of RKO with methanol.

(wt.%) Fragmented fractionc (wt.%) Extrudate characteristicsd

35.1 Brittle

4.9 Dense and hard

22.8 Brittle

0.8 Dense and hard

, 60 8C; time, 3 h.

omic ratio of 1:3:1. Deionized water was used as the wetting media. Prior to the

s were calcined at 800 8C for 2 h.
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Fig. 7. XRD patterns of CMA-033 (a) and CMA-033N (b) after calcination at 800 8C.

Catalyst preparation conditions: see Table 6 (Symbols: !, Ca(OH)2; *, CaO; ^,

MgO; $, MgAl2O4; [TD$INLINE] , (CaO)3Al2O3(H2O)6; and [TD$INLINE] , Ca12Al14O33.)
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Fig. 9. Transesterification of RPO with methanol (^), POO with methanol (~), WCO

with methanol (*), and POO with ethanol (&) over CMA-333N with the Ca:Mg:Al

ratio of 4:3:1 in the continuous-flow fixed bed system. Catalyst preparation

conditions: see Table 4. Reaction conditions: alcohol/oil ratio, 30; LHSV, 1.12 h�1;

temperature, 60 8C (methanol) or 70 8C (ethanol).
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found that CMA-333N can be repeatedly used at least 10 times
with the retention of the ME yield higher than 90%. The elemental
analysis by the XRF technique indicated that the Ca/Al ratio of the
catalyst after being used for 10 repetitions (Ca/Al = 4.16) was
similar to that of the fresh one (Ca/Al = 4.42). The previous works
suggested that the decline in the transesterification activity of the
spent catalyst may be attributed to the irreversible adsorption of
the glycerol by-product and the glyceride intermediates [22] as
well as the formation of Ca diglyceroxides [35], whereas the
leaching of CaO in methanol was considered as the minor effect
under the present conditions [17].

3.8. Catalytic test in the fixed bed reactor

The calcined extrudates of CMA-333N with the Ca:Mg:Al ratio
of 4:3:1 were tested in the transesterification of RPO, POO and
WCO with methanol and ethanol in the fixed bed reactor (Fig. 1). In
the case of the RPO methanolysis, a small amount of tetrahydro-
furan (THF), 10 vol.% based on the amount of oil fed, was mixed
with the oil in order to improve the flow properties. When ethanol
was used as an alcohol, the reaction was operated at 70 8C. As
shown in Fig. 9, the catalyst stably promoted the formation of[(Fig._8)TD$FIG]
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Fig. 8. Reusability of CMA-333N with the Ca:Mg:Al ratio of 4:3:1 prepared in the

presence of NaAlO2. Other catalyst preparation and reaction conditions: see Table 4.
methyl and ethyl esters from RPO and POO. The alkyl ester yields
attained were in the range of 92–95 wt.%. The transesterification of
WCO with methanol yielded lower ME yield (85–86 wt.%). It
should be due to the presence of some free fatty acids and water,
which are normally harmful to the basic sites of the catalyst.
However, there was no soap visibly observed in this experiment.

From the stability test, it was found that the average ME yield of
94.1% was attained over CMA-333N along the running period of
1500 min (Fig. 10). The turnover number (TON) of the catalyst in
this case, calculated based on the BET surface area of 34.5 m2 g�1,
was 487. Unlikely to the previous study [16], no agglomeration of
the catalyst inside the reactor column was observed. The
extrudates maintained their shape after the experiment. The
extrudate form was suitable for the present reactor system where
the flow rates of reactants were small and the pressure drop across
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Fig. 10. Transesterification of RPO with methanol over CMA-333N with the

Ca:Mg:Al ratio of 4:3:1 in the continuous-flow fixed bed system. Catalyst

preparation conditions: see Table 4. Reaction conditions: see Fig. 9.
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the catalyst bed was low. The quantitative analysis of glycerides
indicated that the biodiesel produced contained 1.33, 0.12 and
0.03 wt.% of monoglycerids, diglycerides and triglycerides, respec-
tively. The results suggested a good quality of biodiesel achievable
through the present fixed bed system using the heterogeneous
catalyst developed from the limestone. The adjustment of the
reaction conditions, such as the methanol/oil ratio and the total
feed rate, is needed to further reduce the amount of monoglycer-
ides to <0.80% and to increase the ME yield to >96.5% in order to
meet the standard specification. In addition, the structural
properties of the spent catalysts and the mechanical strength of
the catalyst extrudates are under investigation as the on-going
work.

4. Conclusions

The limestone from the Southern area of Thailand can be used
as the source for the preparation of the transesterification catalysts
via the simple wet mixing technique. CaO derived from the thermal
decomposition of the limestone was the major catalytically active
sites. The hydroxide and the oxide of Mg acted as lubricants which
helped the extrusion of the catalyst pastes smoothly. Combining
these Mg precursors with the Al precursors generated the spinel
MgAl2O4 as the new active phase, which promoted the transester-
ification and improved the strength of the catalyst extrudates. The
suitable Mg/Al ratio in the mixed catalyst precursors was 3. The
transesterification activity and the extrudate strength were
optimized through the thermal treatment of the limestone at
600 8C, followed by the calcination of the mixed precursors at
800 8C. The addition of NaAlO2 was a key to attain the dense and
hard extrudates by inducing the formation of the mixed Ca and Al
phases. The catalyst can be regenerated and used repeatedly. The
catalytic test in the transesterification of various oils with
methanol and ethanol in the continuous-flow fixed bed reactor
suggested the good activity and stability of the catalyst extrudates.

Acknowledgements

The financial support from the PTT Public Company Limited and
the Center for Petroleum, Petrochemicals and Advanced Materials,
Chulalongkorn University are greatly acknowledged. The authors
also thank the Chumporn Palm Oil Industry Company Limited and
the Pathum Vegetable Oil Company Limited for providing the
vegetable oils, and the Thai Dolomite Company Limited for
donating the limestone.

References

[1] B.H. Um, Y.S. Kim, J. Ind. Eng. Chem. 15 (2009) 1.
[2] K.H. Chung, J. Ind. Eng. Chem. 16 (2010) 506.
[3] L. Bournay, D. Casanave, B. Delfort, G. Hillion, J.A. Chodorge, Catal. Today 106

(2005) 190.
[4] D.G. Cantrell, L.J. Gillie, A.F. Lee, K. Wilson, Appl. Catal. A 287 (2005) 183.
[5] N. Barakos, S. Pasias, N. Papayannakos, Bioresour. Technol. 99 (2008) 5037.
[6] Y. Liu, E. Lotero, J.G. Goodwin Jr., X. Mo, Appl. Catal. A 331 (2007) 138.
[7] S. Benjapornkulaphong, C. Ngamcharussrivichai, K. Bunyakiat, Chem. Eng. J. 145

(2009) 468.
[8] S. Gryglewicz, Bioresour. Technol. 70 (1999) 249.
[9] G.R. Peterson, W.P. Scarrach, J. Am. Oil Chem. Soc. 61 (1984) 1593.

[10] S. Gryglewicz, Appl. Catal. A 192 (1999) 23.
[11] C. Reddy, V. Reddy, R. Oshel, J.G. Verkade, Energy Fuel 20 (2006) 1310.
[12] A. Demirbas, Energy Convers. Manage. 48 (2007) 937.
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