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A B S T R A C T

A series of alkaline tantalates (LiTaO3, NaTaO3, KTaO3) prepared using citrate method were characterized by
powder X-ray diffraction, nitrogen adsorption isotherms, Fourier transform infrared spectroscopy, diffuse re-
flectance spectroscopy-UV–Vis and differential thermogravimetric analysis techniques and evaluated as het-
erogeneous catalysts in selective oxidation of styrene towards benzaldehyde. An increase in the catalytic activity
was observed with the atomic radii of the alkaline cation, attributed to the detected crystalline perovskite
structure and presence of segregated phases. The largest styrene conversion (58.4 mol%) and benzaldehyde
selectivity (77mol%) was obtained for KTaO3 with no significant loss of activity after six catalytic reuses.

1. Introduction

Benzaldehyde is an organic aromatic aldehyde used principally as
intermediate for industrial applications. Benzaldehyde can be com-
mercially manufactured as a by-product of the catalytic oxidation of
toluene to benzoic acid [1], by the hydrolysis of benzal chloride [2] and
by photocatalytic conversion of benzyl alcohol [3] among others. These
processes that use homogeneous catalysts at large temperature and
pressure show rather poor benzaldehyde selectivity, in some cases with
traces of chloride, not acceptable in pharmaceutical industries. There-
fore, the selective oxidation of styrene is considerable interest in in-
dustrial processes [4,5], especially using cheaper and friendly en-
vironmentally oxidants such as hydrogen peroxide [6] as an alternative
to the traditional inorganic oxidants such as K2Cr2O7, HNO3 and tert-
butyl peroxide. Eventhough it has been reported different homogeneous
catalysts for styrene oxidation [7,8], the difficulty of recovering the
catalyst from the reaction medium is still a not resolved challenger,
therefore the use of heterogeneous catalysts is an interested alternative.
Additionally, the stability of the heterogeneous catalyst making pos-
sible the reusability of them is another feature highly desirable for in-
dustrial applications. For styrene oxidation, it has been reported large
activity and selectivity towards benzaldehyde with transition metals
modified zeolites heterogeneous catalysts such as Co3O4@HZSM-5,
ZSM-11 and Y zeolites [9,10] and metal oxides, such as CaO,
Mg0.5Cu0.5Fe2O4, SrFe2O4 [11,12] among other.

Perovskite type compounds (ABO3) have been extensively studied as
electronic and magnetic materials [13]. Recently, the generation of
hydrogen by water splitting reactions [14] and photodegradation of
organic compounds [15] on perovskites compounds has been also re-
ported. Such number of catalytic oxidation applications has been at-
tributed to their well-known properties of oxygen mobility and large
stabilization of transition metals in not usual oxidation states within
their structure [16]. The activity mechanism of perovskite type oxides
is related to their corner shared BO6 octahedron network that facilitate
electron and oxygen transfer. Eventhough it has been reported that the
A-site substitution by a different cation provides a high redox flexibility
of the perovskite-type oxide [17], the effect of the nature of the A cation
in the structural, textural and catalytic properties for oxidation reaction
has not been extensively reported.

The aim of this work is to investigate the effect of the atomic radii in
alkali tantalates ATaO3 (A=Li, Na, K) to be used as heterogeneous
catalysts in the selective oxidation of styrene towards benzaldehyde
under mild reaction conditions. We report the synthesis, characteriza-
tion and catalytic performance of purees and easily separable alkaline
tantalates.
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2. Experimental

2.1. Preparation

Alkaline tantalates, ATaO3 (A=Li, Na and K) were prepared by
citrate method employing the corresponding alkaline acetates, hy-
drogen peroxide (H2O2) and citric acid. An aqueous dissolution of the
alkaline acetate was mixed at room temperature with a stoichiometric
amount of TaCl5 previously dissolved in H2O2. Citric acid was added
under constant stirring in a molar ratio of 3:1 to metal cation. The
dissolution was further heated to 80 °C until a gel was formed followed
by drying at 80 °C for 12 h and calcined at 700 °C for 10 h.

2.2. Characterization

The X-ray powder diffraction (XRD) patterns of the catalysts were
obtained in a Rigaku diffractometer with Ni-filtered CuKα radiation
(λ=1.5418 Å). The standard scan parameters were 2°min−1 for 2Ɵ
from 20° to 90°. The phases were identified by comparing the diffrac-
tion patterns to the reference files in the EVA software. The nitrogen
adsorption-desorption isotherms at 77 K were carried out for the
Brunauer-Emmett-Teller (BET) specific surface area determination in a
Tri Star II 3020 instrument. Fourier-transform IR spectra (FTIR) spectra
were recorded in a Nicolet Magna-IR 550 instrument equipped with a
quartz sample holder with KBr windows. Diffuse reflectance spectra
(DRS-UV–vis) spectra were recorded using a UV–Vis JASCO V650
spectrophotometer with an integrating sphere and internal Spectralon
coating. The thermal gravimetric analysis (TGA) measurements were
carried out using a TG50 Shimadzu equipment under nitrogen with
15mg of sample a heating rate of 10°Cmin−1 in the temperature range
20–900 °C.

2.3. Catalytic evaluation

The catalytic oxidation of styrene (99.5%, Fluka) was carried out
with H2O2 (30 wt%, Cicarelli) as oxidant agent in a glass flask reactor
with magnetic stirring immersed in a thermostatized bath equipped
with a reflux condenser. Each catalytic test was performed employing
100mg of catalyst, 6 mL of acetonitrile (99.9%, Fluka) as solvent, a
molar styrene/H2O2 ratio of 0.3 and a reaction temperature of 60 °C.
The molar styrene/H2O2 ratio was chosen in order to have an excess of
H2O2 favoring the styrene oxidation. Samples were periodically with-
drawn filtered, analyzed and quantified by a Perkin Elmer GC Clarus
500 equipped with a FID detector and capillary column ZB-1. To
complement the identification a mass spectrometry GC-Mass (Shimadzu
QP 5050 GC-17 A) using a HP-5 capillary column was also employed. In
order to evaluated the reusability of the catalysts, after a catalytic
evaluation the catalyst was separated from the liquid phase, washed
with acetonitrile, dried at 70 °C for 24 h and reused under the same
experimental conditions.

3. Results and discussion

In order to confirm the formation of the perovskite structure and
identify crystalline phases, in Fig. 1 is shown the XRD patterns of the
alkaline tantalates. For LiTaO3 a highly crystalline rhombohedral
structure with hexagonal axis (JCPDS 71–0950) was obtained with
absence of second phases and the XRD pattern of NaTaO3, match with
the one reported by Huang et al. [18] synthesized from sodium acetate
precursor. The diffraction lines at 2Ɵ=22.85°, 32.55°, 40.17°, 46.6°,
52.54°, 58°, 68.1°, 72.94° and 77.47° are attributed to orthorhombic
perovskite-type structure (JCPDS 73–0878) and the smaller peaks at
2Ɵ=29.7°, 36.48°, 38.68° and 50.98° are associated with NaTa3O8

(JCPDS 36–0441) as segregated phase. With regard to KTaO3, the XRD
diffraction pattern indicate a cubic structure (JCPDS 35–1036) with
presence of K2Ta2O6 (JCPDS 35–1464) as segregated phase. The small

peaks at 2Ɵ=28°, 32° and 37.5° indicate presence of K2CO3 (JCPDS
42–1467) [19] in a lower extent.

Therefore, with the increases in the atomic radii of the alkaline
cation, the diffraction patterns indicate an increase in the segregates
phases and a decrease in the crystallinity [20]. From the Scherer's
equation, the crystal size (DC) for the perovskite structure was esti-
mated and the results listed in Table 1. It can be seen an increase in the
crystal size upon the increases of the ionic radii of the alkaline cation,
this can be attribute to the change in the crystalline structure from
rhombohedral to cubic [21]. The crystal size and structure of the per-
ovskites are of great importance due to their strong structure-dependent
physical properties [22].

In the FTIR spectra's of the alkaline tantalates shown in Fig. 2 it can
be seen a broad band at 3300 cm−1 associated to the OeH bond of
water due to exposure to air and environmental humidity [23]. Ad-
ditionally it is also present the main molecular absorption band of the
perovskite structure at 610 cm−1 assigned to the asymmetric stretching
vibration for TaeO bond and the stretching of longer bridging Ta–O–Ta
bonds in the distorted TaO6 octahedra [24]. The largest intensity and
well defined band at 604 cm−1 for LiTaO3 is attributed to the symme-
trical rhombohedral perovskite structure [21] and for NaTaO3 the
spectrum is quite similar to the reported by M. Yeh et al. [15]. In
agreement with XRD results, the presence of carbonates as segregated
phases only for KTaO3 are also detected with the appearance of the
bands at 1365 and 1402 cm−1 associated to CeO bond [25].

The nitrogen adsorption isotherms at 77 K (Figure not shown) cor-
respond to type II (IUPAC classification) characteristics of non-porous
materials with almost no dependence with the alkaline cation. Lower
specific surface areas values were obtained (Table 1), however not so
different to the reported for perovskite-type structures [17]. The lower
surface area of the LiTaO3 can be correlated to the larger crystallinity of
the structure.

The DRS-UV–Vis spectra's were carried out to evaluate the co-
ordination geometry and chemical arrangement of the Ta species. In

Fig. 1. XRD patterns of LiTaO3, NaTaO3 and KTaO3.

Table 1
BET surface area, crystal size, band-gap, global pseudo first order constant and
initial reaction rate of alkaline tantalates.

Catalyst SBET (m2/g) DC (nm)a Eg (eV) k (h−1) r0 (mmolg−1 h−1)

LiTaO3 4 7.8 4.5 0.06 5.4
NaTaO3 7 8.0 4.1 0.15 13.6
KTaO3 8 8.9 3.3 0.26 23.0

a Estimated by Scherrer's equation.
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Fig. 3 is seen a similar spectra for the alkaline tantalates with some
differences in the maximum of the absorbance bands, attributed to the
Ta-O-Ta bond. The bands at 240 nm (LiTaO3), 249 nm (NaTaO3),
280 nm (KTaO3) and a lower intensity band of NaTaO3 at 310 nm ap-
pears at lower wavelength that the corresponding KTaO3 structure
(328 nm). The shifts towards large wavelengths can be correlated with
the Ta–O–Ta angles of their respective crystalline structure. In the
rhombohedral structure of LiTaO3 the Ta-O-Ta bond form angles of
143°, 163° in the orthorhombic structure of NaTaO3 [15] and 180° in
the more symmetric cubic KTaO3 structure, in line with previous report
[26].

The band gap energy values (Eg) were estimated from DRS-UV–Vis
spectra using Kubelka–Munk remission function. The corresponding Eg
values between the valence and conduction bands of O 2p and Ta 5d
[18] are shown in Table 1. The observed values are similar to pre-
viously reported values [20] and show a decrease upon the ionic radii
of the alkaline metal. This can be attributed due to the distortion of the
crystalline structure as a consequence of the connection between the
TaO6 octahedra.

Thermal gravimetric analysis (TGA) of the alkaline tantalates were

carried out up to 900 °C. The resulted profiles are in line with the
previous discussion of FTIR and XRD techniques. The first weight loss at
(T > 150 °C) assigned to the elimination of free and bound water and
the removal of organic compounds is lower than 1% for LiTaO3 and
NaTaO3 and 2% for KTaO3. The second weight loss around 250 °C as-
signed to the decomposition of residual organic groups [27] as car-
boxylates is detected only in KTaO3 and at temperatures larger than
400 °C a slight (< 2%) weight loss for NaTaO3 and KTaO3 indicates
presence of segregated species also detected by XRD. The shape and
total weight loss (< 5%) confirm the previous characterization results.

The experimental styrene conversion level upon reaction time is
displayed in Fig. 4. It is also informed the non-catalytic reaction with
almost no conversion up to 5 h of reaction (1.4%mol). In line with
previous results [28,29], a dependence of the catalytic activity with the
increase of the atomic number of the A-cation (K > Na > Li) is also
detected. The catalytic performance in oxidation reactions for per-
ovskite type oxides has been correlated to their surface area, surface
electron density that promote electron transfer and crystalline structure
[20,28]. Due to the largest crystallinity of the perovskite structure de-
creases the oxygen mobility [30], for catalytic oxidation applications it
is desirable large extent of weakly binding surface oxygen.

It was found that with the increase of the atomic radius of A-cation,
the crystallinity of the tantalates decrease, the oxygen mobility in-
creases with not a large modification of the surface area. Hence, the
different catalytic performance of NaTaO3 and KTaO3, with similar
surface area and crystal size display should be attributed to their
structural differences. In this way, Marchelek et al. [26] report lower
catalytic performance in toluene degradation for octahedral KTaO3

compared to the cubic structure. This has been attributed to rotations of
the oxygen octahedra that has important impact on crystal structure
and changes the dipole and electronic band structures. These changes
influence the behaviors of the catalysts in redox reaction [31]. More-
over, the lowest crystallinity degree of KTaO3 allows the easier oxygen
mobility, essential for oxidation reactions. Additionally, KTaO3 present
the larger number of segregated phases which contributes to the larger
catalytic activity, in particular K2CO3 [32]. With regard to LiTaO3, the
lower value of surface area, the possibility of the consequent agglom-
eration and the lower oxygen mobility associated to the higher crys-
tallinity could be the contribution for their low catalytic performance
[15,30]. The initial reaction rate (r0) and global pseudo first order
constant (k) calculated from the fit of the experimental data to a pseudo
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Fig. 2. FTIR spectra of LiTaO3, NaTaO3 and KTaO3.
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Fig. 4. Catalytic activity as a function of reaction time. Reaction parameters:
styrene 9mmol; H2O2 30mmol; solvent acetonitrile; catalyst amount 100mg;
temperature 60 °C; reaction time 5 h.
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first order are listed in Table 1. The correlation coefficient larger than
0.98 in all cases support the increases of k and r0 with the atomic A
cation radii.

The large benzaldehyde selectivity (> 73mol%) of the alkaline
tantalates and formation of styrene oxide as principal secondary pro-
duct and phenylacetaldehyde, 1-phenylethane-1,2diol, benzoic acid in
a lower extent as other secondary products is in agreement with Pierella
et al. [33] reaction products. The oxidation of styrene by two different
pathways is proposed in Scheme 1. For one hand, by an epoxidation
reaction, styrene can form styrene oxide followed by a nucleophilic
attacked to benzaldehyde and/or others secondary products. Another
pathway is by a radical mechanism from the direct oxidative cleavage
of the C]C bond of styrene by hydroxyl radicals formed from the
surface decomposition of a molecule of H2O2.

Therefore, the obtained amount of benzaldehyde can be formed by
the consecutive oxidation of styrene oxide and/or by direct oxidative
cleavage of styrene. Moreover, in line with styrene oxidation reports
[34], the slight increases of benzaldehyde selectivity with the ionic
radii of the A cation, could be the attributed to the promotion of mass
transfer in the reaction medium by the polarity of the solvent.

Due to benzaldehyde can be further oxidized to benzoic acid [35],
in order to confirm the coexistence of these two pathways, a radical
scanvenger (potassium iodide) was added after 1 h of reaction to the
KTaO3 catalytic reaction medium. It was found that in this reaction
condition, styrene conversion decrease from 58.4 to ~20mol%, in-
dicative that the oxidation with the alkaline tantalates follows both
reaction mechanism.

Due to the reusability of the catalyst is an attractive benefit of
heterogeneous catalysis, the catalyst with the largest catalytic perfor-
mance (KTaO3) was selected in order to evaluate the reuses described in
the catalytic evaluation section. In Fig. 5 is shown the styrene conver-
sion and benzaldehyde, epoxide and other secondary products se-
lectivity after six reuse cycles. The slight decreases in the catalytic be-
havior confirm the stability and recyclable application of the catalyst.
The unavoidable loss of catalyst during filtration [35] and/or leaching
of some species not embedded in the crystalline structure due the large
dielectric constant of the solvent can be present in the studied recycles.

4. Conclusions

Alkaline tantalates were prepared, characterized and used as het-
erogeneous catalysts in the styrene oxidation. It was found an increases
in the styrene conversion upon the ionic radii of the A-cation from

LiTaO3 (18.7mol%), NaTaO3 (41.6mol%) up to KTaO3 (58.4mol%)
with almost no differences in the benzaldehyde selectivity as mayor
secondary product. The largest catalytic activity of KTaO3 can be at-
tributed to the lower crystallinity associated to large mobility of the
lattice oxygen essential for oxidation reactions, larger surface area and
presence of carbonate potassium as segregated phases. KTaO3 was
successfully used as an attractive heterogeneous, reusable and recycl-
able catalyst for at least six consecutives reuse cycles with no thermal
regeneration. This result indicates the potential use of alkaline tanta-
lates as catalysts for oxidations under mild reaction conditions and
point out the importance of the perovskite structure, associated with
crystalline structure, segregated phases and oxygen mobility, in the
catalytic oxidation reaction.
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Scheme 1. Proposed scheme of styrene oxidation reaction.
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