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ABSTRACT

Project Code : MRG5280113

Project Title : Study on three-component mixed oxides as heterogeneous base catalysts for

synthesis of oleochemicals

Investigator : Assistant Professor Chawalit Ngamcharussrivichai, Ph.D.
Department of Chemical Technology, Faculty of Science

Chulalongkorn University

E-mail Address : Chawalit.Ng@Chula.ac.th

Project Period : 2 years

The present project has investigated preparation and characterization of Ca-based
mixed metal oxides as heterogeneous base catalysts for transesterification of palm kernel oil
with methanol at 60 °C and 1 atm. The study was divided into 2 parts according to the catalyst
preparation methods; 1) The catalysts attained by calcination of natural calcium compounds at
temperatures between 600 and 900 °C and 2) the catalysts prepared by precipitation of a
solution of Ca mixed with other two metals selected from Mg, Ba, Zn and Al The
characterization of the catalysts was carried out by using several techniques, including powder
X-ray diffraction (XRD), N, adsorption-desorption measurement, thermogravimetric/differential
thermal analysis (TG/DTA), X-ray fluorescence spectroscopy (XRF), scanning electron
microscopy (SEM) and temperature-programmed desorption (TPD) of CO,. It was found that,
for the natural calcium compounds, dolomite calcined at 800 °C gave the highest yield of
methyl esters. On the other hand, the mixed oxide of Ca, Mg and Zn (CaMgZn) was the most
active catalyst synthesized by the co-precipitation method. The catalytic performance was
strongly dependent on the amount of basic sites. CaO was catalytically active site responsible
for the transesterification of palm kernel oil with methanol. The molar ratio of CO32_/OH_ and the
calcination temperature for the precipitate were important parameters for the preparation of

highly active CaMgZn mixed oxide.

Keywords : Biodiesel, Transesterification, Heterogeneous catalysts, Mixed metal oxides
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m'ﬁ'mﬁ 3 Transesterification of PKO over various
calcium compounds calcined at 800 oc

®13191 4 Transesterification of PKO over dolomites
calcined at different calcination temperatures

Reaction conditions: catalyst amount, 6 wt.%; Reaction conditions: catalyst amount, 6 wt.%;

methanol/oil, 30; temperature, 60 °C, time, 3 h. methanol/oil, 30; temperature, 60 °C, time, 3 h.
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13191 5 Textural properties of dolomites calcined at
various temperatures

gﬂ‘ﬁ' 2 SEM images of dolomites before calcina-
tion (A) and after calcination at 700 (B), 800 (C)
and 900 (D) °C.



N3N 3 -

2 < = aaa &

anivmlaen 5 vasUfisen uwananun ms
a a Al oa v A< o

NITALVDINRAN AT LADAINARIDARINY
' 6 aa oy a 6
masinnusesnasietuvaslasniiwelsa
Va9 TUNTAIBA U AT NUFRULLEN
WS 13U NaOH, KOH, NaOCH, (ludiu uaas
nalnmassl fAseunuieniuiuaziis

v A v S o
W%ﬁqﬂJﬂ'J']Nﬂﬂ']U ARINY

R,COOCH, HOCH, R,COOCH
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(Symbols: @ = triglycerides, A = diglycerides, [ = R;COOCH, R3COOCH, R3;COOCH
monoglycerides and ¢ = methyl esters)
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Gl’l‘i"lﬂﬁl 6 Some fuel properties of biodiesel produced from PKO
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gﬂﬁ 4 XRD patterns of mixed CaMgZn precipitates before (a) and after (b) the calcination at 800 °C for 2 h.
(Symbols: ¥ = CazZn(CO,),, ®- CaMg(CO,),, B = Zn(OH),, + = Mg(OH),,
A - C30H), 0 =ca0, J=Mgoand N =2zn0)
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Elemental composition and physicochemical properties of Ca-based three-component oxides

Metal atomic ratio (Ca:Mi:M:)

Catalyst Na cqntent’ Before the reaction Particle size® Ca(ﬂ cluster SBElTE , ME c,-::nntentg
(CaM,; M) (wt.%) After the reaction (pm) size® (nm) (m g7) (wt.%)
Mixture®  Precipitate”

CaMgBa 1.68 I:1:1 8:1:6 10:1:7 21-76 428 6.7 322
CaMgZn 0.00 2:1:3 2:1:3 0.2-05 227 9.2 96.4
CaMgAl 16.90 3:1:2 2:1:2 f.d. 389 10.3 405
CaBaZn 0.00 1:1:1 1:1:2 0.8-11.7 40.8 49 98.8
CaBaAl 3.65 1:2:1 1:2:1 m.d. 46.7 7.7 67.8
CaZnAl 0.00 1:2:1 nd® 02-08 304 114 120

* Na content in the precipitate determined by XRF spectroscopy.

® Atomic ratio of metals in the synthesis mixture.

¢ Atomic ratio of metals in the precipitate determined by XRF spectroscopy.

4 Determined by SEM technique.

# Determimed from XRD patterns using Sherrer’s equation.

TBET surface area.

£ Reaction conditions: methanel/oil molar ratio, 30; catalyst amount, 6 wt.%; reaction time, 3 h; temperature, 60 °C.

3 Not determined.
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Eﬂﬁ 5 SEM images of CaMgZn precipitates (A) before and (B) after calcination at 800 °C.
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gﬂﬁ 6 Dependence of the ME content on time in the transesterification of PKO with methanol over
CaMgZn (m) and CaBaZn (®). Reaction conditions: methanol/oil molar ratio, 30;

catalyst amount, 6 wt.%; temperature, 60 °c.
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gﬂﬁ 7 Effects of regeneration method on transesterification of PKO with methanol over CaMgZn and

CaBaZn. Reaction conditions: methanol/oil molar ratio, 30; catalyst amount, 6 wt.%; temperature, 60 °c.
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Transesterification of palm kernel oil (PKO) with methanol over various natural calciums, including
limestone calcite, cuttlebone, dolomite, hydroxyapatite, and dicalcium phosphate, has been investigated at
60 °C and 1 atm. The study showed that dolomite, mainly consisting of CaCO; and MgCOs, is the most active
catalyst. The calcination temperature largely affected the physicochemical properties, as evidenced by N,
adsorption-desorption measurement, TGA, SEM and XRD, and the transesterification performance of the

;(f:l‘:;zrsz:riﬁcation resultant catalysts. It was found that the calcination of dolomite at 800 °C resulted in a highly active mixed
Biodiesel oxide. CaO was suggested to be the catalytically active site responsible for the methyl ester formation. Under
Calcium oxide the suitable reaction conditions, the amount of dolomite calcined at 800 °C =6 wt.% based on the weight of
Dolomite oil, the methanol/oil molar ratio = 30, and the reaction time = 3 h, the methyl ester content of 98.0% can be

achieved. The calcined dolomite can be reused many times. The analyses of some important fuel properties
indicated that the biodiesel produced had the properties that meet the standard of biodiesel and diesel fuel
issued by the Department of Energy Business, Ministry of Energy, Thailand.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Due to the current energy situation and environmental constrains,
search for green and renewable fuels has been made worldwide.
Vegetable oils and animal fats are biomass-based candidate sources
for the clean fuel production due to their non-toxicity, biodegrad-
ability, and zero sulfur and aromatic content [1]. However, a direct use
of oils and fats as fuels in modern high-speed engines is prohibited
because their physicochemical properties are largely different from
the standard hydrocarbon fuels. Transesterification or alcoholysis is
an effective route to convert high viscosity triglycerides, the major
components in oils and fats, to less viscous mono-alkyl esters, so-
called biodiesel, by reacting with small alcohols, such as methanol.
The physicochemical and fuel properties of biodiesel are categorized
into the same range of petroleum diesel. Thus, it can be applied to
compression-ignition diesel engines with little or no modifications.

The current technologies for biodiesel production are based on
homogeneously catalyzed transesterification under basic [2-5] or
acidic [6-8] conditions. Although the reaction is easily performed at
low temperatures, the subsequent separation and purification steps
are time-consuming and non-environmentally friendly due to a
requirement of several washing stages. Consequently, a considerable
amount of highly caustic wastewater is inevitably produced. These

* Corresponding author. Fuels Research Center, Department of Chemical Technology,
Faculty of Science, Chulalongkorn University, Phyathai Rd., Patumwan, Bangkok 10330,
Thailand. Tel.: +66 2 218 7528, +66 2 218 7523 25; fax: +66 2 255 5831.

E-mail address: Chawalit.Ng@chula.ac.th (C. Ngamcharussrivichai).

0378-3820/% - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.fuproc.2010.05.014

drawbacks significantly contribute some additional cost to the final
product. To overcome these problems, more environmentally benign
routes to the methyl esters have been extensively researched and
developed [9-23]. Using heterogeneous catalysts has received much
attention since the reaction proceeds under relatively mild conditions
at an acceptable rate and the process can be simplified by facilitating
the separation and purification, and omitting the washing stage [9].

Natural CaCOs; rock has low activity, and a high reaction
temperature (>200 °C) was required to achieve the oil conversion of
>95% [17]. Although Al,03-supported alkali metal oxide catalysts are
more basic and very active [10-13], their active phases are highly
sensitive to moisture and easily leached by methanol [24]. CaO is a
solid base catalyst widely investigated in the transesterification
[16,18-23]. Despite its low cost and availability, CaO with high basic
strength (H_=26.5) possesses high activity and long service lifetime
[23]. Commercially, CaO is produced via a thermal decomposition of
limestone calcite at high temperatures [25]. Other CaCOs-based
materials, including coral, sea shells, and chalk, can be also used as
the sources of CaO.

Dolomite is a naturally abundant carbonate rock found in several
areas of Thailand. At present, the major domestic usage of dolomite is
cement manufacturing and landfill due to its very low cost. While
calcite is defined as high purity CaCOs, dolomite consists of CaCO3; and
MgCO3 with a small amount of ferrite and silica. Similarly to calcite,
upon a simple calcination of dolomite at high temperatures, the
carbonate groups are decomposed, generating the base oxides. To our
best knowledge, dolomite has received, however, much less attention
as a base catalyst regardless of its high basicity, low cost, less toxicity,
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and environmental friendliness. Hydroxyapatite (Ca;o(PO4)s(OH);)
and dicalcium phosphate (CaHPO,4) are also natural calcium com-
pounds. Their catalytic activity in the base-catalyzed reactions was
reported in literature [26,27].

In the present study, we have investigated the possibility to use
various types of natural calciums as the catalysts for the methanolysis
of palm kernel oil, which is readily available at relatively low price in
Thailand. The calcium materials applied to the study included calcite,
cuttlebone, dolomite, hydroxyapatite and dicalcium phosphate. The
effects of calcination temperatures on the physicochemical properties
of the resultant catalysts as well as the effects of reaction conditions
on the formation of methyl esters have been investigated.

2. Experimental section
2.1. Catalyst preparation

Calcite (CaCO3) and dolomite (CaMg(COs3),) were obtained from
Thai Dolomite Co., Ltd. located in Surat Thani Province, Thailand.
Cuttlebone was scraped from splendid squid (Loligo formosana
Sasaki). It is one of the most abundant species in the Gulf of Thailand.
Elemental composition analysis with XRF spectroscopy indicated that
calcite and cuttlebone consist of CaCO3>91 wt.%, while dolomite is
composed of CaO 16.56%, Mg0 31.20%, Fe;03 298 ppm, SrO 198 ppm
and CO, balance. Hydroxyapatite (Ca;o(PO4)s(OH),) and dicalcium
phosphate (CaHPO,4) were analytical reagent (AR grade) from Ajax
Finechem, and used without further purification. Before being used as
a catalyst, the calcium compounds were ground and sieved to <10 pm,
followed by calcination in a muffle furnace at 600-900 °C for 2 h.

2.2. Catalyst characterization

Crystalline structures of natural calciums applied to the study were
confirmed by a technique of powder X-ray diffraction (XRD) using a
Rigaku DMAX 2200/Ultima+ diffractometer equipped with Cu Kot
radiation. Elemental analysis was performed on a JEOL ED-2000
energy dispersive X-ray fluorescence (XRF) spectrometer. Morphol-
ogy of calcined dolomites was analyzed with a JEOL JSM-5800LV
scanning electron microscope (SEM). Thermogravimetric analysis
(TGA) was carried out on a Perkin Elmer Pyris Diamond thermo-
gravimetry (TG/DTA) with a temperature ramp rate of 8 °C min~!
under dry air flow. BET surface area, average pore size and average
pore volume were measured by a N, adsorption-desorption technique
using a Micromeritic ASAP 2020 surface area and porosity analyzer.

2.3. Transesterification procedure

Refined bleached deodorized palm kernel oil (PKO) was donated by
Chumporn Palm Oil Industry Co., Ltd. Its fatty acid composition and

Table 1
Fatty acid composition of palm kernel oil used in the present study.

Fatty acid Composition (wt.%)
C 6:0 Caproic acid 0.24
C 8:0 Capryric acid 5.14
C 10:0 Capric acid 4.82
C 12:0 Lauric acid 59.83
C 14:0 Myristic acid 14.92
C 16:0 Palmitic acid 538
C 18:0 Stearic acid 1.52
Saturated 91.85
C 18:1 Oleic acid 6.87
C 18:2 Linoleic acid 1.28
Unsaturated 8.15
Total fatty acid 100
Average molecular weight 677

Table 2
Physicochemical properties of palm kernel oil used in the present study.

Properties Analysis results
Density at 15 °C (gmL~ 1) 0.922
Kinematic viscosity at 40 °C (mm?s~') 28.52

Acid number (mgkon g 'oit) 0.14

Moisture content (wt.%) 0.1

lodine value (g, kg™ 'oi1) 1.755

physicochemical properties are illustrated in Tables 1 and 2, respec-
tively. The transesterification was carried out in a 250-mL 3-neck round
bottom flask equipped with a condenser and a magnetic stirrer.
Typically, a calcined catalyst was suspended in a required volume of
methanol (99.5%, commercial grade). Temperature of the slurry was
controlled at 60 °C by a water bath. Subsequently, the oil was added
under vigorous stirring. The methanol/oil molar ratio was varied
between 15 and 70. After the course of reaction, the catalyst was
separated by centrifuge, and the reaction mixture was then loaded into a
rotary evaporator to remove excess methanol. The remaining product
was washed with deionized water, and the upper layer was recovered
and dried with anhydrous Na,SO,4. Composition of methyl esters was
analyzed with a Shimadzu 14B gas chromatograph (GC) equipped with
a FID detector and a 30-m DB-Wax capillary column. The amount of the
methyl esters produced was calculated based on the standard method
EN 14103 using methyl heptadecanoate as the reference standard.
Methyl ester (ME) content, equivalent to the methyl ester yield, is
defined as follows:

_ Weight of methyl esters calculated by GC

Weight of methyl ester phase x 100,

)

ME content (wt.%)

When a quantitative analysis of 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.

3. Results and discussion
3.1. Screening types of natural calciums

Table 3 shows the ME content in the biodiesel product obtained
over various natural calciums calcined at 800 °C for 2 h. The data for
Ca0, MgCO3 and MgO were compared. Calcite gave a moderate ME
content (46.8%). This result is in accordance with the previous work
by Suppes et al. [17]. CaCOs-based cuttlebone also catalyzed the
transesterification of PKO but to a lesser extent. Interestingly, the ME
content as high as 98.6% was attained over the calcined dolomite with
mixed alkali earth metals. It is worth noting that the activity of the
calcined dolomite is relatively high when compared to other
heterogeneous catalysts reported earlier [28]. Peterson and Scarrah

Table 3
Methyl ester content in the biodiesel produced via transesterification® of PKO over
various natural calciums calcined at 800 °C.

Catalyst Methyl ester content (wt.%)
Calcite 46.8
Cuttlebone 24.1
Hydroxyapatite 2.6
Dicalcium phosphate 13
Dolomite 98.6
Cao 92.8
MgCO; 12
MgO 0.7

¢ Reaction conditions: catalyst amount, 6 wt.%; methanol/oil ratio, 30; temperature,
60 °C; time, 3 h.
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Fig. 1. XRD patterns of non-calcined cuttlebone (a), cuttlebone calcined at 800 °C, 2 h (b),
non-calcined calcite (c), calcite calcined at 800 °C, 2 h (d), non-calcined dolomite (e), and
dolomite calcined at 800 °C, 2 h (f). (Symbols: A =aragonite CaCO;, M= calcite CaCOs,
® = MgCO3, [1=Ca0, O =Mg0 and V = Ca(OH),).

observed a remarkable improvement of CaO activity by the impreg-
nation of Ca on MgO support [18]. This result suggested the presence
of synergetic effect between two different metals in a bifunctional
catalysis route. On the other hand, trace amount of methyl esters was
attained when the reaction was catalyzed by hydroxyapatite and
dicalcium phosphate. Indeed, the phosphate group itself possesses
some acidity. Upon a high temperature calcination, Ca;o(PO4)g(OH),
with apatite structure and CaHPO, with brushite structure can be
converted to other forms of phosphate compounds, for example

Fig. 2. Weight loss and DTG curves for calcite (thick line) and dolomite (thin line).

calcium pyrophosphate (Ca,P,05) [29], which is much less basic than
CaO0. Therefore, the calcined calcium phosphates may not provide a
sufficient basicity for the transesterification of triglycerides.

Similarly to the results in literature [16,18-23], CaO is a good
catalyst for transesterification of PKO. A high temperature calcination
of CaCOs-based materials also gives the basic CaO sites. It was
reported that the decomposition of CaCOs3 as a limestone to generate
the CaO phase usually occurs at temperatures higher than 800 °C,
preferentially at 825-900 °C under atmospheric pressure [25]. It is
likely that the difference in the ME content attained over calcite,
cuttlebone and dolomite was related to the extent of decarbonation of
each material after the calcination at 800 °C for 2 h.

It was clearly indicated by the XRD patterns that, before the
calcination, cuttlebone had a different crystal structure to calcite and
dolomite (Fig. 1). The former was mainly present in the form of
orthorhombic aragonite CaCO5 (Fig. 1a), while the latter carbonates
possessed a rhombohedral structure (Fig. 1c and e, respectively). After
the calcination at 800 °C, most of diffraction peaks related to
carbonates disappeared concomitantly with the presence of intense
peaks of cubic CaO (Fig. 1b, d and f). However, the detailed XRD
analysis using JCPDS files indicated that CaCO5 (20 =29.4°) remained
in cuttlebone and calcite (Fig. 1b and d, respectively). This result
suggested the higher extent of decarbonation of dolomite when
compared to cuttlebone and calcite. The presence of both Ca and Mg
could promote the decarbonation of dolomite to the corresponding
oxides. Moreover, Ca(OH), phase, formed by the hydration of CaO,
appeared on the calcined cuttlebone (Fig. 1b) and calcite (Fig. 1d). The
formation of Ca(OH), occurred readily upon an exposure of CaO to
ambient air, resulting in a significant loss of the transesterification
activity [22]. The absence of Ca(OH), in the calcined dolomite is
unclear although all catalysts were treated under the same environ-
ment. Perhaps, it is related to the crystalline structure and the
elemental composition of the materials themselves.

It was reported that MgO and CaO can be generated from the
calcination of dolomite at temperatures lower than 800 °C, when
compared to that of calcite and aragonite CaCOs; (>800 °C for a
complete decarbonation) [25]. The calcination of dolomitic rock with
high calcite content requires the temperatures >900 °C [30]. From the
TGA experiment (Fig. 2), dolomite exhibited the major weight loss at
754 °C, corresponding to 47.5wt.% (the theoretical weight
loss=52.5 wt.%), whereas calcite had a large weight loss at higher
temperature, suggesting that dolomite was decarbonated more easily
than calcite. The small difference of the temperature (32 °C) may be
due to the presence of dry air flow that facilitates removal of CO, from
the particle surface. The decarbonation is a reversible reaction, which
greatly depends on CO, concentration in atmosphere, partial pressure,
and elemental composition and particle size of carbonate compound
[25]. The dissociation of CO, always proceeds gradually from the
outside surface inward. A formation of CO, film on the external
surface is expected to occur when the dissociation inside the particle
is in progress, leading to the recarbonation of CaO to CaCOs. Therefore,
the calcination temperature required for the complete decomposition
of the carbonate groups in a muffle furnace should be higher than that
observed from the TG analysis. In addition, the prolongation of
calcination time for both calcite and dolomite from 2 h to 4 and 6 h did

Table 4
Methyl ester content in the biodiesel produced via transesterification® of PKO over
dolomite calcined at various temperatures.

Calcination temperature (°C) Methyl ester content (wt.%)

600 0.0
700 0.0
800 98.6
900 81.2

2 Reaction conditions: catalyst amount, 6 wt.%; methanol/oil ratio, 30; temperature,
60 °C; time, 3 h.
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Fig. 3. SEM images for dolomite calcined at 600 (a), 700 (b), 800 (c) and 900 °C (d).

not alter the ME content significantly. This result was consistent with
the work by Ray and Mathers who reported that the increase in the
temperature exerts a much greater influence on the CO, dissociation
rate than the temperature retention [31].

From the screening results, the calcined dolomite is the best catalyst
for the transesterification of PKO. Hereafter, the effects of the calcination
temperatures of dolomite on the catalytic performance of the resulting
mixed oxides were studied, and the suitable conditions for the
transesterification over the calcined dolomite were investigated.

3.2. Effect of calcination temperature of dolomite

Dolomites calcined at 600 and 700 °C for 2 h did not catalyze the
transesterification (Table 4). The ME content of 98.6% was achieved
when the calcination was performed at 800 °C. However, further
increasing the temperature to 900 °C decreased the ME content to
81.2%. These results should be related to the extent of decarbonation
of dolomite at different calcination temperatures, providing the
different amounts of active basic sites for the transesterification.

The SEM images of dolomites calcined at different temperatures
revealed an increase in the roughness of dolomite surface with the
calcination temperature (Fig. 3). The presence of the roughness was
noticeable at the temperature of >700 °C (Fig. 3b). It should be

Table 5

Textural properties of dolomite calcined at different temperatures.
Calcination temperature (°C) Sger® (m? g 1) vy (cm*g~ ) Dy (A)
Before calcination 0.45 0.002 181.9
600 0.80 0.008 222.1
700 1.87 0.009 202.2
800 19.58 0.106 214.8
900 19.04 0.063 145.4

@ BET surface area.
b Average pore volume.
¢ Average pore diameter.

derived from the decomposition of the carbonate groups, liberating
CO, concomitantly with the formation of small pores. The N,
adsorption-desorption measurement indicated an increase in the
BET surface area and the average pore volume with the calcination
temperature (Table 5). The maximum surface area of 19.58 m?> g~ !
was observed when dolomite was calcined at 800 °C, while at the
lower temperatures the surface area was slightly changed. This result
suggested that the decomposition of carbonates is accomplished at
800 °C. It should be noted that, at the calcination temperature of
900 °C, there were large fractures appearing on the surface (Fig. 3d).
These should be due to a severe reduction of unit cell after the

Fig. 4. XRD patterns of non-calcined dolomite (a) and dolomites calcined at 600 (b), 700 (c)
and 800 °C (d). (Symbols: M= calcite CaCO3, ® = MgCOs, [ ]=Ca0 and O =MgO).
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Fig. 5. Dependence of methyl ester content on methanol/oil molar ratio over dolomite
calcined at 800 °C. Reaction conditions: catalyst amount, 6 wt.%; time, 3 h; temperature,
60 °C.

complete decarbonation [25]. The surface fraction was reflected by a
significant decrease in the average pore volume and pore size
(Table 5). Boynton reported the sintering effect related to the
calcination of limestones at high temperatures, which results in a
dense and unreactive lime [25].

The XRD patterns of dolomites calcined at different temperatures
are shown in Fig. 4. The major phases existing in the parent dolomite
were CaCO5; and MgCOs (Fig. 4a). The calcination at 600 and 700 °C
(Fig. 4b and c, respectively) was sufficient to decompose MgCOs,
yielding MgO, but did not preferentially decompose CaCOs. A large
amount of CaO phase was generated when the calcination was
performed at 800 °C. These results are consistent with the results
obtained from TGA (Fig. 2).

The decarbonation of MgCOs at the lower temperatures suggested
the relatively weak basic character of MgO, compared to CaO. It was
shown by the temperature-programmed desorption (TPD) of CO, that
CaO possesses both the basic strength and density higher than MgO

[32]. Therefore, the basic sites responsible for the transesterification
over the calcined dolomite were mainly CaO derived from CaCO3 that
requires the decomposition temperature higher than 725 °C (Fig. 2).
MgO formerly generated may be sintered and dense, resulting in a
lower reactivity [25]. Based on the present results, it is clear that the
calcination at 800 °C produces an efficient solid base for the
transesterification of PKO.

3.3. Effect of methanol/oil molar ratio

Fig. 5 reveals the effect of methanol/oil molar ratios on the
transesterification of PKO over dolomite calcined at 800 °C. Under the
studied conditions, there was no soap formed in all experiments. With
increasing the ratio from 15 to 30, the ME content increased from 66.5
to 98.6%. However, a drop of the ME content was seen after the
methanol/oil molar ratio was further increased to 50 and 70. Since the
transesterification is reversible in nature, this result may be due to the
reverse reaction between glycerol and methyl esters produced to form
the triglyceride derivatives, i.e. monoglycerides and diglycerides
(Scheme 1), reducing the yield of methyl esters. The occurrence of
reverse reaction was supported by the fact that we observed a
homogeneous liquid phase after the course of reaction and the
gravitational separation between the methyl ester and glycerol layers
was very difficult when the reaction was carried out at the high ratios.
Monoglycerides and diglycerides can behave molecularly like a co-
solvent, and homogenize the phases of methanol, glycerol and methyl
esters [33]. From the present results, the suitable methanol/oil molar
ratio for the transesterification of PKO over dolomite calcined at
800 °C is, therefore, 30.

3.4. Effect of reaction time

The change of product distribution on time in the transesterifica-
tion of PKO over dolomite calcined at 800 °C is shown in Fig. 6. The
triglyceride conversion of 30% was attained within 30 min. The
absence of induction period at the early stage of the reaction should be
ascribed to the fact that the calcined dolomite possessed the large
pore sizes (Table 5), probably as the interparticle voids. The maximum
ME yield of 98.6% was achieved when the reaction was carried out for
3 h. The detected amount of monoglycerides was low because its

Scheme 1. Transesterification of representative triglyceride to methyl esters and diglycerides, monoglycerides and glycerol, respectively.
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Fig. 6. Dependence of methyl ester content on reaction time over dolomite calcined at
800 °C. Reaction conditions: methanol/oil molar ratio, 30; catalyst amount, 6 wt.%;
temperature, 60 °C. (Symbols: @ = triglycerides, A = diglycerides, [ 1= monoglycerides
and ¢ =methyl esters).

transformation to methyl esters proceeded at a high rate. The
remaining monoglycerides were not methanolyzed although the
reaction was continued up to 5 h. The results here indicated that the
suitable reaction time required for achieving the highest amount of
methyl esters is 3 h.

3.5. Effect of catalyst amount

It was revealed in Fig. 7 that the ME content proportionally
increased with increasing the amount of calcined dolomite. This result
implied that the increase in the methyl ester formation was due to the
increase in the number of active basic sites. The comparative study of
various solid base catalysts in the transesterification of soybean oil
and the isomerization of 1-butene suggested that the activity of
catalyst in the transesterification is closely related to the amount of
basic sites, but not directly related to the basic strength [11]. When
the amount of calcined dolomite was increased to 6 wt.%, the ME
content was not altered. From the study on the effects of reaction
conditions, it can be concluded that the suitable conditions for the
transesterification of PKO with methanol over the calcined dolomite

Fig. 7. Dependence of methyl ester content on amount of dolomite calcined at 800 °C.
Reaction conditions: methanol/oil molar ratio, 30; time, 3 h; temperature, 60 °C.

are the methanol/oil molar ratio of 30, the catalyst amount of 6 wt.%,
and the reaction time of 3 h at 60 °C.

3.6. Reusability of dolomite catalyst

The reusability of dolomite catalyst is also investigated. Dolomite
was previously calcined at 800 °C for 2 h before being applied to the
first run. After the reaction course, the catalyst was recovered by
centrifuge and thoroughly washed with methanol. As shown in Fig. 8,
the ME content higher than 90% was maintained within the seventh
repetition. When compared to the previous work [23], the calcined
dolomite can be reused in fewer repetition times than CaO. This
reflects the difference in the number of the active site and the reaction
conditions. Also, the regeneration procedure largely influences the
performance of the catalyst in the next use [34]. Although there was a
significant loss of the active site by methanol leaching (Table 6),
dolomite is very cheap and abundantly available in many parts of
Thailand. It is our belief that dolomite has a potential to be further
developed for a large-scale production of biodiesel under heteroge-
neous catalysis conditions. Currently, we are developing a laboratory-
scale continuous flow process for transesterification of vegetable oils
using dolomite and modified dolomite [15] as the heterogeneous base
catalysts.

3.7. Fuel properties of biodiesel produced

To investigate some physicochemical and fuel properties of
biodiesel produced, we carried out the transesterification of PKO in
a 3-Lstainless steel stirred tank equipped with a 4-blade propeller and
a motor. An external heater and a temperature controller were used to
maintain the reaction temperature at 60 °C. Other parameters were
set according to the suitable reaction conditions. Except for the
viscosity, the properties of our biodiesel met the biodiesel standard
issued by the Department of Energy Business, Ministry of Energy,
Thailand (Table 6). The viscosity lower than the standard should be
attributed to the fatty acid composition of the starting oil that mainly
consists of Cy, (Table 1). However, the viscosity of the biodiesel is
categorized in the standard of diesel fuel (Table 6). The test according
to ASTM D 97 indicated that the present biodiesel possessed pour
point lower than the biodiesel derived from palm oil. This result
suggested the use of the PKO methyl esters as an additive for adjusting
the cold flow properties of the conventional biodiesel.

Fig. 8. Reusability test of dolomite calcined at 800 °C. Reaction conditions: methanol/oil
molar ratio, 30; catalyst amount, 6 wt.%; time, 3 h; temperature, 60 °C.
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Table 6

Comparison of some properties of biodiesel produced in this work with the standard of
diesel fuel and biodiesel issued by the Department of Energy Business, Ministry of
Energy, Thailand.

Properties Standard of Standard of Biodiesel Method
diesel fuel biodiesel from PKO
Methyl ester content (wt.%) - >96.5 98.0 EN 14103
Kinematic viscosity (cSt) 1.8-4.1 3.5-5 2.82 ASTM D 445
Specific gravity at 0.81-0.87 0.86-0.90 0.87 ASTM D 1298
15.6/15.6 °C
Cetane index >47 >51 52.4 ASTM D 613
Flash point (°C) >52 >120 130 ASTM D 93
Heating value (M] kg~ ') - 38.5 ASTM D 2015
Metal content (mg kg~ 1)?
Group [ (Na+K) - <5 0.0 XRF
Group II (Ca+ Mg) = <5 110° XRF

2 Biodiesel product prior to washing with water.
b Mainly calcium ion.

Despite the advantages of dolomite regarding availability, cost,
preparation method and environmental concerns, to our best
knowledge, the achievement of the methyl ester yield of 98% over
the heterogeneous catalysts at 60 °C is rare [36]. Using calcite
limestone as the starting material for the preparation of CaO catalyst
required the temperature as high as 1000 °C [35]. The leaching of
active metal is an expectable phenomenon for CaO-based catalysts as
well as other alkali earth oxides [36]. The contamination of metal
cation can be simply removed by an adsorption on ion-exchange resin
[35].

4. Conclusions

Our present study revealed that dolomite, which is the natural
rock of CaCO3 and MgCOs, is a good heterogeneous base catalyst for
the transesterification of PKO with methanol. The calcination of
dolomite at 800 °C resulted in the mixed oxide of Ca and Mg that is
active for the formation of methyl esters. Under the suitable
conditions, the methanol/oil molar ratio of 30, the catalyst amount
of 6 wt.%, and the reaction time of 3 h, the ME content of >98% was
achieved at 60 °C. The calcined dolomite was reusable with the
retention of the ME content higher than 90%. The biodiesel obtained
possessed the physicochemical and fuel properties that meet the
standard of diesel fuel and biodiesel issued by the Department of
Energy Business, Ministry of Energy, Thailand.
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Abstract

This work is to study the preparation of CaMgZn mixed oxides by co-precipitation. The
mixed oxides were applied as a catalyst to transesterification of palm kernel oil with methanol.
The catalysts were characterized by X-ray diffraction (XRD), X-ray fluorescence spectrometry
(XRF), scanning electron microscopy (SEM) and temperature-programmed desorption of (CO,-
TPD). Reaction parameters such as amount of catalyst, molar ratio of oil to methanol and
reaction time were optimized for the production of biodiesel. The highest activity was found for
CaMgZn with the Ca:Mg:Zn molar ratio of 3:1:1 with the highest methyl ester content of 98%.
The optimum conditions for the transesterification of palm kernel oil were the amount of catalyst
of 6 wt.%, the methanol to oil molar ratio of 20, the temperature of 60 °C and the reaction time
of 3h.
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1. Introduction

The fossil fuels mainly crude oil, natural gas and coal have been playing an important
role worldwide as the major energy resources. In recent years, the energy demand is increasing
continuously because of the growth of population and the rapid development of industry and
economics. Diesel fuel is a petroleum-based fuel, largely utilized in the area of transportation,
agriculture, power generation and industries. However, the petroleum sources are limited and
non-renewable. Moreover, the petroleum-derived fuels contain aromatics, organic sulfurs, and
heavy metals. Their combustion emitts pollutants in the form of oxides of sulfur, oxides of
carbon, particulate matter and unburnt hydrocarbons. Therefore, there is an urgent need to
develop alternative fuels that are renewable, clean and economically feasible as a substitute to
the petroleum diesel.

Biodiesel is a mixture of monoalkyl esters of long chain fatty acids derived from
renewable feedstocks such as vegateble oils or animal fats [1]. It can be used directly in diesel
engineswithout requiring engine modifications. Biodiesel is usually produced by
transesterification of vegetable oils or animal fats with a monoalkyl alcohol (methanol or
ethanol) in the presence of a catalyst. The catalysts most frequently used in the industrial
biodiesel production are homogeneous basic catalysts, for example NaOH and KOH. The base-
catalyzed transesterification can actively produce monoalkyl esters with a high yield under mild
conditions. However, in the homogeneous process, removal of the soluble catalysts from the
reaction mixture is difficult and generates a large amount of alkali wastewater during washing
step. Heterogeneous catalysts can overcome these problems since they can be easily separated
from the reaction mixture and reutilized, diminishing waste from the conventional process.
Different heterogeneous base catalysts for the transesterification of vegetable oils have been
reported in the literature. Most of them are supported alkaline metal oxide [2-5] alkaline-earth
oxide [6-10], basic hydrotalcite [11-13], anion-exchange resins [14], and mixed metal oxides

[15-18]. Recently, mixed metal oxides have attracted much attention for vegetable oil



transesterification because of its tunable basicity by modifying the chemical composition and
preparation procedure. Kawashima et al. [15] prepared A—B—-O type metal oxides, where A is an
alkaline-earth metal (Ca, Ba, Mg), alkaline metal, or rare earth metal (La) and B is a transition
metal (Ti, Mn, Fe, Zr, Ce). It was found that CaZrO3 and CaO-CeO2 showed high
transesterification activity and also showed high durability. The methyl ester yields were greater
than 80% after 5-7 cycles of the reaction. Mg/La-mixed oxide catalysts catalyst was prepared by
co-precipitation method and was investigated the transesterification activity [16]. The most
active catalyst was obtained with Mg/La ratio of 3 with conversion close to 100%. Albuquerque
et al. [17] evaluated the catalytic activity of different MgM (M = Al and Ca) oxides as solid base
catalysts for transesterification process. The catalysts were prepared by co-precipitation method
in a basic medium and subsequent calcination. The results demonstrated that the catalyst with a
Mg:Ca molar ratio of 3.8 was the most active. This catalyst gives high FAME yield of 92%.
Ngamcharussrivichai et al. [18] used mixed oxides of Ca and Zn as a solid base catalyst for
transesterification of palm kernel oil with methanol. The catalyst was prepared by the co-
precipitation method. The catalyst with a Ca/Zn molar ratio of 2.5 and followed by calcination at
800°C for 2 h exhibited the best catalytic activity for the transesterification. The activities of the
Ca-Zn mixed oxides were compared with those of the CaO and ZnO. The methyl ester content
reached 94% using Ca-Zn mixed oxides (Ca/Zn = 0.25) while the methyl ester content in the
presence of CaO and ZnO were 46.2% and 1.7% respectively. This result emphasizes the
advantage of co-existence of two different basic oxide components in the catalyst for
transesterification.

The present work is an attempt to improve the physicochemical properties and the
catalytic performance of the mixed oxides based on Ca and Zn for the transesterification of palm
kernel oil. An introduction of magnesium into the mixed oxide is supposed to increase the basic
properties, leading to an enhancement of the activity of the resultant mixed oxides. We have

prepared the mixed oxides of Ca, Mg and Zn by pH-controlling co-precipitation method. Effects



of various factors such as metal composition, aging time and aging temperature were studied to
find suitable conditions for the catalyst preparation. The physicochemical properties of the mixed
oxides were investigated by several techniques. The catalytic performance was studied in the
transesterification of palm kernel oil with methanol under batch conditions. Moreover, the

influences of reaction conditions on methyl ester (ME) content were investigated.

2. Experimental
2.1. Catalyst preparation

A mixed oxide of Ca, Mg and Zn was prepared by pH-controlling co-precipitation
method. A required quantity of Ca(NOs),-4H,O(Ajax Finechem), Mg(NOz3),:6H,0 (Ajax
Finechem) and Zn(NO3),:6H,0 (Ajax Finechem) was dissolved in deionized water. The mixed
metal solution was precipitated by adding an aqueous solution of Na,CO3 (COs*/metal ion =
0.75-1.5, [COs*] = 0.5-1 M) under vigorous stirring. The pH of the resulting solution was
maintained in the range of 7-8. The precipitate was further aged at room temperature or 60 °C for
8-20 h. Finally, the white solid was filtered, washed with deionized water, dried in an oven at
100 °C overnight, and calcined in a muffle furnace at 800 °C for 2 h. Hereafter, the mixed oxide
catalysts were designated as CaMgZnXXX, where XXX represent the atomic ratio of Ca:Mg:Zn

in the synthesis mixture.

2.2 Characterization

Oxide structure and cluster size of the synthesized CaMgZn mixed oxides were
determined by techniques of powder XRD using a Rigaku DMAX 2200/Ultima+ diffractometer
equipped with Cu Ka radiation. Elemental analysis was performed on a Philips PW-2400 ED-
2000 Energy Dispersive X-ray Fluorescence Spectrometer (XRF). Morphological study was

carried out with a JEOL JSM-5410 LV scanning electron microscope. The basic properties of the



catalysts were investigated by the temperature programmed desorption (TPD) of CO,

measurement using a Micromeritics AutoChem 11 2920.

2.3 Transesterification procedure

A 250-mL three-neck round bottom flask equipped with a condenser and a magnetic
stirrer was used as a reactor for transesterification of palm kernel oil. In a typical reaction, 0.6 g
of a calcined catalyst was suspended in methanol. Temperature of the mixture was controlled at
60 °C by using a water bath. Then, palm kernel oil was added into the mixture under vigorous
stirring. After the course of reaction (3 h), the catalyst was separated from the reaction mixture
by centrifugation and the excess methanol was removed by using a rotary evaporation. Methyl
ester layer was subsequently washed with deionized water and dried with Na,SO,4. The methyl
ester (ME) content, equivalent to methyl ester yield, was determined by a gas chromatograph
(GC) equipped with a 30-m DB-Wax capillary column and a flame ionization detector (FID).
Methyl ester (ME) content was calculated based on the standard method EN14103 using methyl

undecanoate (C11) as the reference standard.

3. Results and Discussion
3.1 Characterization of CaMgZn mixed oxides

The elemental compositions of mixed oxides synthesized with different amounts of metal
precursor are presented in Table 1. The Ca:Mg:Zn molar ratios found in the precipitated mixed
oxides in all cases were deviated from those in the synthesis mixtures. It should be mainly
attributed to the fact that Ca®* and Mg®* are precipitated at pH higher than the pH of synthesis
mixture, while Zn*" is readily precipitated at pH of 4 [15]. Therefore, the amount of Zn found in
the resulting solid was highest. Although the amount of Mg in the synthesis mixture was
increased to the ratio of 1:3:1, the solid with the Ca:Mg:Zn ratio of 1:1:1 was attained,

suggesting the low precipitation of Mg*".



Powder X-ray diffraction patterns of the as-synthesized CaMgZn before and after
calcination are presented in Fig. 1. As shown in Fig. 1a, as-synthesized CaMgZn exhibited peaks
corresponding to CaZn(COs3), and CaMg(COs3), phases. This indicated that the as-synthesized
CaMgZn were precipitated in the form of mixed carbonates of CaMg and CazZn. After
calcination at 800 °C, decarbonation of the precursors lead to the formation of the corresponding
metal oxides (CaO, MgO and ZnO). This fact is confirmed by XRD pattern, which are shown in
Fig. 1b. Moreover, the diffraction peaks of Ca(OH), were observed for CaMgZn mixed oxides,
suggesting hydration of CaO by moisture in the atmosphere.

Fig. 2 showed the XRD patterns obtained from calcined CaMgZn precipitates with
different Ca:Mg:Zn molar ratios. In the XRD pattern of MgZn11, the presence of MgO and ZnO
phases was observed (Fig. 2a). The calcined CaMgZn showed the diffraction peaks related to
Ca0, MgO and ZnO phases (Fig. 2b-2e). By varying the metal composition, the diffraction
peaks associated with the corresponding metal oxide species became more intense. For an
exmple, the peak of MgO observed for CaMgZn131 possessed higher intensity than those found
in MgZn11, CaMgZn111, CaMgZn113, and CaMgZn311.

The SEM images of as-synthesized CaMgZn precipitates with different Ca:Mg:Zn molar
ratios are shown in Fig. 3. MgZn11 showed an aggregate of very small thin flake particles (Fig.
3a). In the presence of Ca, the formation of spherical particles with various sizes was observed
(Fig. 3b-3d). The mixed precipitate particles of CaMgZn111 possessed non-uniform size and
morphology (Fig. 3b). The presence of both flakes and spheres with a wide range of size
distribution can be seen. The increase in the Ca content, CaMgZn311 (Fig. 3c), uniformly
reduced the particle sizes to 2-3 um. Similarly, compared to CaMgZn111 (Fig. 3b), CaMgZn131
with increasing amount of Mg exhibited much smaller particle sizes (ca. 1 um) (Fig. 3d). On the
other hand, the morphology of CaMgZn113 (Fig. 3e-3f) was an aggregate of flake-like particles
similarly to that of MgZn11 (Fig. 3a). However, the incorporation of Ca distorted of the particle

shape to shortened and thick pellets (Fig. 3f).



To investigate the effect of catalyst preparation on the catalyst morphology, the
calcination temperature was studied between 500 °C and 800 °C. Fig. 4a showed SEM image of
uncalcined sample. It was found that the spherical particles were formed by an aggregation of
small thin flake particles. After calcination, the merging of thin flake particles occurred. Increase
of the calcination temperature from 500 °C to 800 °C caused an increase in the merging of thin
flake particles (Fig. 4b-4e). The influences of the aging conditions on the morphology of mixed
precipitates before and after the calcination are illustrated in Fig. 5a-5f. Aging the synthesis
mixture at 60 °C for 8 h resulted in CaMgZn precipitate with small spherical particles of of 0.7-1
um (Fig. 5a). The particle size of CaMgZn precipitate was increased when the aging time was
extended to 20 h as shown in Fig. 5¢ (ca. 3 um). It should be due to the aggregation of very small
thin flake particles to form larger spheres. When CaMgZn precipitate was aged at room
temperature for 20 h, the particle size was decreased to less than 0.5 um (Fig. 5e). It can be seen
that the low aging temperature retarded the processes of precipitation of metal ions and the
aggregation of precipitate nuclei, yielding uniform defect spheres. In all the cases, after the
calcination, the particle sizes of resulting CaMgZn mixed oxides were smaller than those of the
parent ones (Fig. 5b, 5d and 5f), implying a considerable loss of CO2 via the decarbonation. It is

likely that these small spheres were derived from the decomposition of the aggregate thin flakes.

3.2 Transesterification over CaMgZn mixed oxides catalysts

The methanolysis of palm kernel oil was chosen as a reaction to evaluate the catalytic
activity of the CaMgZn mixed oxides, since this is of commercial significance in the production
of biodiesel. Table 2 showed Methyl esters (ME) content attained over calcined CaMgZn
prepared with different Ca:Mg:Zn molar ratios. It can be seen that the catalyst consisting of only
Mg and Zn was not active for the formation of methyl esters. It should be due to low basicity of
MgO and ZnO themselves. With increasing the amount of Ca, CaMgZn311, the highest ME

content of 98.0% can be attained. CaO is considered as the main basic sites responsible for the



transesterification over the mixed oxides of CazZn [15], since it possesses the highest basicity
(H_26.5) [10]. It is interesting to note that an increase in the fraction of Mg (CaMgZn131)
hampered the transesterification to larger extent than the case of Zn (CaMgZnl113).
Ngamcharussivichai et al. suggested that ZnO promoted the methyl ester synthesis over CaZn
catalysts by reducing the particle size of the resultant mixed precipitates and facilitating the
thermal decomposition of carbonate species to easily form the active CaO sites [15].

The temperature-programmed desorption of CO2 was used to get information about the
basicity of the most active CaMgzZn311. The CO2 desorption profiles from the temperature-
programmed desorption (TPD) analysis are shown in Fig. 6. A broad peak of MgZnl1 (Fig. 6a)
was observed between 100 and 320 °C, which can be attributed to CO2 desorbed from the basic
ZnO. The desorption peak at 237 °C is attributed to the interaction of CO2 with weak basic. The
presence of weak basic sites resulted in the low activity for transesterification. Pure calcium
oxide derived from CaCO3 showed a desorption peak at 660 °C (Fig. 6b). CaMgZn111l and
CaMgZn131 exhibited a similar desorption profile (Fig. 6¢c and 6e, respectively). The peaks
located at 630 °C were ascribed to the desorption of CO2 from the basic CaO sites. Moreover, it
was found that the desorption peak slightly shifted to the lower temperatures when compared to
pure CaO. CaMgZn113 showed the peak related to CO2 desorbed from CaO at 632 °C, while the
desorption peak appearing at 190 °C corresponded to ZnO (Fig. 4f). CaMgZn311 (Fig. 6d)
possessed two desorption peaks, which indicated the presence of at least two types of basic sites
with different strengths. It should be related to the high Ca content. These results show that
CaMgzZn311 exhibits high transesterification activity compared to the other catalysts. The high
activity is due to the presence of a large number of strong basic sites in the CaMgZn311 catalyst.

Finally, CaMgZn311 was selected to be evaluated in the transesterification in order to
determine the optimum reaction conditions. The influence of three parameters on palm kernel oil
transesterification was examined: catalyst amount, methanol to oil molar ratio, and reaction time.

The influence of the catalyst amounts was studied at a 20:1 molar ratio of methanol to palm

8



kernel oil at 60 °C for 3 h. The catalyst amount was varied in the range of 2-8 wt.%. As shown in
Fig. 7, the methyl ester content was increased with the increase of catalyst amount from 2 to 6
wt.%. However, with further increase in the catalyst amount the methyl ester content was
decreased, which was possibly due to a mixing problem involving reactants, products and solid
catalyst.

Stoichiometrically, the methanolysis of vegetable oil required three moles of methanol
for each mole of oil. However, in practice, the molar ratio of methanol to oil should be higher
than that of stoichiometric ratio in order to drive the reaction towards completion and produced
more methyl ester as product. As shown in Fig. 8, with an increase in the molar ratio of methanol
to oil, the methyl ester content was increased considerably. The highest methyl content was
obtained when the molar ratio was 20:1.

The methyl ester content with various reaction times was shown in Fig. 9. The reaction
time was varied in the range 0.5-4 h. As can be seen from Fig. 10, the methyl ester content was
increased in the reaction time range between 0.5 and 2 h, and thereafter remained nearly constant
as a result of near-equilibrium conversion; the maximum methyl ester content was achieved after

2h.

4. Conclusions

In summary, CaMgZn mixed oxide catalysts with different Ca:Mg:Zn molar ratios were
synthesized via co-precipitation method. The XRD results indicated that the as-synthesized
CaMgZn were precipitated in the form of mixed carbonates of CaMg and CaZn, and after the
calcination the corresponding metal oxides were obtained. The as-synthesized CaMgZn
morphologies showed the aggregation of small thin flakes to spherical particles with various
sizes. The particle sizes of the spheres strongly depended on the aging time and aging

temperatures.



The catalyst with the Ca:Mg:Zn molar ratio of 3:1:1 showed the highest activity in the
transesterification of palm kernel oil with methanol. When the reaction was carried out at 60 oC,
with a molar ratio of methanol to oil of 20, a reaction time of 6 h and a catalyst amount of 6

wt.%, the highest methyl ester content reached 98%.
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Table 1 Elemental composition of calcined CaMgZn catalysts prepared with different Ca:Mg:Zn

molar ratios
Ca:Mg:Zn Metal composition in the solid

Catalyst molar ratio® (Wt.%)
Mixture” Solid* CaO MgO ZnO
MgZnll 0:1:1 0:1:4 0.0 10.7 89.2
CaMgzn1l11 1:1:1 6:1:7 37.9 4.0 58.0
CaMgzn311 3:1:1 19:1:7 63.1 2.3 34.6
CaMgzn131 1:3:1 1:1:1 29.8 20.4 49.6
CaMgzn113 1:1:3 1:1:4 17.9 9.6 72.3

% Determined by XRF spectroscopy.
b Ca:Mg:Zn molar ratio in the synthesis mixture.

¢ Ca:Mg:Zn molar ratio in the final solid.

12



Table 2
Methy! esters (ME) content® attained over calcined CaMgZn prepared with different Ca:Mg:Zn

molar ratios
Catalyst Ca ME content®
(Ca+Mg+2Zn) (wt.%)
MgZnl 0 3.1
CaMgZnl11 0.36 21.1
CaMgzZn311 0.60 98.0
CaMgzZn131 0.33 49.5
CaMgZnl113 0.15 87.1

*Transesterification conditions: catalyst amount, 6 wt%; methanol/oil molar ratio, 20;

temperature, 60 °C; time, 3 h.
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Figure Captions

Fig. 1. XRD patterns of CaMgzZn111 before (a) and after (b) the calcination at 800 °C. (Symbols:
(v) CaZn(COs),, (®) CaMg(COs),, () Mg(OH)., (#)Zn(OH),, () Ca0, (k) Ca(OH)., (X) MgO
and (m) Zn0O).

Fig. 2. XRD patterns of CaMgZn precipitates prepared with different Ca:Mg:Zn molar ratios
after the calcination at 800°C: (a) MgzZn11, (b) CaMgzZn111, (c¢) CaMgzZn311, (d) CaMgZn131,
and (e) CaMgzZn113. (Symbols: (e) CaO, (A) Ca(OH),, (x) MgO and (m) Zn0O).

Fig. 3. SEM images of as-synthesized CaMgZn precipitates prepared with different Ca:Mg:Zn
molar ratios: (a) MgZn11, (b) CaMgZnl11, (c) CaMgZn311, (d) CaMgZn131, (e) CaMgZn113
and (f) CaMgZn113 (x15,000).

Fig. 4. SEM images of CaMgZn111 (a) before and after the calcinations at (b) 500°C, (c) 600°C,
(d) 700°C, and (e) 800°C.

Fig. 5. SEM images of CaMgZn precipitates aged at different and temperatures and times: (a)
uncalcined CaMgzn111 (60 °C, 8 h), (b) calcined CaMgzZnl11l (60 °C, 8 h), (c) uncalcined
CaMgzZn111 (60 °C, 20 h), (d) calcined CaMgzZn111 (60 °C, 20 h), (e) uncalcined CaMgZn111
(rt, 20 h), and (f) calcined CaMgZn111 (rt, 20 h).

Fig. 6. CO,-TPD analysis of calcined CaMgZn catalyst prepared with different Ca:Mg:Zn molar
ratios: (a) Mgznll , (b) CaO (from CaCQOg), (c) CaMgzZnlll, (d) CaMgzn31ll, (e) CaMgZn
131, and (f) CaMgZn113.

Fig. 7. Dependence of methyl ester (ME) content on catalyst amount over CaMgZn311-I.
Reaction conditions: methanol/oil molar ratio, 20:1; temperature, 60°C; time, 3 h.

Fig. 8. Dependence of methyl ester (ME) content on methanol/oil molar ratio over CaMgZn311-
I. Reaction conditions: catalyst amount, 6 wt.%; temperature, 60°C; time, 3 h.

Fig. 9. Dependence of methyl ester (ME) content on reaction time over CaMgZn311-I. Reaction
conditions: catalyst amount, 6 wt.%; temperature, 60°C; methanol/oil molar ratio, 16
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Abstract
Several three-component mixed metal oxides have been prepared and tested in the
transesterification of palm kernel oil with methanol. Ca was set as the main catalytically
active component, while the other two metals selected from Mg, Ba, Zn and Al were
incorporated to alter the physicochemical properties and the catalytic performance of the
resultant mixed oxides. The synthesis of the mixed oxides was performed according to a pH-
controlling co-precipitation method using the corresponding metal nitrates as the metal
precursors and Na,COs as the precipitant. The catalyst characterization was carried out by
using various techniques, including N, adsorption-desorption measurement, X-ray
fluorescence spectroscopy, X-ray diffraction, scanning electron microscopy, thermogravi-
metric/differential thermal analysis and temperature-programmed desorption of CO,. The
methanolysis of palm kernel oil was studied batchwise at 60 C and 1 atm. The influences of

the metal types and the calcination temperatures were investigated. Leaching of the active

components and the catalyst reusability were also studied.
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1. Introduction

Biodiesel, a mixture of alkyl esters, is a non-toxic, clean, biodegradable and renewable
fuel that can be easily produced from the transesterification of vegetable oils or animal fats
with small alcohols, such as methanol. Conventional biodiesel production is carried out in the
presence of homogeneous base catalysts, e.g. hydroxides and methoxides of Na or K. The
high conversion of the oils can be achieved in a short period. Since the residual base in the
esters affects the quality of biodiesel as a fuel for diesel engines, the ester phase must be
thoroughly washed in many successive stages to remove the catalyst, releasing a large amount
of alkaline wastewater. Moreover, there is a loss of the ester yield due to saponification and
emulsification via hydrolysis of the esters produced.

The transesterification over heterogeneous base catalysts is a promising route for a
green production of biodiesel. Suppes et al. applied natural calcium carbonate rock as a
transesterification catalyst [1]. Due to its low basicity, the high reaction conditions (T >
200 °C and P > 30 bar) were required to achieve the oil conversion of > 95%. Al,Os-
supported alkali metal catalysts exhibited much higher activity [2]. However, the XRF study
revealed a serious leaching of the active species into the reaction mixture [3], resulting in a
remarkable loss of the methyl ester yield in the successive runs. Mixed oxides derived from
MgAI hydrotalcites were studied in the transesterification of triglycerides from the various
sources with methanol [4-6]. Recently, Institut Francais du Pétrole (IFP) has successfully
commercialized new biodiesel production plant based on heterogeneous catalysis technology
[7]. A spinel mixed oxide of zinc and aluminum is used as the catalyst, which promotes the
reaction without loss of active components. However, as a consequence of relatively low
basicity, the process is carried out at much higher methanol/oil ratio and higher temperature

and pressure when compared to the conventional process.



The severe drop of the catalytic performance, caused by the leaching effect, may be
avoided by employing a catalyst in the form of mixed oxides. Alkali earth metal oxides,
especially MgO and CaO, are less soluble in methanol than highly basic alkali metal oxides
[8]. Ca-Mg mixed oxide derived from the natural dolomitic rock exhibited high activity in the
methanolysis [9,10]. The oxides combined from Ca and Zn, prepared by a co-precipitation
method, possessed very small particle sizes and relatively high surface area in comparison
with the pure component oxides [11]. Moreover, the formation of the mixed precipitate
reduced the activation temperature by which the transesterification was rapidly promoted over
the catalyst calcined at temperature < 800 °C. Other mixed oxides, for example CaO-MgO
[12], KyM@1-xZn14xO3 [13], synthesized by different procedures were also investigated in the
methanolysis.

Calcium carbonate has three kinds of crystal polymorphs, i.e. vaterite, aragonite, and
calcite, with rhombohedral, orthorhombic and hexagonal structures, respectively, from which
calcite is the most stable and vaterite the least stable phase. A number of literatures dealt with
the influences of divalent ions on the nucleation or the growth rate of CaCO3; polymorphs [14-
17]. For example, Zn** strongly suppresses the growth of calcite by adsorption on kink sites,
resulting in the formation of small particles [14,15], whereas Mg?* forms Mg-calcite structure
(MgxCa;x)CO3 with variable Mg contents [15-17]. Our previous study suggested that the
CaCOs3 polymorphs existing in different natural Ca-based materials, i.e. cuttlebone, dolomite
and calcite, influenced the catalytic properties of the resulting oxides in the methanolysis. It
was likely to be due to the different conditions required to activate each carbonate material.

In the present work, several Ca-based three-component oxides derived from the
calcination of the corresponding mixed carbonate precipitates of Ca combined with other two
metals, selected from Mg, Ba, Zn and Al, were investigated for their physicochemical and the

catalytic properties. The morphology of the oxides was largely influenced by the types of



metal ions. Among the mixed oxides studied, a mixed oxide of Ca, Mg and Zn (CaMgZn)
showed a superior performance in the catalytic transesterification of palm kernel oil with
methanol. The effects of calcination temperatures and regeneration methods for CaMgZn

were also studied.

2. Material and Methods
2.1 Catalyst preparation

One-, two- and three-component oxide catalysts were prepared according to the
conventional co-precipitation of aqueous solutions of corresponding metal precursors and
precipitant. The precursors used were nitrate salts of di- and tri-valent metals, including
Mg(NO3),.6H,0, Ca(NO3),.4H,0, Ba(NOs),, Zn(NOs),.6H,0, and AI(NOs)s.9H,0 (AR
grade, Ajax Finechem). Na,CO3; (AR grade, Ajax Finechem) was used as the precipitant. For
a typical catalyst preparation, required amounts of the metal precursors were completely
dissolved in deionized water and then slowly mixed with an aqueous solution of carbonate
salt under vigorous stirring at ambient temperature. The molar ratio of COs*/metal ions was
kept at 1.5. The pH of the solution was fixed between 7 and 8. The resulting mixture was aged
overnight (~20 h) at 60 °C. The solid product was recovered by filtration, followed by
washing with deionized water and drying in an oven at 100 °C overnight. Before being
applied as a catalyst, the dried solid was calcined in a muffle furnace at temperatures of

800 °C for 2 h.

2.2 Characterization
Oxide structures of the synthesized mixed oxides were determined by techniques of
powder X-ray diffraction (XRD) using a Bruker D8 ADVANCE diffractometer equipped with

Cu Ko radiation. Assignments of diffraction peaks were consulted with 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 used for thermogravimetric analysis (TGA) at a
temperature ramp rate of 8 °C min™ under dry air flow with the rate of 20 mL min™. Textural
properties of mixed oxides were measured by techniques of N, 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/P, range of
0.02-0.2. A Micromeritic Autochem Il was employed for determining basicity of the catalysts
by means of temperature-programmed desorption (TPD) of CO,. The adsorption of CO, (10
mol.% in Ar) was carried out at 100 °C and the desorption step was performed at the
temperature ramp rate of 10 °C min™® under Ar flow. The peak areas were deconvoluted by

using an IGOR Pro 5.04B.

2.3 Transesterification procedure

Refined bleached deodorized palm kernel oil (PKO) was donated by Chumporn Palm
Oil Industry Co., Ltd. Acid value and moisture content of the oil were less than 2.49 mgkon 9°
L,irand 0.1 wt.%, respectively. The reaction was carried out in a 100-mL 2-neck round bottom
flask equipped with a condenser and a magnetic stirrer. Typically, 1 g of calcined catalyst was
suspended in a required volume of methanol (99.5 %, commercial grade). Temperature of the
mixture was controlled at 60 °C by a water bath. Subsequently, the oil was added into the
mixture under vigorous stirring. After the course of the reaction, the catalyst was separated by
centrifuge and the reaction mixture was then loaded into a rotary evaporator to remove excess
methanol. The methyl ester layer was recovered in a separating funnel. The composition of

methyl ester product was analyzed with a Varian CP-3800 gas chromatograph (GC) equipped



with a FID detector and a 30-m DB-Wax capillary column. The amount of methyl esters
formed was calculated based on the internal standard method using methyl undecanoate as a
reference. The accuracy of this method was confirmed by comparing the data with those
obtained according to the standard method of EN14103. The methyl ester (ME) content is

defined as follows:

Caculated weight of methyl esters y
Weight of methyl ester phase

100

ME content (wt.%) =

3. Results and discussion

Table 1 shows the ME contents obtained from the transesterification of PKO catalyzed
by various one-component oxides. Under the present conditions, MgO did not active, while
the ME content of 46.2 % was attained over CaO. These results are consistent with the
previous work by Peterson et al. who reported the low catalytic activity of MgO and moderate
methyl ester yield over CaO in the transesterification of rapeseed oil [18]. Surprisingly, the
methyl ester formation over the synthesized BaO was very low. It should be related to the
temperature required for the activation of Ba precipitate. The TG analysis suggested that the
decomposition of BaCOg3 begins at > 850 °C. Therefore, the calcination of Ba precipitate at
800 °C was not sufficient to generate BaO sites. Pure ZnO gave very low ME content due to
its low basicity. On the other hand, the high ME content of 82.2 was achieved over the
calcined Al precipitate.

Al,O3, especially in y phase, is widely used as a support for the active
transesterification catalysts. However, Al,O; itself did not possess the activity [2]. The
formation of sodium oxide as well as basic aluminate species, for example NaAIO;, was
possible upon the calcination of Al precipitate. Contreras et al. observed transition alumina

and NaAlO, after the calcination of sodium dawsonite (NaAI(OH),COs3), precipitated from a



mixture of aluminum sulfate and sodium carbonate, at temperatures of 400-700 and 800-
900 °C, respectively [19].

NaAl(OHY. CO Na,O + Al,O,
400°C-700°C 800°C-900°C
aAl(OH),CO, _focroe , +CO,+HO — NaAlO,

Sodium dawsonite Transition alumina Sodium aluminate

The test of commercial NaAlO; in the transesterification of PKO resulted in the ME content
of 94%, but a part of the catalyst dissolved in methanol concomitantly with the formation of
soap. This result suggested that the reaction over the calcined Al precipitate significantly
undergoes through the homogeneous pathway.

The elemental composition and the physicochemical properties of calcined two-
component oxides are summarized in Table 2. The oxides possessed low specific surface area
due to the absence of intraparticle porosity, even though their particle sizes were small. MgAl
and ZnAl had relatively high surface area of 60 and 51.6 m? g, respectively, which is in the
typical range for the mixed oxides with spinel structure [20]. The XRD analysis indicated the
presence of poor crystalline spinel phase in the form of MgAl,O4 and ZnAl,O,4. The oxides of
MgAI and ZnAl exhibited high activity in the formation of methyl esters while the rest gave
the ME content less than 18%. Taking into account a high Na content of MgAl and ZnAl, it is
likely that a part of Al precipitated in the form of sodium dawsonite after which was
converted to transition alumina as well as NaAlIO, upon the calcination as mentioned above.

When Ca was added into the synthesis mixtures, the resulting solids possessed the
surface areas lower than the corresponding two-component oxides (Table 3). This effect was
very pronounced in the case of CaMgAl and CaZnAl. Compared to the SEM images of the
two-component oxides, an aggregation of small particles in the presence of Ca was found (Fig.
1). CaMgZn formed large spheres with the size of ca. 6 um (Fig. 1B), similarly to the

framboidal vaterite aggregates [21,22], while a part of CaZnAl particles exhibited rod-like



shape (Fig. 1F). The combination of Ba with Mg and with Zn resulted in the formation of
relatively large particles (Table 2). Ca induced merging of BaZn particles (Fig. 1D). It seemed
that the crystallization of calcite was disturbed by the divalent metal ions via either the
adsorption on the kink sites or the incorporation in to the lattice [14-17], leading to the
distortion of the ideal morphology.

It was revealed by the XRD analysis that the mixed divalent metal ions were
precipitated in the form of mixed metal carbonates (Fig. 2(a)). The broad characteristics of the
patterns of CaMgZn precipitate, indicating its low crystallinity, can be explained by the
incorporation of Mg®* and Zn?* into the lattice of CaCOs. Loste et al. observed that the
transformation of amorphous calcium carbonate into the crystalline phases was retarded at the
high concentration of Mg®* [17]. The remaining Mg*" and Zn*" were precipitated as the
hydroxide species due to the limit of COs* concentration. After the calcination at 800 °C, the
carbonates and the hydroxides were entirely decomposed, giving the corresponding metal
oxides. The cluster size of CaO in the case of CaMgZn was smallest (Table 3). We reported a
decrease in the CaO cluster size with increasing the Zn content in the mixed oxides of Ca and
Zn [11]. The generation of CaO with nanosize as a result of the thermal treatment of dolomite
(CaMg(COg3),) was observed by Wilson et al [10]. The Ca(OH), phase appearing in the
pattern should be a product of CaO hydrolysis by moisture in the atmosphere (Fig. 2(b)).

The formation of CaZn mixed precipitate significantly reduced the temperature
required for the generation of CaO [11] (see also Fig. 3C). The liberation of CO, from CaCO3
was facilitated by a number of voids produced via the earlier decomposition of basic Zn
carbonate species. When compared to pure CaCOj3 (Fig. 3A), the weight loss attributed to the
decarbonation of CaCOg3 (> 700 °C) occurred at lower temperatures in the case of the mixed
precipitates. CaMgZn precipitate had the lowest decomposition temperature of 706 °C (Fig.

3D). The generation of MgO occurred at 420-460 °C, while the dehydration of Ca(OH), was



usually observed at temperatures lower than 550 °C. Therefore, the presence of the weight
loss at 622 °C suggested that there was other CaCOg locating in the different environment to
that decomposed at 706 °C (Fig. 3D). This result was in accordance with the XRD analysis
that indicated the existence of two mixed Ca carbonates, i.e. CaMg(COs), and CazZn(COs),
(Fig. 2). By consulting Fig. 3B and 3C, CaO from the mixed carbonate of Ca and Zn should
take place at the lower temperature (622 °C).

Except for CaMgAl and CazZnAl, the presence of Ca enhanced the synthesis of methyl
esters (Table 3). It should be due to the basicity of CaO [23]. The low-energy ion scattering
(LEIS) study indicated that Ca deposited above the tetrahedral Zn in the spinel structure,
resulting in the low activity of Ca doped ZnAl,O,4 [20]. The low ME content attained over
Al,O3-supported CaO catalysts calcined at high temperatures was explained by the formation
of less active phase of calcium aluminate [3]. Among the Ca-based three-component oxides
investigated, CaMgZn and CaBazZn gave the high ME content, > 96% (Table 3). The results
in Fig. 4 revealed that the initial rate of the transesterification over CaMgZn was higher. In
the case of CaBaZn, the slow reaction rate in the first hour after which the yield of methyl
esters rapidly increased suggested a change in the catalysis mechanism. Probably, the active
phase leached at the initial stage of the reaction promoted the transesterification
homogeneously. BaO possessed the solubility in methanol higher than CaO [8]. As shown in
Table 3, CaBaZn exhibited a loss of Ca and Ba after being used.

Figure 5 shows the CO,-TPD profiles of CaMgZn and CaBaZn oxides in comparison
with that of pure CaCOj3 calcined at 800 °C. The peak appeared at 756 °C was assigned to
BaO in CaBazn. The desorption of CO, from MgO occurred at moderate temperatures (ca.
356 °C) whereas ZnO contributed to the weak basicity at temperatures < 200 °C. The peak
related to CO, desorbed from CaO (678 °C) was shifted to lower temperatures when Ca

formed the mixed oxides. The broad characteristics of the peaks should be ascribed to the



presence of CaO clusters adjacent to other oxides. As summarized in Table 4, CaO derived
from pure CaCO; possessed the highest basicity. However, the amount of basic sites
determined by TPD of CO, does not always correlate with the catalytic performance since the
adsorption of CO, with the small size is not selective. CaMgZn and CaBaZn had a similar
relative basicity. The higher activity of CaMgZn should be attributed to the higher quantity of
the sites with medium-to-strong basicity.

The effect of calcination temperatures on the transesterification over CaMgZn is
shown in Fig. 6. The suitable temperature for the calcination was strongly linked with the
temperature required for the decomposition of carbonate groups to generate the active oxides.
The TGA result suggested the complete transformation of the carbonates into the oxides at
temperatures > 700 °C (Fig. 3D). CaMgZn calcined at 800 °C yielded the highest ME content
(Fig. 6). The decline in the amount of methyl esters produced, when the mixed precipitate was
treated at 900 °C, should be due to a sintering of the active sites, similarly to the hard burn
effect observed for the natural CaMg(CO3); [24].

CaBazn exhibited a severe loss of the activity after being used twice (Fig. 7). Our
previous study pointed out the polar organic molecules, including glycerol and glyceride
derivatives, responsible for the deactivation of the mixed oxides due to a strong adsorption on
the active oxides [11]. Kouzu et al. demonstrated the presence of calcium diglyceroxides as a
product from the reaction of surface CaO with glycerol [25]. The formation of the glyceroxide
species did not only hamper the conversion of triglycerides to the esters, but also resulted in
the leaching of the active sites. The transesterification activity of both mixed oxides was
restored after treating the spent catalysts with the solution of methanol and 5 M NH;OH.
Calcium diglycerides were hydrolysable in the presence of water [25]. The effective removal

of the organic deposits was observed by the TGA analysis [11]. The lower ME content
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attained over CaBaZn after washing with the solution of methanol and 5 M NH,OH should be

related to a loss of active species by the leaching effect.

Conclusions

The Ca-based three-component oxides possessed low surface area due to the absence
of intraparticle porosity. The XRD analysis indicated the formation of mixed carbonates of Ca
and other divalent metal ions after which the corresponding oxides were generated. The co-
precipitation of Ca with other metal ions resulted in the aggregation of small particles to
bigger one in which the morphology depended on the types of metal ions. The TGA results
revealed a large decrease in the decomposition temperature for CaCOs, generating CaO, by
the formation of CaMgZn mixed precipitate. CaMgZn exhibited a superior performance to
CaBazn and other three-component oxides studied due to the higher quantity of medium-to-
strong basic sites. The calcination temperature of 800 °C was required for activating the
CaMgZn precipitate to obtain the highest ME content. CaMgZn can be reused by which the
suitable regeneration method was to wash with the solution of methanol and 5 M NH,OH.
The ongoing project is to investigate the effects of preparation conditions for CaMgZn, such
as the concentration of Na,COs solution, the molar ratio of COs*/metal and the pH of

synthesis mixture, on the methanolysis of palm kernel oil.
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Table 1
Methyl ester (ME) content obtained from transesterification® of PKO with methanol over

various one-component oxides calcined at 800 °C for 2 h

Catalyst ME content (wt.%)
MgO 3.0
CaO 46.2
BaO 0.3
ZnO 0.3
Al;,O3 82.2

% Reaction conditions: catalyst amount, 10 wt.%; methanol/oil ratio, 30; temperature, 60 °C;

time, 3 h.
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Table 2

Elemental composition and physicochemical properties of two-component oxides

Metal atomic ratio (M1:My)

Catalyst Na content? Before the reaction Particle size SBEZTe | ME content

(M:My) (Wt.%) After the reaction (H™) (m*g™) (wt.%)
Mixture®  Precipitate®

MgBa 1.84 1:1 1:3 1:2 1.1-6.4 4.2 17.6

MgZn 0.00 2:1 2:1 0.2-0.7 8.0 0.8

MgAl 33.40 2:1 3:1 0.1-04 60.0 96.5

BaZn 0.00 1:1 1:2 0.3-4.6 8.6 6.5

BaAl 2.27 1:1 1:2 n.d.? 9.6 10.7

ZnAl 21.15 3:1 2:1 0.3-0.6 51.6 94.4

% Na content in the precipitate determined by XRF spectroscopy.

® Atomic ratio of metals in the synthesis mixture.

¢ Atomic ratio of metals in the precipitate determined by XRF spectroscopy.

Y Determined by SEM technique.
® BET surface area.

" Reaction conditions: methanol/oil molar ratio, 30; catalyst amount, 6 wt.%; reaction time, 3 h; temperature, 60 °C.

9 Not determined.

16



Table 3

Elemental composition and physicochemical properties of Ca-based three-component oxides

Metal atomic ratio (Ca:M;1:M,)

Catalyst Na content? Before the reaction Particle size* C_aCZ cluster SBEZTf B ME content?
(CaM;My) (wt.%) After the reaction (um) size” (nm) (m*g™) (wWt.%)
Mixture®  Precipitate®

CaMgBa 1.68 1:1:1 8:1:6 10:1:7 2.1-7.6 42.8 6.7 32.2
CaMgZn 0.00 2:1:3 2:1:3 0.2-0.5 22.7 9.2 96.4
CaMgAl 16.90 3:1:2 2:1:2 n.d. 38.9 10.3 40.5
CaBaZn 0.00 1:1:1 1:1:2 0.8-11.7 40.8 4.9 98.8
CaBaAl 3.65 1:2:1 1:2:1 n.d. 46.7 7.7 67.8
CazZnAl 0.00 1:2:1 nd. 0.2-0.8 30.4 11.4 12.0

% Na content in the precipitate determined by XRF spectroscopy.

b Atomic ratio of metals in the synthesis mixture.

¢ Atomic ratio of metals in the precipitate determined by XRF spectroscopy.

9 Determined by SEM technique.

® Determined from XRD patterns using Sherrer’s equation.

"BET surface area.

9 Reaction conditions: methanol/oil molar ratio, 30; catalyst amount, 6 wt.%; reaction time, 3 h; temperature, 60 °C.

" Not determined.
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Table 4
Relative basicity of various oxide catalysts determined by temperature-programmed
desorption (TPD) of CO,

Distribution of base sites®

Catalyst Relative basicity®
Weak Medium Strong

CaO? 0.0 0.0 1.0 0.43

CaMgZn 0.04 0.24 0.72 0.30

CaBaZn 0.12 0.03 0.85 0.27

# Commercial CaCOg after calcination at 800 °C.
b Calculated from the profile area in the different ranges of temperatures: weak, 100-250 °C;
medium, 250-500 °C; strong > 500 °C.

¢ Calculated from total area of the profiles.
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Figure Captions

Fig. 1 SEM images of MgzZn (A), CaMgZn (B), Bazn (C), CaBazn (D), ZnAl (E) and
CaznAl (F) after the calcination at 800 °C for 2 h.

Fig. 2 XRD patterns of mixed CaMgZn precipitates before (a) and after (b) the calcination at
800 °C for 2 h. (Symbols: ¥ = Cazn(CO3),, ® = CaMg(COz3),, ® = Zn(OH),, 4 = Mg(OH);,
A = Ca(OH),, ) = Ca0, ] = MgO and ¥ = ZnO)

Fig. 3 TG and DTG curves of pure CaCOj3 (A) and mixed precipitates of CaMg (B), Cazn (C)
and CaMgZn (D).

Fig. 4 Dependence of the ME content on time in the transesterification of palm kernel oil with
methanol over CaMgZn (H) and CaBaZn (@®). Reaction conditions: methanol/oil molar ratio,
30; catalyst amount, 6 wt.%; temperature, 60 °C.

Fig. 5 Profiles of temperature-programmed desorption of CO, for pure CaCO; (a), CaMgZn
(b) and CaBaZn (c). Before the analysis, the samples were calcined at 800 °C for 2 h.

Fig. 6 Effect of calcination temperatures for CaMgZn precipitate on the ME content in the
transesterification of palm kernel oil with methanol. Reaction conditions: see Fig. 4.

Fig. 7 Reusability and regeneration of CaMgZn and CaBaZn. Reaction conditions: see Fig. 4.
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