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A B S T R A C T

New functional polycation oxide-type catalysts were synthesized by the ultrasonic spray-pyrolysis method. The
catalytic activity in the production of fatty acid ethyl esters (FAEE´s) using soybean oil was studied. Catalysts
are conformed by nanostructured hollow spheres of low density with a stoichiometric formula Ca⁠1-xK⁠xTiCu⁠x/2O⁠3.
The influence of the substitutional ratio (x) upon the catalytic activity was verified. The Ca⁠1-xK⁠xTiCu⁠x/2O⁠3 sample
with x=0.3 showed the highest activity with a yield up to 89 % to produce fatty acid ethyl esters (FAEE´s) after
24h reaction using 15wt.% catalysts, 120 °C and 40bars. The enhancement in the activity was ascribed to the
substitution of the Ca⁠+2 sites by K⁠+ and Ti⁠+4 by Cu⁠+2 and to the hollow morphology favoring a more effective
interaction between the soybean oil and the active basic sites of the catalysts.

1. Introduction

Innovative catalysts can be developed from the concept of an ideal
double perovskite structure with AA'BB'O⁠6 or A⁠2BB'O⁠6. In these mate-
rials, the chemical formula exhibits two similar sites called A and A’,
and two similar sites called B and B’ turning feasible in a simultane-
ous way, a double substitution process in two distinct crystallographic
sites of the host structure. This intrinsic feature of the perovskites allows
the tailoring its bulk or surface properties. Sites A and A' are prefer-
ably occupied by alkaline-earth cations and by alkali metals, respec-
tively. Such structures are quite similar to the classical cubic structure of
the perovskite ABO⁠3 [1], with the difference that the “B” sites in ABO⁠3
are shared by two cationic species called B and B’, which are arranged
in alternate way in the three spatial directions [2]. In a preferential
way, both B and B' sites are occupied by transition metals [3–7]. The
substitution can occur by a great variety of cationic species and even
by the same cations with distinct oxidation states. In fact, the physic-
ochemical properties of these compounds including magnetism [8–13],
half metallicity and spin polarization [14], multiferroics [15,16] and di

electrics [17] can be engineered or modulated by the correct selection
of the type of cation positioned on the B-sites. In this sense, a new class
of perovskite-type materials called half-metallic ferromagnets have re-
ceived an increasing attention in spintronics [18,19]. Such materials
have a double property with relation to the electrons spin, they behave
like metals in one direction and as semiconductor in another direction.

On the other hand, from a technological point of view, it is even
more important to emphasize that the perovskites have been investi-
gated in several catalytic processes such as methane combustion [20],
diesel and biodiesel soot combustion [21], dry methane reforming and
ethylene homologation reaction [22], and photocatalytic degradation of
pollutants in aqueous phase [23–25]. As a general conclusion, the cat-
alytic activity of these oxides is influenced by the type of cation and
the site occupied in the structure. Cations on the A sites provide ther-
mal and structural resistance to the catalyst, while cations on the B
sites are responsible of the catalytic activity. In addition, the type of
A cation and its atomic radii can influence the oxidation state of B
cation and the formation of structural defects, respectively, that affect
the catalytic activity. For instance, the complex structures of calcium
oxides with general formula CaMO⁠3 (M=Ti, Mn, Zr or Fe) [26–27]
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have shown high catalytic activity in the biodiesel production yielding
between 79 - 92% conversion of the oil/alcohol mixture to methyl esters
[27]. In addition, a copper-containing calcium titanate, with the stoi-
chiometry formula CaCu⁠3Ti⁠4O⁠12, has been reported as a multifunctional
oxide with an important visible light-driven catalytic activity in envi-
ronmental remediation [28,29].

In the last years, an increase in the research on the production of
biodiesel fuels has been performed [30,31]. The mixture of esters of
long chain fatty acids composing biodiesel can be used as an alterna-
tive fuel or mixed with diesel or even as fuel in compression-ignition
engines [32]. It is well-known this alternative source of energy can re-
duce the dependence on petroleum-based fuels as well as to reduce
the emissions of air pollutants. The biodiesel production is commonly
performed by homogeneous catalytic processes using KOH, NaOH and
alkoxides as catalysts [33]. However, the product obtained must be
neutralized, increasing the operational steps and costs [34]. In this
sense, several organic and inorganic heterogeneous basic catalysts such
as zeolites, hydrotalcites, anion exchange resins, alkaline earth oxides
(CaO, ZnO and MgO), and carbon-based catalysts, have been success-
fully studied for the production of biodiesel [35,36]. Nevertheless, in
the last decades, the nanoparticles have been highlighted as promising
catalysts for the biodiesel production due to several properties such as
the hierarchical pore size distribution and the high surface area, lead-
ing to higher catalytic activity than classical bulk catalysts [22–24]. In
addition, these catalysts are suitable for the environmentally friendly
biodiesel production [37]. For instance, CaO [38], ZnO [39], Fe (II)-ZnO
[40], Ag/ZnO [41], and SiO⁠2/ZrO⁠2 [42] nanocatalysts have been used
for biodiesel synthesis and several methods have been reported for
the synthesis of nanoparticles including ball milling [39], sol-gel [43],
sonochemical [44], and microwave irradiation [45]. In addition, sus-
tainable processes for the synthesis of biodiesel have been recently re-
ported iusing Fe⁠3O⁠4-PDA-Lipase as surface functionalized nano biocata-
lysts [46], mixtures of Zn/Mg oxidic nanocatalysts [47], dual-frequency
pulsed excited CaO-based catalysts [48], magnetically active and stable
cuprospinel CuFe⁠2O⁠4 catalysts [49], and Cu-impregnated TiO⁠2 nanocata-
lysts [50]. However, though these works have reported yields up to 98%
in the production of biodiesel, in some cases, the catalysts are expensive
and required long and non-eco-friendly synthesis.

All the above-mentioned works have achieved to the general con-
clusion that the catalytic activity is mainly influenced by the morphol-
ogy of materials which is highly dependent of the chemical synthe-
sis route. From this point of view, composition and synthesis process
should be carefully considered. Alkali-metal containing titanate-based
perovskites-like catalysts used for biodiesel synthesis have been pre-
pared by solid-state reactions from a mechanical mixture of carbonate
and oxides as starting materials [26,27,51]. However, this route can
lead to heterogeneous mixtures. As a general fact, the preparation of
CaTiO⁠3 from the mixture of oxides led to the formation of secondary
phases as CaO [23]. A complete solid-state reaction requires a number
of grinding/regrinding steps of the calcined powders. Nevertheless, in-
termediate or new metastable phases appear in powders prepared by
conventional routes. Otherwise, the methods for the preparation of ti-
tanate-based oxide catalysts based on the chemical synthesis tend to im-
prove stoichiometry, surface area and homogeneity [52–55].

In this work, a set of materials based on the CaTiO⁠3 host structure
were synthesized by spray pyrolysis method. This method allowed to
prepare nanostructured hollow spheres with a high chemical and struc-
tural reproducibility. These materials, with the formula Ca⁠1-xK⁠xTiCu⁠x/
2O⁠3 where x=0, 0.2 and 0.3, were studied as promising heterogeneous
catalysts in the transesterification reaction for the production of fatty
acid ethyl esters (FAEE´s) by the ethylic route as potential biodiesel
fuel. The influence of temperature, pressure, reaction time and catalyst
concentration upon the catalytic activity was verified and discussed in
terms of the physicochemical properties of the materials.

2. Experimental

2.1. Synthesis and Characterization of doped CaTiO⁠3

Hollow particles constituted by a single-phase solid solution de-
scribed by the general formula Ca⁠1-xK⁠xCu⁠x/2TiO⁠3, were synthesized by
the spray-pyrolysis method [56–59]. The materials CaTiO⁠3,
Ca⁠0.8K⁠0.2Cu⁠0.10TiO⁠3, and Ca⁠0.7K⁠0.3Cu⁠0.15TiO⁠3 were denoted as CT,
CaKCT-0.2 and CaKCT-0.3 for x=0, 0.2 and 0.3, respectively. This
chemical route of synthesis allowed the preparation of nanostructured
materials with a narrow particle size distribution and a high repro-
ducibility [60,61]. Prior to the aerosol formation, precursor solutions of
CT, CaKCT-0.2 and CaKCT-0.3 were prepared using titanium isopropox-
ide (Ti([OCH(CH ⁠3)⁠2]⁠4, 97% Aldrich), citric acid (C⁠6H⁠8O⁠7.H⁠2O, 99.5%
Nuclear), potassium nitrate (KNO⁠3, 99.0% ReAgen UK), copper nitrate
(Cu(NO ⁠3)⁠2, 99.0% ReAgen UK) and calcium nitrate (Ca(NO ⁠3)⁠2.4H⁠2O,
99.0% ReAgen UK) as starting reagents. An aqueous solution (250mL)
was prepared mixing citric acid and titanium isopropoxide at 70 °C
in a molar ratio 3:1. Citric acid avoids the ultrafast hydrolysis of
Ti[OCH(CH ⁠3)⁠2]⁠4. Two different concentrations of the solutions with
these precursors were investigated, 0.025mol L⁠-1 and 0.1mol L⁠-1. Solu-
tions were ultrasonicated in a high frequency ultrasonic generator oper-
ating at 1.7MHz. The aerosol was conducted from the ultrasound appa-
ratus to the reactor within a tubular furnace, using a mixture of nitrogen
and oxygen as carrier gas with a flow rate of 3L min⁠-1. The temperature
was set at 750 °C and 850 °C prior to reach a complete pyrolysis with the
subsequent formation of the oxide.

The morphology of powders was verified by scanning and trans-
mission electron microscopy (SEM/TEM). SEM analysis was performed
using a microscope model Curls Zeiss EVO LS15, operating at 30kV.
Samples were coated with a thin gold film by the evaporation method.
Quantitative analysis of SEM images was derived from a statistical im-
age processing using the ImageJ program. TEM characterization was
performed in the Microscope, Jeol, JEM-2100, equipped with EDS,
Thermo scientific, operating at 200kV. All samples were dispersed in
ethanol (99.98%), using an ultrasonic cleaner during 15min. Then, an
aliquot of the sample was deposited on the carbon-coated copper screen.
After drying, samples were characterized.

Textural properties were obtained from the N⁠2 adsorption/desorp-
tion isotherms at −196 °C using an Autosorb iQ Station 2 apparatus. Sur-
face area was determined by BET (Brunauer–Emmett–Teller) equation,
while BJH (Barrett–Joyner–Halenda) method was used to obtain the to-
tal volume of pores and the average pore diameter.

The active sites of the catalysts surface were determined by the Ham-
mett indicator method [62] using methyl orange (pKa=3.3), neutral
red (pKa=6.8), thymol blue (pKa=8.8), phenolphthalein (pKa=9.8)
and alizarin yellow (pKa=11.1). The quantitative determination of ba-
sicity was done by titration with benzoic acid. A suspension of 0.15g
of catalyst in methanolic solution of indicator (2mL, 0.1mgmL⁠-1) was
stirred for 30min and then titrated with a methanolic solution of ben-
zoic acid (0.01mol L⁠-1). The experiments were performed by adding the
indicator solution to a suspension of the catalyst and the change of color
was observed upon adsorption of the indicator on the surface of the cat-
alyst, as a result of a contribution of all acidic and basic sites in the cata-
lyst. An indicator with a higher pKa is deprotonated only upon reaction
with stronger basic sites. When the number of deprotonated molecules
is higher than protonated molecules, the basic color is observed. In this
work a change in the color of the suspension was only observed at high
pKa, indicating the presence of basic sites for all catalysts prepared.

Chemical bonds of catalysts were studied by Fourier transformed in-
frared spectroscopy (FTIR) in the range from 4000 to 400cm⁠-1 in a Shi-
madzu spectrometer (model IRAffinity-1).
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Structural features of Ca⁠1-xK⁠xCu⁠x/2TiO⁠3 powders with x=0, 0.2 and
0.3 were obtained by X-ray diffraction (XRD) patterns using a Shimadzu
diffractometer (model XRD-6000) with Cu-Kα⁠1 radiation and a graphite
monochromator. Data were collected between 5° ≤ 2θ ≤ 80° with a scan-
ning step of 0.02° and a fixed counting time of 10s. The crystallite size
(D) was calculated by Scherrer’s equation with the use of the Jade 8
Plus software [63]. The crystallinity index of powders was obtained us-
ing the Eq. (1) where I⁠o⁠112 is the maximum intensity associated to the
diffraction line (112) of the crystallographic plane for calcium titanate
100% crystalline and I⁠112 is the maximum intensity related to the (112)
diffraction line of the powders.
Crystallinity index (%) = (I ⁠112/I⁠o⁠112) x 100 (1)

Crystalline structures were refined by the Rietveld method using the
Fullprof program [64,65]. Functions used for the background level and
peak shape were polynomial 5-order and pseudo-Voigt, respectively.
The diffraction line full-width at half-maximum FWHM (H) was deter-
mined by the Caglioti function [66]. The crystalline structures were
built using the Diamond software®.

2.2. Catalytic tests: Fatty acid ethyl esters synthesis

The transesterification reaction for the synthesis of fatty acid ethyl
esters (FAEE´s) was carried out in a Parr autoclave reactor. High-qual-
ity soybean oil was the feedstock used in the present work. The acid
value of the feedstock is one of the most important characteristcs of a
feedstock to be used for the biodiesel synthesis. The acid value of the
present soybean oil was equal to 0.015mgg⁠-1. The acidity index value
was determined using 1g of refined soybean oil diluted with 50mL of
ethyl alcohol in a 125mL Erlenmeyer with mild heating and stirring. Af-
ter this, 0.05mol L⁠-1 of KOH solution was dropped using a burette into
the ethanolic soybean solution containing phenolphthalein as indicator
until complete disappearance of the pink color of the medium. The acid-
ity index (AI) is a measure of the amount of free fatty acids in the oil.
This parameter was estimated by the Eq. (2), where V is the volume of
KOH used for neutralization (mL), C⁠KOH is the concentration of the KOH
solution (mol L⁠-1), 56 is the molecular weight of KOH (g mol⁠-1), and m
is the weight of the soybean oil sample (g).
IA = (V C ⁠KOH 56)/m (2)

Additional data of the physicochemical characteristics of the soy-
bean oil used as feedstock in the present work, including the saponifica-
tion value, density and refraction index are shown in the Table S1 (sup-
plementary material). It can be seen these values are within the respec-
tive ranges reported by the Brazilian legislation to qualify the soybean
oil.

For the catalytic tests, 100mL mixture containing ethanol and soy-
bean oil in the molar relation 40:1 was poured into the reaction vessel
and the solid catalyst was added using, 5, 10 and 15% wt. related to
the soybean oil weight. The reaction was followed from 8 - 24h, using
temperatures between 60 - 120 °C and N⁠2 pressures of 1 - 40bar. The
mechanical stirring was constant ca. 600 rpm in all the catalytic tests.
In preliminary studies [67] the optimization of the experimental condi

Table 1
Textural properties obtained from the N⁠2 adsorption/desorption isotherms at −196 °C for
the CT, CaKCT-0.2 and CaKCT-0.3 samples prepared at 850 °C from 0.1mol L⁠-1 of precur-
sor solution.

Samples
S⁠BET
(m⁠2 g⁠-1)

V⁠micro
(cm⁠3 g⁠-1)

V⁠meso
(cm⁠3 g⁠-1)

V⁠meso/V⁠tot
(%)

V⁠total
(cm⁠3 g⁠-1)

W
(nm)

CT 54 0.016 0.230 93 0.246 5
CaKCT-0.2 52 0.012 0.292 96 0.304 10
CaKCT-0.3 44 0.008 0.221 97 0.229 13

tions to obtain the highest yield of FAEE´s has been described. These
conditions are the following. Molar ratio ethanol/soybean oil 40:1, pres-
sure 40bar pressure and 120 °C as temperature of reaction. The exper-
imental conditions used in the present work are within the range re-
ported in most of recent works of biodiesel production. For instance,
catalysts concentration from 1wt.% [46] up to 20wt.% [50]; temper-
ature from 30 [46] up to 80 °C [50], reaction times between few min-
utes [48] up to 48h [46]; alcohol:oil ratio from 3:1 [46] up to 30:1
[50]. After the catalytic tests, the heating and the stirring were stopped,
and the reaction vessel was permitted to cool down following the de-
pressurization of the reactor. Then, the catalyst was removed by cen-
trifugation process of the organic solution [67] and the resulting solu-
tion was filtrated to obtain the mixture of FAEE´s. The FAEE´s composi-
tion was analyzed by gas chromatography with a flame ionization detec-
tor (GC-FID) and GC-coupled mass spectroscopy (MS-GC). The GC-FID
analysis was carried out using a Shimadzu apparatus, model GC-2010.
A capillary Rtx-Wax column (30m x 0.25mmx0.25mm thickness) was
used. A progressive temperature program was performed to optimize the
GC-FID analysis. The injector and detector were maintained at 250 °C.
The carrier gas flow (N⁠2) was ca. 1mL min⁠-1 with a linear velocity ca.
23.4cm s⁠-1. The injection mode was 1:15 split less and the injection vol-
ume of samples was 1µL. The identification and quantification of the
compounds were accomplished by the injection of a standard of ethyl
oleate (5 at 50mmol/L) and the yield of FAEE´s was calculated with a
standard curve as described elsewhere [68–70]. All analyses were done
by triplicate.

The yield of FAEE´s (FAEE Yield) was calculated in terms of the con-
version of the soybean oil using the Eq. (3), where EO is the concentra-
tion of ethyl oleate, F is a dilution factor, MW is the molecular weight
of the oil, and P is the experimental percentage of ethyl oleate.
FAEE Yield (%) = {[(EO).(F)]/[(weight)/(MW)×3×P)]}.100 (3)

Additional consecutive catalytic runs were performed to verify the
reuse of catalysts. After each consecutive catalytic run, the leaching
of metals from catalysts was verified. To do this, the solution with
the transesterification mixture was filtrated and washed with hexane
(10mL) after the catalytic test, and traces of metals, mainly K and Ca
were verified by flame atomic absorption spectrometry (FAAS) tech-
nique, with a continuous source lamp and current of 13 A. The analy-
sis was performed according to the Brazilian Standard Method ABNT
NBR 15556. The instrumental parameters for K determination were:
λ =766.4908nm; burner height=8mm; gas flow=60L h⁠-1;
C⁠2H⁠2/air=0.130, while for Ca were: λ =422.6728nm; burner
height=13mm; gas flow=40L h⁠-1; C⁠2H⁠2/air=0.100.

3. Results and Discussion

3.1. Characterization of the materials

3.1.1. Morphology: SEM and TEM studies
Fig. 1 shows the SEM micrographs for CT, CaKCT-0.2 and CaKCT-0.3

samples obtained at 850 °C from 0.1mol L⁠-1 of precursor solution. The
morphology of all the materials is spherical and the samples are charac-
terized by a high degree of roughness. It can be seen from the magnifi-
cation of the SEM images for CaKCT-0.2 (inset, Fig. 1b) and CaKCT-0.3
(inset, Fig. 1c), that the present particles are hollow spheres indicating a
low density of these materials. This characteristic can be associated with
the solvent evaporation rate [71]. The drip increases with the increase
of the concentration of the precursor solution and a fast evaporation of
the solvent can induce to the formation of a salt crust on the surface of
the particles, prior to the pyrolysis [72].

The histograms associated to the particle size distribution (Fig. 1)
showed that CaKCT-0.2 developed a similar particle size distribution
to that observed on the CT sample, with a maximum size of particle
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Fig. 1. SEM images for the samples prepared at 850 °C from 0.1mol L⁠-1 of precursor solu-
tion. (a) CT. (b) CaKCT-0.2. (c) CaKCT-0.3.

ca. 700nm. By contrast, CaKCT-0.3 sample is characterized by a maxi-
mum size of ca. 500nm. It could be due to higher cohesion forces be-
tween the spherical particles promoted by a higher copper content. The
ionic radii of Cu⁠+2 is clearly lower than that of Ca⁠+2 (0.73Å against
1.00Å), and during the coalescence mechanism [73] a higher cohesion
between the spheres could be responsible of the formation of particles
with smaller sizes. For the lowest concentration of precursor solution
(0.025mol L⁠-1), the CT powders also presented particles with spherical
shape but with a smoother surface as shown in Figure S1 (supplemen-
tary information). As a general fact, the lower concentration of the
precursor solution yields smaller and less agglomerated particles with
an average size between 200 and 500nm, than using 0.1mol L⁠-1 of pre-
cursor solution (Fig. 1a). Similar results were observed for the CaKCT-

0.2 and CaKCT-0.3 samples (Figure S2 and S3, respectively, Supple-
mentary). It must be point out that fractures in the shells of the
CaKCT-0.2 and CaKCT-0.3 spheres prepared from the diluted precur-
sor solution were not detected (Figure S1, Supplementary). This re-
sult suggests that sintering effect is not taking place in these samples or
that thickness of wall particles is large enough to prevent the fracture.
As noted above, the spheres were formed by a coalescence phenomenon
between particles of similar size [73]. This is a clear evidence that the
present materials are nanostructured. This aspect can also be further vi-
sualized in the SEM images shown in Figure S3 (Supplementary) for
the CaKCT-0.3 sample where the average particles size range between
400 – 800nm.

The increase in the substitutional ratio (x) led to a change in the sur-
face of the particles. For instance, CaKCT-0.2 and CaKCT-0.3 samples
(Fig. 1), are constituted by hollow spheres when a high concentration
of precursor solution is used (0.1mol L⁠-1). The particles showed more
roughness on the surface of CaKCT-0.3 sample. In addition, this sample
also shows an important presence of salt crust on the surface before the
pyrolysis. This phenomenon suggests that stoichiometry of the precur-
sor solution play an important role in the control of the particle surface
as can be visualized in the TEM images (Fig. 2) for CT, CaKCT-0.2 and
CaKCT-0.3 samples prepared at 850 °C from 0.1mol L⁠-1 of precursor so-
lution.

The higher the ratio x, the higher the fraction of particles with larger
sizes, that after the crystallization, tend to agglomerate and growth
forming spheres with multiple grains/crystals. It should also be mention
that the evaporation of the solvent may changes the concentration of
precursor salt, leading to a saturation of the concentration in the solu-
tion of the precursor. As consequence, a precipitation of the precursor
on the drip surface occurs [74], since the solvent evaporation is more
rapid than its diffusion, which is clearly affected by the saturation of
the solution. This feature results in a porous hollow particle, as well as
an increase in the roughness degree of the particles, in agreement with
the features observed in the SEM (Fig. 1c) and TEM images (Fig. 2c).
In this way, the concentration of the precursor solution has an impor-
tant role on both spherical form and roughness of particle. As expected,
the crystalline plane indexed in the TEM images were (111) and (021),
were both associated with the host structure CaTiO⁠3 having orthorhom-
bic symmetry as can be seen from Fig. 2.

3.1.2. Textural properties: N2 adsorption/desorption isotherms
It is well-known that biodiesel is composed by esters of long-chain

fatty acids with a large molecular size containing single chains of 12 to
24 carbon atoms [75]. Thus, textural properties are important charac-
teristics of the materials since these parameters have a significant role
on the catalytic activity for the biodiesel production. Figure S4 (Appen-
dix) shows the N⁠2 adsorption–desorption isotherms at −196 °C obtained
for the samples prepared at 850 °C from a concentration of 0.1mol L⁠-1

of the precursor solution. A summary of the main textural parameters
such as surface area (S⁠BET), total volume of pores (V⁠total), volume of mi-
cropores (V⁠micro), volume of mesopores (V⁠meso), and the most probably
pore diameter (W), of the CT, CaKCT-0.2 and CaKCT-0.3 samples are
listed in the Table 1. It can be seen from Figure S4 that all materials
showed IV-type isotherms and H3-type hysteresis loops according to the
new classification of physisorption isotherms and hysteresis loops [76].
This type of isotherm corresponds to materials with a framework mainly
composed by mesopores in the range 2 - 50nm, with a small contribu-
tion of micropores. The adsorption behavior in mesopores is determined
by the adsorbent-adsorptive interactions and by the molecular interac-
tions in the condensed state [76]. This type of hysteresis can be given by
non-rigid particles such as the present nanostructured spheres but also,
they occur if the pore framework consists of macropores which are not
filled with pore condensate [76].
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Fig. 2. TEM images of the samples prepared at 850 °C from 0.1mol L⁠-1 of precursor solution. (a) CT. (b) CaKCT-0.2. (c) CaKCT-0.3.

It is interesting to note that the hysteresis branch for the desorption
are remarkably narrowed for the CaKCT-x powders, where x=0.2 and
0.3. This can be associated with the hollow spaces in the spheres pre-
pared with a high value of x ratio, yielding to fractures of the materials.
Consequently, a decrease in the surface area from 54 m⁠2 g⁠-1 to 44m⁠2 g⁠-1

is observed (Table 1). In addition, it is interesting to note the influence
of the x ratio upon the pore size distribution (PSD) of the materials. Fig.
3 shows the PSD (Figs. 3a, 3c and 3e) of the samples in terms of the
differential change of pore volume and the cumulative pore volume as
a function of the mean pore diameter. The PSD became broader with
the increase in the x ratio. Accordingly, the most probably pore diame-
ter increased from 5 to 13nm, following the order: CT<CaKCT-0.2 <
CaKCT-0.3. In consequence, the contribution of mesopores to the total
volume of pores increased (Table 1), mainly for the large mesopores (di-
ameter > 100Å). The contribution of pores with diameter > 100Å was
calculated from data in Figs. 3b, 3d and 3f. These values are ca. 47 %,
68 % and 72 % for CT, CaKCT-0.2, and CaKCT-0.3, respectively. Thus, it
can be concluded that the changes observed from the textural properties
(Fig. 3) agree with the changes in morphology discussed above from the
TEM images (Fig. 2).

3.1.3. Chemical Bond analysis: FTIR spectroscopy
Fig. 4 shows the FTIR spectra of the samples obtained at 850 °C

from the precursor solution with ca. 0.1mol L⁠-1 concentration. The
transmittance FTIR spectra shows major absorption bands be

low 1000cm⁠-1 positioned at 670cm⁠-1, 582cm⁠-1, 563cm⁠-1 and 438cm⁠−1

that can be attributed to titanate-based materials. These bands can be
assigned to the titanium cation related to the stretching vibration of
Ti–O between 670–550cm⁠−1 and Ti–O–Ti at 438cm⁠−1 [77,78]. A shift to
higher wavenumbers for the Ti-O stretching vibration is observed from
CT to CaKCT-0.3 powders. The replacement of Ca by K and Cu cations
positioned on the A-site of the CT host structure cations yields a shift of
the Ti-O stretching from 563cm⁠−1 in the CT to 582cm⁠−1 in CaKCT-0.2
and CaKCT-0.3. These bands have been assigned to the vibration mode
stretching-type related to the Ti-O bond length [79]. The shift observed
to higher wavenumbers indicates an increase in the strength of the Ti-O
bond.

The absorption band at 438cm⁠−1 is characteristic of the bending
mode and it is related to changes in the bond angle associated to
Ti-O-Ti. Both Ti–O and Ti-O-Ti bands are assigned to the [TiO⁠6] octa-
hedra in the perovskite structure [80]. These FTIR findings can be re-
lated to an increase in the ionic character of the Ti-O bond. The bands
observed at 1530cm⁠-1, 1389cm⁠-1, and 1274cm⁠-1 can be attributed to vi-
brational modes of the carbonate group CO⁠3

⁠2- [81]. As expected, all the
samples showed similar peaks at 3446cm⁠−1 and 1657cm⁠−1 assigned to
O-H stretching and bending modes of water molecules.

3.1.4. Structural analysis: X-ray diffraction
Fig. 5 shows the XRD pattern of the samples obtained at 750 °C and

850 °C as a function of the precursor solution concentration. All sam
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Fig. 3. Pore size distributions (Figures a,c,e) and cumulative pore volume (Figures b,d,f). (a-b): CT. (c-d): CaKCT-0.2. (e-f): CaKCT-0.3.

Fig. 4. FTIR transmittance spectrum of CT, CaKCT-0.2 and CaKCT-0.3 samples obtained
at 850 °C from 0.1mol L⁠-1 of precursor solution.

ples exhibited a set of diffraction lines ascribed to CaTiO⁠3 with or-
thorhombic symmetry and space groups Pbnm (JCPDS card number
78-1013).

Fig. 5a and Fig. 5b show the set of XRD diffraction pattern of the
samples prepared at 750 °C and 850 °C, respectively, from 0.025mol L⁠-1

of precursor solution, while Fig. 5c and Fig. 5d shows equivalents XRD
patterns for the materials obtained from 0.1mol L⁠-1 of precursor solu

tion. Table 2 shows a summary of crystallite size and crystallinity of CT,
CaKCT-0.2 and CaKCT-0.3 samples. The average crystallite sizes esti-
mated by the Scherrer’s equation for the CT samples prepared at 750 °C
and 850 °C were close to 6nm and 9nm. On the other hand, CaKCT-0.2
and CaKCT-0.3 showed average crystallite sizes between 8 - 9nm and
9 – 11nm for the solid solutions obtained at 750 °C and 850 °C, respec-
tively (Table 2). As a general fact, the higher the concentration of the
precursor solution, the higher the average crystallite size, reaching a
maximum of ca. 11nm for CaKCT-0.3 at 850 °C using 0.1mol L⁠-1 of
precursor solution. It can be seen from Table 2 that samples pyrolized
at low temperature, 750 °C (Fig. 5a and Fig. 5c) showed a lower crys-
tallinity degree than those pyrolyzed at 850 °C (Fig. 5b and Fig. 5d).

Table 2 shows that the crystallinity of the samples increases as func-
tion of the precursor solution concentration. The highest crystallinity
(ca. 84%) was observed for the CaKCT-0.3 sample prepared at 850 °C
from the highest concentrated solution (0.1mol L⁠-1). The increase in the
crystallinity agrees with the crystallite growth (Table 2) and can be as-
sociated with different factors such as the decrease of the surface de-
fects, the redistribution of defects, and/or to the elimination of defor-
mation at the microscale [82]. It is interesting to remark that the av-
erage crystalline size values (estimated from Scherrer´s equation) were
close to 9nm (Table 2) for the three materials, while SEM images (Fig.
1) showed much higher particles sizes. It means that the spherical mate-
rials are conformed by smaller crystalline units of the oxide, and there-
fore, the present titanate-based materials are nanostructured.

Table 3 shows a comparison between the particle size and average
crystallite size of the present CaTiO⁠3-based materials and similar sam-
ples synthesized by different methods.

The particles size of the powders obtained by the present spray py-
rolysis methodology are within the range reported for other method

6



UN
CO

RR
EC

TE
D

PR
OO

F

S. Lanfredi et al. Applied Catalysis B: Environmental xxx (xxxx) xxx-xxx

Fig. 5. XRD diffraction pattern of CT, CaKCT-0.2 and CaKCT-0.3 prepared at different temperatures and different precursor solutions. (a): 0.025mol L⁠-1 and 750 °C. (b) 0.025mol L⁠-1 and
850 °C. (c): 0.1mol L⁠-1 and 750 °C. (d) 0.1mol L⁠-1 and 850 °C.

Table 2
Summary of crystallite size and crystallinity of CT, CaKCT-0.2 and CaKCT-0.3 samples as
a function of the concentration of the precursor solution and pyrolysis temperature.

Sample
Concentration
(mol L⁠-1)

Temperature
(⁠oC)

Crystallite
size (nm)

Crystallinity
(%)

CT 0.025 750 5.7 59
CT 0.025 850 8.7 64
CT 0.1 750 8.7 74
CT 0.1 850 9.2 78
CaKCT-0.2 0.025 750 8.0 61
CaKCT-0.2 0.025 850 9.0 72
CaKCT-0.2 0.1 750 9.2 77
CaKCT-0.2 0.1 850 10.2 80
CaKCT-0.3 0.025 750 8.9 67
CaKCT-0.3 0.025 850 9.9 70
CaKCT-0.3 0.1 750 9.6 75
CaKCT-0.3 0.1 850 10.7 84

ologies [26,51,83,87,88,90,91,93–98]. On the contrary, the present ma-
terials developed smaller crystallite size than those observed in the re-
ported works [53,83–86,89,92]. This is an additional advantage of the
present methodology of synthesis.

The set of structural parameters of CT, CaKCT-0.2 and CaKCT-0.3
powders were determined by the Rietveld method [64]. The XRD pat

terns were indexed based on the orthorhombic unit cell. Refinements
were carried out for the powders obtained at 850 °C from precursor solu-
tions of concentration 0.1mol L⁠-1 since these powders showed the high-
est crystallinity index, a necessary condition for a good refinement. In
the structural refinement, the occupation sites for CT were 4c for Ca/O1,
4b for Ti and 8d for the Ca/O2 [59]. Both CaKCT-0.2 and CaKCT-0.3
solid solutions were refined considering the occupation of 4c sites for
Ca/K/Cu/O1. The crystallographic data including the space group, lat-
tice parameter and unitary cell volume are listed in Table 4.

Due to the increase in the concentration of K⁠+ and Cu⁠2+ cations
in the CT host structure, the cell parameters become smaller, and the
distance between Ti and O is then shorter, increasing the Ti-O bond
strength [79,80]. This fact agrees with the shift observed in the FTIR
spectra (Fig. 4) for the Ti-O stretching from 563cm⁠−1 in the CT to
582cm⁠−1 in CaKCT-0.2 and CaKCT-0.3.

Fig. 6 shows that after the substitutions of Ca with K and Cu, the
XRD diffraction lines of solid solutions (Fig. 5) are shifted toward lower
angles as compared to CaTiO⁠3 [99]. Furthermore, from the CaKTC-0.3
solid solution in the Fig. 5, a small amount of a second phase was iden-
tified as CuO of monoclinic symmetry. An increase in the relative inten-
sity of this phase is observed in the Fig. 5c and Fig. 5d. This behavior
suggests a low capability of the solid solution to incorporate all the Cu⁠+2

cations into the crystalline lattice for the x ≥ 0.3. In this sense, an ex-
udation phenomenon of Cu particles to the surface following oxidation
can occur during the cooling down to room temperature.

From the refined parameters [84] listed in the Table 4, the graphic
representations of the unit cell of the samples were constructed. Fig.
7 shows the view along the (001) axis which represents the bond dis-
tances for CaKCT-0.2 (Fig. 7a), CaKCT-0.3 (Fig. 7b). Both structures
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Table 3
Comparisons of the particle size and average crystallite size of CaTiO⁠3-based materials pre-
pared by different methodologies.

Compound
Synthesis
Method

Particles
Size
(µm)

Crystalline
Size (nm)

Crystallinity
(%) Ref.

CT Spray Pyrolysis 0.2 - 0.6 6 - 9 59 - 78 This
work

CaKCT-0.2 Spray Pyrolysis 0.2 - 0.6 8 - 10 61 - 79 This
work

CaKCT-0.3 Spray Pyrolysis 0.4 - 0.8 9 - 10 67 - 84 This
work

CaTiO⁠3 Solid-State
Reaction

17 --- --- [26]

CaTiO⁠3 Solid-State
Reaction

0.3 - 2.3 --- --- [51]

CaTiO⁠3 Solid-State
Reaction

0.1 –
0.2

70 - 120 --- [83]

CaTiO⁠3 Solid-State
Reaction

--- 32 --- [84]

CaTiO⁠3 High-Energy
Ball Milling

--- 90 --- [85]

CaTiO⁠3 Combustion
Method

--- 28 --- [86]

CaTiO⁠3 Plasma
Sprayed

63 –
125

--- --- [87]

CaTiO Polymeric
Precursor
Method

0.03 –
0.05

--- --- [88]

CaTiO⁠3 Polymeric
Precursor
Method

--- 21 - 28 --- [89]

CaTiO⁠3 Sol-Gel Process --- 21 – 28 --- [53]
CaTiO⁠3 Sol-Gel Process 0.01 –

0.08
--- --- [90]

CaTiO⁠3 Sol-Gel Process 0.02 –
0.03

--- --- [91]

CaTiO⁠3 Microwave-
Assisted
Synthesis

--- 37 --- [92]

CaTiO⁠3 Microwave-
Hydrothermal

2 --- --- [93]

CaTiO⁠3 Hydrothermal
Process

0.2 –
0.5

--- --- [94]

CaTiO⁠3 Hydrothermal
Process

0.5 - 1.5 --- --- [95]

CaTiO⁠3 Hydrothermal
Process

0.4 --- --- [96]

CaTiO⁠3 Solvothermal
Process

0.6 –
1.4

--- --- [97]

CaTiO⁠3 Polyacrylamide
Gel Route

0.02 –
0.07

--- --- [98]

Table 4
List of crystallographic data of CT, CaKCT-0.2 and CaKCT-0.3 samples obtained at 850 °C
from 0.1mol L⁠-1 of precursor solution.

Crystallographic Data

Sample CT CaKCT-0.2 CaKCT-0.3

Crystal System Orthorhombic Orthorhombic Orthorhombic
Space group Pbnm (62) Pbnm (62) Pbnm (62)
a [Ǻ] 5.4332 (5) 5.4051 (10) 5.4371 (2)
b [Ǻ] 5.4509 (9) 5.4344 (12) 5.4025 (3)
c [Ǻ] 7.6570 (10) 7.6518(9) 7.6510 (3)
V [Ǻ⁠3] 226.753 (8) 224.76 (7) 224.74 (3)
Rietveld Data
U 0.2805 0.2908 0.2147
V -0.1194 -0.1096 -0.0391
W 0.2839 0.0305 0.0208
X 3.96 -0.0025 -0.0007
R⁠Bragg (%) 4.89 7.64 8.63
R⁠F (%) 15.8 10.4 14.9
⁠cR⁠p (%) 21.2 20.2 24.2
⁠cR⁠wp (%) 5.43 20.8 22.8
χ⁠2 2.47 2.81 4.01

Fig. 6. . Shifting of XRD patterns of CaKCT-0.2 and CaKCT-0.3 to lower angles as com-
pared to CT.

are similar than CaTiO⁠3 (Fig. 7c) reported previously [59]. In these
structures, the octahedra are rotated on more than one cartesian axes,
when compared to the ideal cubic perovskite [100]. However, the poly-
hedral [TiO⁠6] units in the CaKCT-0.2 and CaKCT-0.3 structures are tilted
and distorted as function of doping of host structure with K⁠+ and Cu⁠+2

cations which are in the 12-fold coordinated sites. The polyhedral views
along (001) for the CaKCT-0.2 and CaKCT-0.3 powders are shown in
Fig. 7d and Fig. 7e, respectively.

The structural refinement showed that Ti-O bond distances are not
similar in the samples and the angle between O-Ti-O in the ab plane is
also different than 180°. This is an evidence of the distortion of the oc-
tahedra, as shown in Fig. 7a and Fig. 7b. The rotation angle determined
for the CaKCT-0.2 in the c-axis (Ti-O2-Ti) is equal to 155.44°, and the
angle associated to (001) plane of the octahedral tilt is equal to 167.24°.
For the CaKCT-0.3 the c-axis (Ti-O2-Ti) increase to 163.81° whereas the
angle related to the octahedral tilt decrease to 145.20°. This can be asso-
ciated with the Ti-O(2) bonds of 1.748 Ǻ for the CaKCT-0.2 and 1.856 Ǻ
for the CaKCT-0.3, where is observed a compression of the polyhedron
along of the equatorial plane (Fig. 7a and Fig. 7b). For the CaTiO⁠3 single
crystal the angle of the c-axis (Ti-O2-Ti) and the angle relative to (001)
plane are similar and equal to 155.72° and 156.68°, respectively, while
the Ti-O(2) bonds equal to 1.955 Ǻ, as shown in Fig. 7c. The length
of the c-axis (Ti-O2-Ti) increases while the octahedral tilt angle is de-
creased when the substitutional x value increases. The differences in the
angles in (Ti-O2-Ti) and in the octahedral tilt angles indicate a distor-
tion of the octahedra. The distortion of octahedra due to the replace-
ment of Ca cations by K and Cu cations could be intimately related with
the catalytic activity of these materials, as discussed as follows.

3.2. Catalytic Production of FAEE´s

It has been reported [101] that the physical and chemical properties
of CaO-based materials including the pore size distribution, the specific
surface area, and chemical composition are directly related with the cat-
alytic activity in the biodiesel production. The samples reported in the
present work are constituted by hollow nanostructured sphere, and thus,
it is important to remark this morphology can play an important role in
the catalytic activity as dis as follows.

3.2.1. Preliminary tests
As a first approach, the catalytic tests for the synthesis of FAEE´s

from soybean oil were carried out with a molar ratio of
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Fig. 7. View along the (001) axis which represents the bond distances. (a) CaKCT-0.2. (b) CaKCT-0.3 powders. (c) CaTiO⁠3 single crystal. Polyhedral view along (001) for the doped sam-
ples. (d) CaKCT-0.2. (e) CaKCT-0.3.

1:40 (oil:ethanol), at 120 °C, 40bar of N⁠2 pressure and 15wt.% of cat-
alyst´s loading. Table 5 shows a summary of the catalytic activity ob-
served after 24h reaction for the CT, CaKCT-0.2 and CaKCT-0.3 samples
prepared at 750 °C and 850 °C from 0.025mol L⁠-1 and 0.1mol L⁠-1 con-
centration of precursor solution.

According to the Table 5, all materials showed catalytic activity.
The CT sample prepared at 750 °C from 0.025mol L⁠-1 concentration
of precursor solution was the only sample with higher catalytic activ

ity than its analogous prepared at 850 °C. All the K- and Cu-doped sam-
ples prepared at 850 °C from 0.1mol L⁠-1 concentration showed higher
catalytic activities than the analogous samples prepared at 750 °C. In
spite of the CT sample showed lower activities than CaKCT-0.2 and
CaKCT-0.3 powders, it must be point out that CT showed a higher ac-
tivity than the reported for CaTiO⁠3 samples prepared by solid-state reac-
tion [26], where the yield to FAEE was negligible at 60 °C. The presence
of CuO as an additional phase in the CT catalyst led to a higher perfor
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Table 5
Catalytic activity of CT, CaKCT-0.2 and CaKCT-0.3 samples for the synthesis of FAEE´s af-
ter 24h reaction at 120 °C, 40bar, and 15wt.% loading.

Catalyst
Concentration
(mol L⁠-1) Temperature (⁠oC)

Yield
(%)

CT 0.025 750 30
CT 0.025 850 16
CT 0.1 750 16
CT 0.1 850 21
CaKCT-0.2 0.025 750 21
CaKCT-0.2 0.025 850 75
CaKCT-0.2 0.1 750 53
CaKCT-0.2 0.1 850 81
CaKCT-0.3 0.025 750 60
CaKCT-0.3 0.025 850 62
CaKCT-0.3 0.1 750 85
CaKCT-0.3 0.1 850 89

mance on the catalytic activity in the FAEE´s production. In this sense,
CuO seems to play the role of a basic catalyst [26].

The analysis of the present catalysts by the Hammett´s method re-
vealed the presence of basic sites in all the samples (color change of the
suspension at high pKa). Data in the Table S2 (supplementary mater-
ial) indicate that the CaKCT-0.3 catalyst exhibited the less basic chem-
ical nature since this sample showed the lowest titrations at pK⁠a =9.8.
This fact agrees with a higher substitution of Ca cations by K and Cu
cations at the A-site of the CaTiO⁠3 host structure. Thus, the increase
of concentration in Cu cation in the CaTiO⁠3 host structure seems to in-
duce a less basic behavior of the catalyst. A similar trend is observed
from the values of the FAEE´s yields in Table 5. The catalytic activ-
ity to produce FAEE´s increases with the doping of K and Cu cation
in the CaTiO⁠3 host structure. As discussed above, one of the key fac-
tors can be the atomic radii and valence state of the A-cation. A corre-
lation between the catalytic activity and the atomic number of the al-
kaline metal has been reported [102–103]. This phenomenon has been
assigned to the increase of the electron density on the active sites due
to the increase in the atomic radii of the doping atoms, which pro-
motes a more efficient diffusion of electrons from the lattice oxygen of
the catalysts. Thus, based on the substitution of Ca by K cation, the
atomic radii r of the A-cation is increased, for instance, r(K) =2.27Å
> r(Ca) =1.97Å. As discussed above from the XRD analysis, Cu par-
ticles diffused to surface, can be oxidized in the surface of the mater-
ial leading to the formation of CuO. Therefore, CuO can act as an elec-
tron-donor catalytic component improving the catalyst performance.
According to the structural analysis discussed above, the replacement
of Ca cations by K and Cu cations at the A-site of the CaTiO⁠3 host
structure, promotes an increase in the angle of the c-axis (Ti-O2-Ti)

while the tilt of the octahedral angle decrease. The difference between
both angles indicates a distortion of the titanium octahedron [TiO⁠6],
which can be related with the polarization of the structure, promoting a
higher chemical reactivity [24]. In this sense, the efficiency of the elec-
tron transfer depends on the distortion degree of Ti-O bonds. The higher
the distortion in the structure, the higher is the polarization, and accord-
ingly, the catalytic activity increase since the apical oxygen atoms in the
structure (Fig. 6d and 6e) are more reactive as reported elsewhere [24].

Another important characteristic from the present samples refers to
the formation of hollow spheres as discussed from SEM (Fig. 1) and TEM
(Fig. 2) analysis. The formation of the hollows spheres is remarkable
for CaKCT-0.2 and CaKCT-0.3 samples prepared at 850 °C with an ini-
tial concentration of 0.1mol L⁠-1 of precursor solution. By contrast, hol-
low spheres were not observed for the CT sample. Thus, the remarkable
higher catalytic activity observed on CaKCT-0.2 and CaKCT-0.3 can be
ascribed to the presence of these hollow spaces, that together with the
texture can promote a higher degree of interaction between the triglyc-
erides of the soybean oil and the catalytic active sites. The contribu-
tion of the mesopore volume to the total pore of volume in CaKCT-0.2
and CaKCT-0.3 samples increase together with the mean pore diameter
(Table 1). This higher mean pore diameter together with the develop of
a higher mesopore framework within the spheres (Fig. 3), would permit
an effective diffusion of soybean oil molecules from the bulk of solution,
increasing the interaction with the active sites. A similar influence of the
morphology upon the catalytic activity has been reported for C-doped
Pt-RuO⁠2 [104] hollow spheres, and more recently, by a spinel-based on
CoCr⁠2O⁠4 spherical samples [105]. Considering the best catalytic activity
was reached for the CaKCT-0.3 catalyst prepared at 850 °C from 0.1mol
L⁠-1 of precursor solution, a careful study for the catalytic production of
FAEE´s was performed as a function of the reaction time, the weight of
catalysts, temperature, pressure, and the reuse of samples.

3.2.2. Influence of reaction time and catalysts loading
Fig. 8a shows the FAEE´s production at 120 °C and 40bar pressure

as a function of reaction time. CaKCT-0.2 and CaKCT-0.3 catalysts are
clearly more active than CT. The maximum FAEE´s yield after 24h re-
action achieved 89 % and 81 % on CaKCT-0.3 and CaKCT-0.2 catalysts,
respectively. By contrast, only 21 % of FAEE´s yield was observed after
24h over the CT catalyst.

As discussed above, the polarization of the present perovskite-like
structures can promote a higher reactivity [24] leading to an increase
in the catalytic activity [73,104]. In addition, it has been reported that
the catalytic activity on Ti-based catalysts is favored by the presence
of mesopores in the pore framework [73]. Accordingly, the higher cat

Fig. 8. FAEE yields at 120 °C and 40bar pressure. (a): Kinetics of FAEE´s production on CT, CaKCT-0.2 and CaKCT-0.3 catalysts. (b): Influence of the catalysts loading using the CaKCT-0.3
catalyst.
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alytic activity presented by the CaKCT-0.2 and CaKCT-0.3 samples
seems to be associated with the presence of mesoporous hollow parti-
cles. A large mean pore size and an important contribution of mesopores
to the total pore of volume promote an efficient diffusion of the triglyc-
eride’s molecules of soybean oil from the bulk solution to the active
catalytic sites. It can be seen from Fig. 8a that the kinetics of FAEE´s
formation on the CT sample requires a long induction period to yield
a representative production of FAEE. On the contrary, CaKCT-0.2 and
CaKCT-0.3 are activated in shorter reaction times. This observation is
reinforced by the comparison between the values of the initial reac-
tion-rates (v⁠0) and the first-order apparent rate-constants (k⁠app). A sum-
mary of the kinetic parameters obtained for the FAEE´s production is
listed in the Table 6.

Keeping in mind the initial concentration of soybean oil is ca.
0.43mol L⁠-1, using the data from Fig. 8a, the initial reaction-rates (v⁠0)
are 0.006mol L⁠-1 min⁠-1, 0.022mol L⁠-1 min⁠-1, and 0.064mol L⁠-1 min⁠-1, for
CT, CaKCT-0.2 and CaKCT-0.3, respectively. These values represent an
enhancement in the initial catalytic activity (A⁠vo) relative to CT equal to
3.7 and 10.7 for CaKCT-0.2 and CaKCT-0.3, respectively. This is strong
kinetic evidence that the hollow spheres and the broad pore size distri-
bution in the present samples can be responsible of the enhancement in
the diffusion of soybean oil molecules from the bulk solution, and ac-
cordingly, the induction kinetic period for the activation of the catalysts
is clearly lower. The comparison between the pore diameter (Table 1)
and v⁠0 (Table 6) clearly shows that the initial reaction-rate is a direct
function of the pore diameter of the catalysts demonstrating this par-
ticular morphology in the shape of hollow spheres is responsible of the
enhancement in the catalytic activity. This phenomenon was early re-
ported by Abdullah and coworkers [106] for the transesterification of
palm oil using mesoporous K/SBA-15 catalysts.

On the other hand, considering 12h of reaction, the first-order ap-
parent rate-constants (k⁠app) were estimated. These values are equal to
ca. 0.006min⁠-1, 0.027min⁠-1, and 0.049min⁠-1, for CT, CaKCT-0.2 and
CaKCT-0.3, respectively. It is interesting to point out that for the CT
catalyst k⁠app is similar to v⁠0, indicating that mass diffusion is the de-
termining-step of the reaction on this catalyst. On the contrary, k⁠app
was slightly higher than v⁠0 on CaKCT-0.2 sample but clearly lower on
CaKCT-0.3 sample. This is strong evidence that after complete the in-
duction kinetic period (about 8h), CaKCT-0.2 became a more active cat-
alysts while CaKCT-0.3 decrease the catalytic activity due to a satura-
tion of the active sites since this catalyst does not present limitations
in the diffusion of molecules from the bulk of solution. Accordingly, in
terms of k⁠app, the enhancement in the catalytic activity relative to CT
(A⁠kapp) is ca. 4.5 and 8.2 for CaKCT-0.2 and CaKCT-0.3, respectively. It
can be concluded that the CaKCT-0.3 sample prepared at 850 °C from
0.1mol L⁠-1 of the precursor solution is the best catalysts since it achieved
practically the same catalytic activity (78 %) than CaKCT-0.2 (81 %) in
only 12h while the CaKCT-0.2 catalyst required 24h. Accordingly, this
sample was selected for the following catalytic studies.

Fig. 8b shows the yields to FAEE´s production as a function of
the catalysts loading, 5, 10 and 15wt.%. The FAEE´s yield was eval-
uated at 120 °C and, 40bar and after 24h reaction. According to Fig.
8b, the catalytic activity was ca. 37 %, 81 % and 89 % using 5, 10

Table 6
Summary of kinetic parameters obtained for the FAEE´s production.

Samples
v⁠0

⁠a

(mol L⁠-1 min⁠-1) A⁠vo
⁠b

k⁠app
⁠c

(min⁠-1) R⁠2 d A⁠kr
⁠e

CT 0.006 1.0 0.006 0.993 1.0
CaKCT-0.2 0.022 3.7 0.027 0.981 4.5
CaKCT-0.3 0.064 10.7 0.049 0.938 8.2

⁠a Initial reaction-rates (v⁠0). ⁠b A⁠vo is the initial catalytic activity relative to CT in terms of v⁠0.
⁠c First-order apparent rate-constants (k⁠app). ⁠d Quadratic factor from the linear regression. ⁠e

A⁠kapp is the catalytic activity relative to CT in terms of k⁠app.

and 15wt.%, respectively. It indicates that the interaction of the triglyc-
eride molecules with the active sites of the catalyst is clearly favored
with the increase in the loading of catalyst. It has been reported this en-
hancement in the catalytic activity is consequence of an increase in the
rate of diffusion of molecules from the bulk of solution [106] due to a
higher concentration of catalytic active sites. A similar behavior was re-
ported by Al-Shammari and coworkers [107] showing that the increase
in the catalytic activity of La-exchanged Keggin structured heteropoly
compounds for biodiesel production is influenced by the increase in the
number of basic sites. The results obtained of the acid/base titration
(Table S2, appendix) and textural properties (Table 1) of the present
samples agree with the results reported by these authors.

However, it must be point out that the FAEE´s yields obtained after
24h reaction using 10wt.% and 15wt.% of catalysts loading are practi-
cally similar, thus, the costs of the FAEE´s production could be lower us-
ing 10wt.% catalysts. Thus, a further economic analysis should be per-
formed to verify this point, but it is not part of the objectives of the pre-
sent work.

The FAEE´s synthesized after 24h of reaction using CaKCT-0.3 cata-
lyst was analyzed by GC-FID (Table S3, Supplementary information)
and MS-GC. It can be seen from Figure S5 (supplementary) that the
FAEE´s is mainly composed by five different components. The analysis
performed by MS-GC (Figure S6, supplementary) confirmed the for-
mation of the following fatty acid ethyl esters: palmitic, stearic, oleic,
linoleic, and linolenic, respectively. The order and percentual propor-
tion of products detected was the following: linoleic (44 %) > oleic (26
%) > palmitic (17 %) > linolenic (7 %) > stearic (6%). Thus, 83%
of the total FAEE´s corresponds to linoleate+oleate+palmitate blend
suggesting a good homogeneity of the FAEE´s and accordingly, a great
potential as biodiesel fuel. Similar composition has been reported by Da
Silva and coworkers [108] for the synthesis of FAEE´s from soybean oil
by the methylic route.

3.2.3. Influence of temperature and pressure
Fig. 9 shows the influence of temperature and pressure upon the cat-

alytic activity of the CaKCT-0.3 catalyst, evaluated after 24h reaction
and using 15wt.% catalyst loading. Fig. 9a shows the variation of tem-
perature using 60 °C, 80 °C, 100 °C and 120 °C, at 40bar pressure of N⁠2.
At 60 °C, the FAEE´s yield was only ca. 7 %. However, this yield is even
higher than that reported [26] using CaTiO⁠3-based catalysts at the same
temperature. Fig. 9a shows that FAEE´s yield is strongly influenced by
the temperature showing a remarkable increase up to ca. 42 %, 79 %
and 89 % at 80 °C, 100 °C, and 120 °C, respectively. These results suggest
that at least 100 °C must be used to activate the CaKCT-0.3 catalyst.

Considering the initial reaction rate (v⁠0) in terms of the FAEE´s
yields, the activation energy was estimated using the Arrhenius´ for-
mulism [49,109]. The value obtained for the activation energy using the
CaKCT-0.3 catalyst at 40bar pressure was ca. 11.0kcalmol⁠-1 which is
not so different than 9.0kcalmol⁠-1 reported for the synthesis of FAEE´s
from waste frying oil using a CuFe⁠2O⁠4-based nanocatalyst [49]. How-
ever, the present value is 1.7 times higher than 6.6kcalmol⁠-1 reported
for a mixture of FAEE´s produced from the almonds of Syagrus cearensis
using KOH as catalyst [109]. This result is expected since KOH is a more
active catalysts due to the high basic pH but at the same time it is a cor-
rosive catalyst.

In addition, the FAEE´s production was also monitored at 120 °C us-
ing three different pressures 1, 20, and 40bar. The results are shown
in the Fig. 9b. Under atmospheric pressure the FAEE´s yield was only
ca. 60 %, while at 20bar, the FAEE yield was ca. 80%, very close to
the maximum value obtained using 40bar, ca. 89 %. It has been re-
ported that the influence of the pressure in the transesterification of
oils is negligible under the supercritical condition, which is commonly
higher than 200bar [110]. However, it can be seen from Fig. 9b that the
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Fig. 9. FAEE´s yields after 24h reaction using 15wt.% loading of CaKCT-0.3 catalyst. (a): Effect of the temperature at P =40bar. (b): Influence of pressure at T =120 °C.

yield of FAEE´s did change with the pressure since the pressure range
of the present study is far from the supercritical condition. Though a
more detailed economic balance for the costs of the FAEE´s prepared
should be performed, it can be concluded that the best conditions for
the CAKCT-0.3 catalysts are 15 % loading, 120 °C and 40bar pressure.

Although both temperature and pressure influence the synthesis of
FAEE´s from soybean oil transesterification reaction, the effect of tem-
perature seems to be more important upon the activity of the catalysts.
The influence of the temperature can be associated to the internal en-
ergy of one or more components in the raw material, oil and alcohol. In
this sense, a critical temperature must be achieved to activate the cata-
lysts, but also, the increase of temperature can influence the viscosity of
a liquid, which is directly proportional to the attraction force between
the molecules. In this sense, the higher the temperature of reaction the
lower the viscosity. Accordingly, an increase in the mass transfer from
the bulk of solution to the pores of catalysts can be responsible of an
enhancement in the interaction between the triglyceride molecules and
the active sites of the catalyst, and thus, increasing the catalytic activity.

Concerning to the order of reaction, it has been recently reported
[111] that the second order model gives an appropriate description of
the biodiesel production using KOH and CaO catalysts. In the present
study the order of reaction cannot be directly verified since the pro-
portion between ethanol and soybean oil remains constant with a ra-
tio 40:1, and thus the soybean concentration was constant. However,
some approximation can be made keeping in mind the reactions in-
volved in the production of FAEE´s takes place in different steps, one of
them including the initial interaction of the alcohol with the catalysts
to produce the alkoxide which in a second step interacts with the oil
to produce the mixture of FAEE´s. The apparent order of reaction for
the FAEES´s production can be estimated from the initial rates (v⁠o) as
a function of the catalysts loading (L⁠cat). For the case of the best cata-
lysts (CaKCT-0.3), the linear regression given by the expression: [log(v ⁠0)
= log(k⁠r) + n.log(L ⁠cat)], yields a slope of ca. 0.883 with a regression
factor of 0.941. This slope is close to the unit indicating that the order

of reaction seems to follow a first-order mechanism, at least in terms of
the catalysts loading.

3.2.4. Stability of catalysts: Reuse and leaching studies
The stability of the CaKCT-0.3 catalysts was verified by performing

three consecutive catalytic runs of transesterification reaction of soy-
bean oil with ethanol over 24h at 40bars of N⁠2 and 120 °C for 15wt.%
loading of catalyst. After the first catalytic run (R1), the catalyst was
separated from the mixture by successive processes of centrifugation fol-
lowing washing with hexane. This procedure permits to obtain a cata-
lyst without residues of the transesterification´s products. This was ver-
ified by GC-FID analysis of the filtrated solvent (hexane) after washing
the catalyst (Figure S7, Appendix). This procedure was performed in
each reuse of the catalyst. The catalyst was subsequently heated in an
oven at 100 °C for one hour before the following catalytic run. As dis-
cussed above, in the first catalytic run the FAEE´s yield was ca. 89 %
decreasing to 81 % and 77 %, respectively, after the second and third
catalytic runs. The loss of activity can be explained by a possible poison-
ing by the irreversible adsorption of some fraction of the fatty acid on
the active sites of the catalyst. Nevertheless, the present study permits
to extrapolate a long-term stability up to 15 consecutive catalytic reuses
of the CaKCT-0.3 catalyst.

Finally, the leaching of K and Ca from catalysts was verified. The
analysis of K and Ca was performed by flame atomic absorption spec-
trometry (FAAS) and the results are compiled in the Table 7.

The FAEE´s produced at the first run (R1) using CT and CaKCT-0.2
catalysts showed that Ca and K concentrations are lower than the limit
of detection. By contrast, Ca and K were detected in all the catalytic
runs using the CaKCT-0.3 catalysts, but these concentrations are ad-
justed to the values required by the Brazilian legislation for the synthe-
sis of biodiesel production. In terms of the initial content of K and Ca in
the Ca⁠0.7K⁠0.3TiCu⁠0.15O⁠3 catalyst, the accumulated leaching observed for
K and Ca after 3 consecutive catalytic runs was only 1.2 and 0.09wt. %.
Thus, it can be concluded the present catalysts showed a strong resis-
tance to be leached during the synthesis of FAEE´s.
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Table 7
Ca and K detected in the FAEE´s after consecutive catalytic runs.

Samples Potassium (mg kg ⁠-1) ⁠a Calcium (mg kg ⁠-1) ⁠a

Average ⁠a ± σ ⁠b Average ⁠a ± σ ⁠b

CT (R1) ⁠d < LOD ⁠c --- < LOD ⁠c ---
CaKCT-0.2 (R1) ⁠d < LOD ⁠c --- < LOD ⁠c ---
CaKCT-0.3 (R1) ⁠d 3.7 ± 0.5 0.90 ± 0.02
CaKCT-0.3 (R2) ⁠e 2.7 ± 0.1 0.85 ± 0.02
CaKCT-0.3 (R3) ⁠f 2.1 ± 0.1 0.84 ± 0.01

⁠a Average values for triplicate analysis. ⁠b σ is the standard deviation. ⁠c < LOQ means
values of K and Ca were lower than the limit of detection. ⁠d R1: values obtained in the first
catalytic run. ⁠e R2: values for the second catalytic run. ⁠f R3: values for the third catalytic
run.

3.2.5. General discussion
The composition of the FAEE´s was determined from the MS-GC

studies discussed above, but some aspects about the fuel properties and
quality of the FAEE´s should be verified to visualize its potential as
biodiesel to be used in diesel engines [112]. A complete analysis of the
fuel properties of the FAEE´s mixture requires ca. 350mL which is far
from our actual possibilities (ca. 30mL by catalytic test). Keeping this
in mind, the future research will perform a scale-up study with the best
catalyst and the optimal conditions and the biodiesel fuels properties in-
cluding the Acid Number (ASTM D664), Ash, Sulfated Residue (ASTM
D874), Carbon Residue (ASTM D524), Cetane Number (ASTM D613),
Cloud Point (ASTM D2500), Copper Corrosion (ASTM D130), Distilla-
tion at Reduced Press (ASTM D1160), Flash Point (ASTM D93), Free &
Total Glycerin (ASTM D6584), Oxidation Stability (ASTM D2274), Pour
Point (ASTM D97 / D5950), Sediment & Water (ASTM D1796/D2709),
Sulfur Content (ASTM D4294), Spectrochemical (ASTM D6728) and Vis-
cosity (ASTM D445), will be determined to verify if the present FAEE´s
meets with the ASTM and OEM blending and product handling speci-
fications for a biodiesel fuel. However, to clarify this important point,
some properties of the FAEE´s produced such as specific mass and kine-
matic viscosity were primary analyzed to visualize the potential of this
mixture as biodiesel. Table 8 shows the results obtained for the FAEE´s
mixtures produced after 24h reaction using 15wt. % catalysts, 120 °C
and 40bars. For comparative reasons, the two best catalysts were in-
cluded in this analysis. The deviations relative to the average specific
mass standard (875kg m⁠-3) are only ca. 0.8 % and 0.9 % for the FAEE´s
produced using CaKCT-0.2 and CaKCT-0.3, respectively. On the con-
trary, the deviations relative to the average kinematic viscosity (4.5mm
s⁠-1), are ca. 32 % and 2 % for the FAEE´s produced using CaKCT-0.2
and CaKCT-0.3, respectively. Thus, though both FAEE´s produced us-
ing CaKCT-0.2 and CaKCT-0.3 catalysts are within the range expected
for a biodiesel according to the Brazilian standards. It is interesting to
remark the correlation observed between the catalytic activity and the
FAEE´s composition with the kinematic viscosity and specific mass. For
instance, the FAEE´s blend obtained at the highest catalytic activity ob-
served on the CaKCT-0.3 catalyst presented the lowest specific mass and
the lowest kinematic viscosity, with only ca. 1% and ca. 3% of relative
deviation with respect to the average values of the standards. Accord-
ingly, it can be concluded that the mixture of FAEE´s obtained using
the CaKCT-0.3 catalyst showed the best quality to be used as a potential
biodiesel.

These properties are two of the most important parameters that af-
fect the engine performance and the emission characteristics [113]. One
of the major problems of the biodiesel-based engine is caused by the
high viscosity of the fuel. Higher viscosity can cause poor fuel atom-
ization during spray, increasing the carbon deposition on fuel filter
and demanding more energy from the fuel pump [114]. A high kine-
matic viscosity is responsible for the slow diffusion through the fil-
ter and the fuel lines, which means that the FAEE mixture does not

Table 8
Specific mass and kinematic viscosity of the FAEE´s produced after 24h reaction using 15
% catalysts, 120 °C and 40bars.

Catalyst
Specific mass at 20
°C (kg m⁠-3) Method

Specification
⁠c

(kg m⁠-3)

CaKCT-0.2; CaKCT-0.3 882; 867 NBR
14065:2013
⁠a

850 - 900

Catalyst kinematic viscosity
at 40 °C (mm⁠2 s⁠-1)

Method Specification
⁠c

(mm⁠2 s⁠-1)
CaKCT-0.2; CaKCT-0.3 5.94; 4.39 ASTM D

445.2017 ⁠b
3.0 - 6.0

⁠aNBR 14065:2013. This is the set of standards from the Brazilian Association of Technical
Standards (ABNT) for determining the specific mass, density and petroleum distillates
and viscous oils that can normally be handled as liquids at test temperatures, using
manual or automatic sample injection equipment. Its application is limited to liquids with
vapor pressure below 100kPa and viscosity below 15000 mm⁠2 s⁠-1). ⁠bASTM D 445.2017
is the standard Test Method for Kinematic Viscosity of Transparent and Opaque Liquids
(and Calculation of Dynamic Viscosity). This test method specifies a procedure for the
determination of the kinematic viscosity of liquid petroleum products, both transparent
and opaque, by measuring the time for a volume of liquid to flow under gravity through
a calibrated glass capillary viscometer. The dynamic viscosity can be obtained by
multiplying the kinematic viscosity by the density of the liquid. ⁠c The specifications are
given according to the Resolution number 45 of the National Petroleum Agency (ANP
no. 45, 25/08/2014), which provides for the specification of biodiesel contained in ANP
Technical Regulation No. 3 of 2014 and the obligations regarding quality control to be
attended by the various economic agents that sell the product throughout the national
territory.
a

burn completely in the engine. In addition, a high viscosity of biodiesel
fuel affects the start of injection, injection pressure and the fuel spray
characteristics, which are the main parameters related with the engine
performance and exhaust emission [115]. The specific mass or density
of the diesel fuel is also an important parameter, since it is related with
the cetane number and heating value that affect the performance of the
engine [116].

It should also be mention that due to the surface area of the best
catalysts (CaKCT-0.3) is low (ca. 44m⁠2 g⁠-1), the catalytic activity seems
to be intimately related to the replacement of Ca cations by K and Cu
cations at the A-site of the CaTiO⁠3 host structure. As discussed above,
the increase of Cu cation concentration in the CaTiO⁠3 host structure in-
duced a change in the behavior of the catalyst. Furthermore, the migra-
tion of CuO to the surface of the material, as reported in XRD diffraction
analysis, can operate as co-catalyst improving the catalyst performance.
In according to structural analysis, the replacement of Ca cations by K
and Cu cations at the A-site of the CaTiO⁠3 host structure, the angle of the
c-axis Ti-O2-Ti increase and the octahedral tilt angle decrease. The dif-
ference between both angles indicates a distortion of [TiO6] octahedra,
promoting the polarization of the structure influencing the chemical re-
activity. Thus, an increase in the catalytic activity is expected with the
increase of in the polarization of the structure. In this sense, the higher
the content of such distorted Ti-O bond, the higher is the efficiency of
the electron transfer with a concomitant increase in the catalytic activ-
ity. The CaKCT-0.3 catalyst synthesized by the spray pyrolysis method
and reported by the first time in the present work, showed advantages
when compared with CaTiO⁠3 reported [26] prepared by the solid-state
reaction, where the yield was close to zero at low temperature (60 °C).
In comparison to other catalysts used to produce biodiesel under moder-
ate reaction conditions [46–50], the present CaKCT-0.3 catalyst showed
an excellent yield up to 89 % to produce fatty acid ethyl esters (FAEE´s)
as potential biodiesel. It should be mention that the potential use of the
present FAEE´s mixture in diesel engines must present biodegradable
characteristics to be considered as an ecological fuel. These analyses will
be also considered in a future work.
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4. Conclusions

Titanate powders, CaTiO⁠3, Ca⁠0.8K⁠0.2Cu⁠0.10TiO⁠3 and
Ca⁠0.7K⁠0.3Cu⁠0.15TiO⁠3, with hollow particles were synthesized by spray py-
rolysis method and studied in the catalytic synthesis of FAEE´s as poten-
tial biodiesel. XRD patterns and SEM/TEM images permits to conclude
the spherical materials are conformed by smaller crystalline units of the
oxide, and thus, they are nanostructured. The increase of K and Cu con-
centration in the host structure of the CaTiO⁠3 and the formation of hol-
low spheres with a mesopore framework suggest an efficient behavior
for the transesterification reaction of the soybean oil. Accordingly, care-
fully studies of the influence of time of reaction, catalysts loading, tem-
perature, pressure and reuse of catalysts were performed. The high cat-
alytic activity observed in the CaKCT-0.2 and CaKCT-0.3 samples with
respect to the non-doped titanate has been associated with the pres-
ence of an important contribution of mesoporous hollow spheres and
to a higher polarization of the structures yielding a more active cata-
lysts due to the exposition of the active sites. The initial reaction-rate
is a direct function of the mean pore diameter of the catalysts demon-
strating that the morphology in the shape of hollow spheres of the pre-
sent samples is responsible for the enhancement in the catalytic activity.
CaKCT-0.3 was the best catalysts at 15wt.% loading, 120 °C and 40bar
pressure. Though a more detailed economic balance and a fuel proper-
ties characterization for the FAEE´s produced must be performed, it can
be concluded that K-and Cu-doped CaTiO⁠3-based nanostructured cata-
lysts have a great potential to be used in the sustainable production of
biodiesel.
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