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Abstract

The aim of this research was to determine the optimum parameters for synthesis and characterization of mixed rare
earth hydroxide (for use as a catalyst) through co-precipitation, with sodium hydroxide as precipitation agent at pH 12. The
effects of precipitation temperature (30,60 or 100 °C) and stirring speed (400 or 600 rpm) on the chemical composition, crystal
structure and surface characteristics of the catalyst were investigated. The chemical composition of the catalyst was analyzed
using X-ray fluorescence (XRF), and it was composed of CeOz, Nd20s, La20s, and Y20s. X-ray diffraction (XRD) studies
indicated that all samples had cubic structure of CeO.. The optimal temperature and stirring speed for precipitation of mixed rare
earth catalyst were 60 °C and 400 rpm, respectively, giving large specific surface after calcination at 300 °C. The high 190 m? g1
BET surface area and 1220 umol g total basic sites were achieved, indicating small crystallite sizes and large amount of active
sites in the catalyst. From the above results, the optimized catalyst is considered a promising solid catalyst for biodiesel

production.
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1. Introduction

Rare earth elements (REESs) or rare-earth metals are
elements within the lanthanide series, consisting of 15
elements including scandium and yttrium (Tyler, 2004).
Normally, the rare earth elements are divided into two
subgroups: the light rare earth elements (LREEs) or Cerium
group (La, Ce, Pr, Nd and Sm); and the heavy rare earth
elements (HREEs) (Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu and
Y). Rare earth metal oxides are common catalysts or catalyst
supports. Catalysts based on metal oxide nanoparticles (NPs)
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have received much attention because of their excellent high
catalytic activity (Navalén & Garcia, 2016). Metal oxide
nanoparticles have a high specific surface area, which can
increase the catalytic activity, and they can be easily recycled.

Currently, the world’s primary energy sources are
fossil fuels including oil, natural gas, and coal. The widely
used fossil fuels have two major issues of concern, namely
being non-renewable and harmful to the environment when
combusted, via greenhouse gas emissions (Abdallah & ElI-
Shennawy, 2013; Perera, 2018). To overcome these
challenges, renewable energy sources such as biofuels
(especially biodiesel) are assessed in many countries.
Biodiesel is a renewable fuel, environmentally friendly and
biodegradable in nature (Singaram, 2009). It can satisfy
energy safety requirements without compromising engine
performance. Biodiesel production is mostly carried out with
homogeneous catalyst base in transesterification reactions
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using alkaline catalysts. However, the separation and recovery
are still difficult when using a homogeneous catalytic system
(Cole-Hamilton, 2003). Some studies have reported the use of
heterogeneous catalysts in biodiesel production via
transesterification, with improved specific catalytic activity
over the homogeneous catalysts and without catalytic activity
loss (Semwal, Arora, Badoni, & Tuli, 2011; Thangaraj,
Solomon, Muniyandi, Ranganathan, & Lin, 2019).

Rare earths such as cerium and lanthanum have
been reported as promising heterogeneous catalysts for
biodiesel synthesis from vegetable oils with methanol. This is
due to the presence of dual strong acidic and basic sites, as
well as good stability. Zhao et al. (2019) have studied a metal
oxide catalyst for biodiesel production by transesterification
of palm oil, using lanthanum-dolomite as the heterogeneous
catalyst. A high biodiesel yield of 98.7% was achieved. The
dolomite when incorporated with cerium catalyst could
catalyze transesterification and achieve biodiesel yield of
97.21%, according to Niu et al. (2020)

There have been very few studies on the synthesis
and characterization of mixed rare earth catalysts for biodiesel
production, especially on the catalytic activity in simultaneous
esterification and transesterification. Therefore, in this work,
mixed rare earth hydroxide cake obtained from monazite
concentrate processing was utilized to prepare heterogeneous
nanocatalysts. The effects of precipitation temperature and
stirring speed on the physicochemical properties were
assessed in a preliminary study. It is expected that the
prepared catalysts would have high specific surface area with
a large number of basic/acidic sites. The catalyst will be used
to catalyze simultaneous esterification and transesterification
of palm oil in the presence of oleic acid with methanol, for
biodiesel production in the next experiment.

2. Materials and Methods

2.1 Catalyst preparation

The raw mixed rare earth hydroxide cake, received
from monazite concentrate processing, was used to synthesize
catalysts by co-precipitation method. The mixed rare earth
hydroxide cake (20 g) was dissolved in 6 M HCI to a final
volume of 250 ml. The solution was precipitated with NaOH
(20 %wt) at 30, 60 or 100 °C, with stirring speed of 400 or
600 rpm, until pH reached 12. The precipitate was washed
with distilled water and then dried at 110 °C for 12 h. The
dried sample was calcined in a furnace at 300 °C for 3 h to
obtain mixed rare earth catalysts. The prepared catalysts
before and after drying are demonstrated in Figure 1. The
different conditions for precipitation of mixed rare earth
hydroxide catalyst are shown in Table 1.

2.2 Catalyst characterization

The crystal structures of catalysts were identified by
using a Bruker-AXS, D8 AVANCE, X-ray diffraction
spectrometer (XRD) equipped with Cu Ka radiation source (A
= 1.5406 A). The diffraction patterns were collected at 25 °C
and over an angular range from 10 to 90° with a step size of
0.039°and a step time of 1 sec. The elemental compositions of
the mixed rare earth catalysts were analyzed using a Bruker
S8 Tiger wavelength dispersive X-ray fluorescence (WD-
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Figure 1. Mixed rare earth catalysts precipitated at pH 12 and
stirring rate of 400 rpm (a) before calcination, and (b) after
calcination at 300 °C for 3 h.

Table 1. Operating conditions tested for precipitation of mixed rare
earth catalysts.

Operating conditions
Sample
Precipitation temperature (°C) Stirring speed (rpm)
Mx-1 30 400
Mx-2 60
Mx-3 100
Mx-4 30 600
Mx-5 60
Mx-6 100

XRF) device. Nitrogen adsorption-desorption isotherms were
obtained at 77 K on a 3Flex Surface Characterization
Analyzer (Micromeritics Instrument Corporation, Norcross,
USA). Brunauer—-Emmett-Teller (BET) method and Barrett-
Joyner-Halenda (BJH) analysis were used to determine the
surface area, particle size, and pore volume distribution of the
catalysts. Temperature-programmed desorption of CO2 (TPD-
CO2) was performed on a Micromeritics AutoChem 2910
chemisorption analyzer.

3. Results and Discussion

Figures 2a and 2b show the XRD patterns of mixed
rare earth catalyst from the various precipitation conditions. It
is observed that the peak positions of the samples are in good
agreement with cubic phase of CeO: after calcination at 300
°C. The characteristic XRD peaks are identified at 26 = 28.5,
33.9, 47.8 and 56.2 (JCPDS file N0.78-0694) corresponding
to (111), (200), (220) and (311) planes, respectively.
Moreover, all the XRD patterns with broad peaks indicate the
formation of small-sized and poorly crystalline catalyst
(Moreau et al., 2013). The average crystallite size of catalyst
was calculated by using the most intense peak at full width at
half maximum (FWHM), based on the Debye-Scherrer
formula (Patterson, 1939) as follows.

_0.894
o Bcosd

@

where D is the crystallite size, A is the wavelength of X-rays, g
is the Full Width at Half Maximum (FWHM) of the Bragg
diffraction peak (in radians) and 6 is the diffraction angle of
the reflection. The average crystallite sizes for Mx-1, Mx-2,
Mx-3, Mx-4, Mx-5 and Mx- 6 catalysts were 4.07, 3.97, 3.60,
3.86, 4.12 and 3.97 nm, respectively, as shown in Table 3,
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Figure 2. XRD patterns of mixed rare earth catalysts precipitated at pH 12, at stirring speed of (a) 400 rpm, and (b) 600 rpm at various

precipitation temperatures.

Table2. Chemical compositions of mixed rare earth catalysts
prepared at various operating conditions as measured by
XRF.
Concentration (Wt%)
Element 30°C 60 °C 100 °C
400 600 400 600 400 600
rpm rpm rpm rpm rpm rpm
CeO, 62.13 67.03 66.39 6455 66.25 66.68
Nd,O; 11.84 1251 1222 1260 1285 1272
La,03 6.17 6.65 6.38 6.50 6.21 6.49
Y203 321 3.35 3.25 3.36 341 3.32
PreOy1 2.46 2.69 2.66 271 2.84 2.72
Sm,0s 2.35 2.57 254 2.80 2.83 2.66
Gd,03 1.42 1.76 1.74 174 1.59 171

indicating that the precipitation temperature and stirring speed
had no significant effect on average crystallite size of catalyst.

The chemical compositions of catalyst samples
measured using WDXRF are summarized in Table 2. As can
be seen from the table, the precipitation temperature and
stirring speed did not significantly affect chemical
composition of the catalyst. However, a smaller content of
individual rare earth was precipitated at 30 °C and 400 rpm
stirring speed, indicating that the higher 600 rpm stirring
speed was required to precipitate the rare earth elements at 30
°C. The main components of catalysts were CeO: (62-66
wit%), Nd203 (12-13 wt%) and La203 (6-7 wt%). It has been
reported that three rare earth elements could efficiently
catalyze both transesterification and esterification reactions to
produce biodiesel (Sajith et al., 2010; Vieira et.al, 2013; Li et
al., 2015). Other rare earth elements including Y203 (3 wt%),
PrsO11 (2-3 wt%), Smz03 (2-3 wt%) and Gdz203 (1-2 wt%)
were also found in the catalysts.

The effects of temperature on the precipitation were
such that at a higher reaction temperature the sedimentation
time of rare-earth catalysts was shorter and with higher
solubility than at low temperatures (Magbool, Srikiratiwong,
& Fogler, 2011). In addition, the stirring speed also had an
effect on the outcome. By stirring the slurry at a high speed,
the solutions are easily mixed together. This is because of the
increased suspension viscosity during precipitation, which
results in shorter sedimentation time than at a low stirring
speed.

The nitrogen  adsorption-desorption  isotherm
profiles of catalysts are shown in Figure 3. All the adsorption-
desorption isotherms were of Type IV. The hysteresis loops of
Mx-1, Mx-3, Mx-4 and Mx-6 samples were of Type H3, while
the Mx-2 and Mx-5 samples exhibited Type H4 hysteresis
loops in the IUPAC classification, indicating mesoporous
materials. The surface area, total pore volume and average
pore diameter of catalysts are summarized in Table 3. An
increase in precipitation temperature from 30 to 60 °C greatly
increased specific surface from 99.67 to 190.21 m? gt at 400
rpm stirring speed. However, a further increase of the
precipitation temperature to 100 °C decreased the specific
surface to 168.49 m? g'1. The same trend was observed at 600
rpm stirring speed. The total pore volume showed a similar
trend to surface area. The average pore diameter of catalysts
was in the range of 4-7 nm. This result matches the XRD
results that showed extremely high surface areas and small
crystallite sizes of catalyst (Bueno-Ferrer, Parres-Esclapez,
Lozano-Castell6, & Bueno-Lépez, 2010). The total pore
volume was in the range of 0.17-0.37 cm® gX. Normally, the
catalytic activity of a solid catalyst in esterification and
transesterification corresponds to the amount of basic/acidic
sites on the catalyst; a high specific surface of the catalyst
could enable a large amount of basic/acidic sites. It can be
seen that the mixed rare earth oxide catalyst precipitated at 60
°C and 400 rpm exhibited high surface area, which could lead
to more efficient catalytic activity in biodiesel production
(Argyle & Bartholomew, 2015).

TPD profiles of CO2 adsorbed on mixed rare earth
catalysts, for cases with the highest and the lowest specific
surface areas, are shown in Figure 4; and the basicity of the
catalysts is summarized in Table 4. Three CO2-TPD peaks
were divided to weakly basic sites (desorption occurred in the
range 100-200°C), moderately basic sites (desorption
occurred in the range 200-400 °C) and strongly basic sites
(desorption occurred above 400 °C) (Madduluri et al., 2020).
As can be seen from Figure 4, the mixed rare earth catalysts
precipitated at 30 °C showed three CO2 desorption peaks, a
small one at 94 °C and two broad peaks at 345 and 900 °C,
attributed to the presence of weak, medium and strong basic
sites, respectively. Meanwhile, a broader CO2 desorption peak
at 344 °C was ascribed to moderately basic sites was observed
for mixed rare earth catalysts precipitated at 60 °C. There was
a small desorption peak at 104°C attributed to weakly basic
site. A very small peak at 893 °C was attributed to a strongly



1754

250

—o0—pH 12, 30 °C
—o—pH 12,60 °C
—A—pH 12, 100 °C

200

150 4

100

Adsorbed volumn (cm’g”, STP)
o
o
1

Relative pressure (P/P,)

W. Kingkam et al. / Songklanakarin J. Sci. Technol. 43 (6), 1751-1755, 2021

250

—o0—pH 12, 30°C B%
—0—pH 12,60 °C

—A—pH 12, 100 °C E;g

N

(=

S
1

150

100

Adsorbed volumn (cm’g”, STP)
o
g
!

Relative pressure (P/P“)

Figure 3. N adsorption-desorption isotherms of mixed rare earth catalysts precipitated at pH 12, and stirring speed of (a) 400 rpm, and (b) 600

rpm at various precipitation temperatures.

Table 3.

Physicochemical properties of mixed rare earth catalysts prepared at various operating conditions.

Operating conditions

Crystallite size

BET surface area Average pore size diameter

Precipitation temperature Stirring speed (nm) (m2g?) (nm)
(C) (rpm)
30 400 4.07 99.67 7.46
60 400 3.97 190.21 4.04
100 400 3.60 168.49 9.11
30 600 3.86 159.65 9.72
60 600 4.12 179.05 4.29
100 600 3.97 158.08 9.27

—— pH12, 30 °C 400 rpm
——pH12, 60 °C 400 rpm
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Figure 4. CO2-TPD profiles of mixed rare earth catalysts

Table 4. Basicity of mixed rare earth catalysts prepared at various

operating conditions.

Operating conditions Basicity (umol/g)
Precipitation Stirring
temperature (°C)  speed (rpm) Weak  Moderate  Strong
30 400 2043  373.19 193.47
60 400 66.72 1153 5.60

basic site. Table 4 shows that mixed rare earth catalysts
precipitated at 30 °C gave the most strongly basic sites with a
total basicity of 587.10 pmol g?!. Meanwhile, catalysts

precipitated at 60 °C presented the most medium basic sites
with the highest total basicity of 1219.72 umol g, reflecting
the high surface area of the catalyst. It can be concluded that
the higher precipitation temperature could promote medium
basic sites while the lower temperature offered formation of
strongly basic sites. The basic site density of catalyst promotes
adsorption for catalytic reaction of reactants, improving the
yield in biodiesel production (Pan, Peng, Sun, Wang, &
Wang, 2014). In further studies, two synthesized catalysts will
be tested for catalytic activity in  simultaneous
transesterification and esterification of palm oil with
methanol.

4. Conclusions

Mixed rare earth catalysts were synthesized by co-
precipitation at a constant pH of 12. The influence of
precipitation temperature (30, 60 or 100 °C) and stirring speed
(400 or 600 rpm) on the physiochemical properties of catalyst
were investigated. The XRD results showed cubic phase of
CeO2 as the dominant phase with crystallite size range of 3-4
nm. The XRF analysis confirmed that CeO2, Nd203 and La203
were predominantly present in the catalysts. The highest BET
surface area of mixed rare-earth oxide catalysts of 190 m? gt
was achieved under the following conditions: precipitation
temperature 60 °C and stirring rate 400 rpm. These gave the
largest amount of basic sites, at 1219.72 umol g?. At the
lower precipitation temperature of 30 °C, strongly basic sites
were formed on the catalyst. It could be expected that the
catalyst with high surface area and large number of basic sites
would provide good catalytic activity in biodiesel reaction.
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The synthesized catalysts will be further investigated for their
catalytic activities in simultaneous transesterification and
esterification reactions for biodiesel production. In addition,
the effects of precipitation pH on the chemical composition
and physicochemical properties of catalyst will be assessed.
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