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Abstract. Zirconia nanoparticles were synthesized by precipitation, urea hydrolysis, amorphous citrate and
combustion synthesis methods. The zirconia surface was subsequently modiﬁed by grafting Ba2+ species. The
Ba2+ modiﬁed zirconia (Ba/ZrO2 ) materials were characterized using XRD, Fourier analysis, UV-vis-DRS,
FESEM and HRTEM techniques. XRD study indicated selective stabilization of the tetragonal phase of zirconia
in the presence of Ba2+ species. Fourier line proﬁle analysis of the XRD peaks revealed that the average
crystallite size of the zirconia nanoparticles is in the range of 5-15 nm. The surface area, basicity and barium
content of the material depend strongly on the method of synthesis. The Ba/ZrO2 catalyst prepared by urea
hydrolysis method exhibited higher surface area and barium content compared to other samples. The catalytic
activity of the Ba/ZrO2 catalyst was evaluated for synthesis of β-nitro alcohols and 2-amino 2-chromenes. The
β-nitro alcohols were synthesized by condensation of aryl aldehydes and nitromethane. Similarly, the 2-amino
2-chromenes were synthesized by condensation of arylaldehydes, α-naphthol and malononitrile. The Ba/ZrO2
catalyst was found to be highly efﬁcient for synthesis of both classes of compounds providing excellent yield
and purity of the products.
Keywords. Urea hydrolysis; amorphous citrate method; combustion synthesis; β-nitro alcohols; 2-amino
2-chromenes.

1. Introduction
Heterogeneous-base catalyzed organic synthesis is a
promising ﬁeld of research with potential application in
pharmaceuticals and related ﬁne chemical industries.1–5
Among different heterogeneous base catalysts studied
for ﬁne chemical synthesis, the alkali and alkaline earth
metal oxides are quite promising because they are inexpensive, easy to prepare and display strong surface
basic sites capable of promoting a variety of base catalyzed reactions.1–3 However, the low surface area and
loss of active sites due to surface passivation are the
important factors which limit their application in base
catalyzed processes. The stability of the active sites of
these materials can be improved by forming nanocomposites with a suitable second oxide component.2–7 Zirconia by virtue of its high thermal stability, extreme
hardness, stability under reducing conditions, and surface acidic and basic functions is ideal candidate for
preparation of composite catalytic materials. The surface and structural modiﬁcation of zirconia has been
carried out to prepare several promising catalytic mate8,9
Recently, a
rials such as CeO2 -ZrO2 and SO2−
4 /ZrO2 .
series of zirconia-based alkali and alkaline earth metal
∗ For

correspondence

oxide nanocomposite materials such as ZrO2 -CaO,
ZrO2 -MgO, Na-incorporated mesoporous zirconia, Cs+
exchanged nanozironia have been studied as catalyst
for base catalyzed reactions.10–17 The Ca2+ ions substitute for Zr4+ ions in zirconia lattice to form a solid
solution. The CaO-ZrO2 solid solution exhibit oxygen
ion vacancy and increased iconicity of the zirconia lattice resulting in formation of new basic sites.7–9 Similarly, the presence of MgO stabilizes the tetragonal
phase of zirconia and helps creating new basic sites in
the host zirconia lattice which are resistant to deactivation by hydrolysis.10–12 Recently, sodium incorporated
mesoporous zirconia has been synthesized by hard templating approach which exhibit tetragonal crystalline
frameworks, superbasicity (27.0 in Hammet scale) and
excellent catalytic activity for synthesis of dimethyl
carbonate.16 Zirconia nanoparticles, when synthesized
in hydrous form, contain a signiﬁcant fraction of reactive hydroxyl groups on its surface. These hydroxyl
groups can act as anchoring sites for catalytically active
species. Essayem et al., have synthesized Cs+ exchanged
zirocnia nanoparticles by ion exchange method. The
Cs+ ions are bonded to the surface of zirconia by
electrostatic forces and serve as excellent basic sites
due to charge isolation.17 The literature studies clearly
indicate that the surface and structural modiﬁcation of
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zirconia nanoparticles by alkali and alkaline earth metal
can generate novel heterogeneous base catalyst for ﬁne
chemical synthesis. With an intention to develop novel
heterogeneous basic catalyst, in this work, we have
prepared Ba2+ modiﬁed zirconia nanoparticles. The
zirconia nanoparticles were synthesized using four
different routes and subsequent grafting of the Ba2+
ions was performed by treatment of barium carbonate precursor salt solution. The catalytic activity of the
Ba/ZrO2 material has been evaluated for synthesis of
β-nitroalcohols and 2-amino 2-chromenes.
The Henry (nitroaldol condensation) reaction is
a signiﬁcant C–C bond formation reaction which
involves the synthesis of β-nitro alcohol by condensation of aryl aldehydes and nitroalkanes.18 Since
many natural products contain nitrogen atoms, the
Henry reaction provides a basis for development of
such molecules. The β-nitro alcohol synthesized by
the Henry reaction route is used as an intermediate for the synthesis of β-amino alcohol, amino
sugar, ketones, pyrroles, porphyrins and pharmacologically potent compounds.18,19 Various homogeneous
and heterogeneous catalytic systems studied for this
reaction include amine-MCM-41 hybrids, MCM-41Cu(salen) complex, I2 /K2 CO3 , polyamine functionalized mesoporous zirconia, silica-supported amine
catalysts, and CsF/[bmim][BF4] ionic liquids.20–23 Many
of the reported method employ homogeneous catalyst,
supported reagents or covalently grafted organic bases
which suffer from various issues such as catalyst stability, recyclability, regeneration and harsh reaction condition. It is therefore highly desirable to develop novel
catalytic protocols using heterogeneous base catalysts
which are stable, inexpensive, and recyclable, which
can catalyze the β-nitro alcohol formation reaction
under mild conditions.
Synthesis of 2-amino 2-chromenes and their modiﬁed
analogues is of signiﬁcant interest in organic synthesis
because of their potential applications as cosmetics, pigments, potential agrochemicals.24,25 The aminochromene
motifs are found as a structural constituent in many
natural products of biological signiﬁcance.25,26 The multicomponent condensation reaction of aldehyde, malononitrile, and activated phenol has recently emerged as
a promising route for synthesis of structurally diverse
2-amino 2-chromene.4,5,25–27 The proper choice of
the reaction media and catalytic system is crucial for
expeditious synthesis of 2-amino 2-chromene.4 Various
synthetic methods developed in literature towards synthesis of this class of biologically important compounds
include the Na2 CaP2 O7 , basic alumina, Silica-supported piperazine, 4-dimethylaminopyridine functionalized
polyacrylonitrile ﬁber catalyst, basic ionic liquid as
catalyst/reagent.26–33 However, most of the reported

methods require longer reaction time, involve stoichiometric reagents, and toxic solvents, with moderate
yields of the product. In this work, we have utilized the
Ba/ZrO2 material as an efﬁcient heterogeneous catalyst for synthesis of structurally diverse 2-amino 2chromenes in water + PEG (1:1) mixed reaction media.
2. Experimental
2.1 Materials and methods
Zirconyl nitrate [ZrO(NO3 )2 .xH2 O], zirconyl chloride
[ZrOCl2 .8H2 O], urea [CH4 N2 O], citric acid [C6 H8 O7 ]
and liquid ammonia were obtained from Merck India
Pvt. Ltd. All chemicals were of analytical reagent grade
and used directly without further puriﬁcation. Double
distilled water prepared in the laboratory was used in
the preparation process.
2.2 Synthesis of zirconia nanoparticles
The zirconia particles were synthesized using four different methods namely precipitation, urea hydrolysis,
amorphous citrate, and combustion synthesis methods.
The detail scheme elucidating the synthetic procedure
adopted for preparation of zirconia nanoparticles is
presented in ﬁgure 1.
2.2a Synthesis of zirconia by precipitation method
(ZrO2 -P): 200 mL of double distilled water was
adjusted to pH 9.0 by addition of liquid ammonia. To
this solution required amount of zirconyl chloride solution
was added drop wise under constant stirring. The pH of
the solution was maintained at 9.0 by drop wise addition
of ammonia solution. After completion of the precipitation process, the aqueous mixture was stirred for 6 h,
ﬁltered and washed multiple times with distilled water
(till free from Cl− ions). The precipitated materials was
dried at 120◦ C for 12 h in a hot air oven and calcined at
450◦ C for 2 h to obtain the ZrO2 -P particles.
2.2b Synthesis of zirconia by amorphous citrate
method (ZrO2 -A): A solid mixture containing equimolar amount of zirconyl nitrate and citric acid was dissolved in minimum amount of water to form a thick
paste. The paste was evacuated at 70◦ C to form an
expanded hygroscopic solid which was immediately
transferred to a hot air oven preheated at 160◦ C. The
temperature of the oven was maintained at 160◦ C for
2 h to yield the amorphous citrate precursor. The
amorphous precursor was calcined at 500◦ C for 2 h to
obtain the ZrO2 -A particles.
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Figure 1. Synthetic schemes for preparation of zirconia nanoparticles.

2.2c Synthesis of zirconia by urea hydrolysis method
(ZrO2 -U): 200 mL of 0.2 M ZrOCl2 solution was
mixed with equimolar amount of urea solution and
reﬂuxed for 12 h at 100◦ C. The resulting solid material
was ﬁltered, washed repeatedly with hot water, dried at
120◦ C for 12 h in hot air oven and calcined at 500◦ C for
2 h to obtain the ZrO2 -U materials.
2.2d Synthesis of zirconia by combustion synthesis
method (ZrO2 -C): The zirconia nanoparticles were
synthesized using malonic acid dihydrazide as fuel at
a F/O stoichiometric ratio of 1. The F/O ratio was calculated using the method described by Jain et al.34
Required amount of zirconyl nitrate and fuel was dissolved in minimum amount of water to obtain a redox
mixture. The redox mixture was kept in a mufﬂe furnace preheated at 400◦ C for 30 min. The redox mixture instantaneously gets ignited releasing a lot of
gaseous products. The combustion residue is subsequently grinded and calcined at 500◦ C for 2 h in air to
obtain the ZrO2 -C particles.
2.3 Synthesis of Ba2+ modiﬁed zirconia nanoparticles
(Ba/ZrO2 )
In a typical procedure, 4 g of zirconia was dispersed
in 50 mL of 10 mmol barium carbonate solution. The
resulting suspension was stirred for 2 h, ﬁltered and
dried at 110◦ C for 6 h in a hot air oven. The obtained

material was reﬂuxed in 50 mL ethanol for 4 h, dried
overnight at 120◦ C and calcined at 550◦ C for 2 h to
generate the Ba/ZrO2 materials.
2.4 Characterization techniques
The XRD patterns of the ZrO2 and Ba/ZrO2 nanomaterials were recorded using a Rigaku, Ultima-IV multipurpose X-ray diffraction system using Ni ﬁltered
CuKα1 (α = 1.5405Å) radiation. The XRD measurements were carried out in the 2θ range of 20–70◦ with
a scan speed of 2 degrees per minute using BraggBrantano conﬁguration. The crystallite size has been
calculated from the Fourier line proﬁle analysis of the
broadened XRD patterns following the Warren and
Averbach method.35 The Field emission scanning electron micrographs (FESEM) were taken using a Nova
NanoSEM microscope model FEI operating at an acceleration voltage of 15 kV. Prior to FESEM analysis, the
powder sample was placed on carbon tape followed
by gold sputtering for three minutes. Transmission
electron micrograph (TEM) of the Ba/ZrO2 materials
were recorded using JEM–2100 HRTEM equipment
using carbon coated copper grids. The surface basic
sites of Ba/ZrO2 catalysts were estimated by nonaqueous titration method using the procedure reported
elsewhere.36 The speciﬁc surface area was determined
by BET method using N2 adsorption/desorption at 77K
on an AUTOSORB 1 Quantachorme instrument. 1 H
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NMR spectra were recorded with Bruker spectrometer
at 400MHz using TMS as internal standard. Reactions
were monitored by thin layer chromatography using 0.2
mm silica gel F-254 plates.
2.5 Catalytic activity study
2.5a Catalytic activity for synthesis of β-nitro alcohols: Typically, a reaction mixture containing p-nitro
benzaldehyde (1 mmol), nitromethane (2 mmol) and 50 mg
catalyst (Ba/ZrO2 -U) in 5mL of ethanol was stirred at
different temperature for the speciﬁed time. After completion of the reaction as indicated by TLC, the catalyst
particles were ﬁltered and the products were extracted
from the ethanolic solution. The crude product was
recrystallized using acetonitrile to afford the β-nitro
alcohol in 89% yield. The used catalyst particles were
washed with ethyl acetate (3 times 5 mL portions) and
calcined at 450◦ C for 2 h to regenerate the catalyst.
2.5b Catalytic activity for synthesis of 2-amino 2chromenes: In a typical procedure, reaction mixture
containing benzaldehyde (1 mmol), α-naphthol (1 mmol),
malononitrile (1 mmol), and Ba/ZrO2 -U catalyst (50 mg)
in PEG + water (2 mL, 1:1 molar ratio) was heated at
50◦ C for the required amount of time. After completion of the reaction, as indicated by TLC, the reaction
mixture was diluted with water and the solid product
was removed by ﬁltration. The product was separated
from catalyst by dissolving into hot methanol followed
by simple ﬁltration. The product was recovered from
the methanolic solution and recrystallized from ethyl
acetate to afford the pure product in 84% yield.
All β-nitro alcohols and 2-amino 2-chromenes synthesized in this work are known compounds and are
identiﬁed by comparing their physical and spectral
characteristics with literature.18–33
3. Results and Discussion
3.1 Characterization of the Ba/ZrO2 nanoparticles
The XRD patterns of the zirconia samples prepared by
different methods are presented in ﬁgure 2. All zirconia materials exhibited well-deﬁned and intense characteristic reﬂections with d spacing values of 3.15, 2.95.
2.83, 2.57, 2.50, 1.83, 1.80, 1.55 and 1.53 Å. These
peaks correspond to the presence of both monoclinic
and tetragonal phase of zirconia (JCPDS-ICDD ﬁle
no. 83–0940 and 81–1545). The percentage of tetragonal phase present in each sample was calculated using
the literature reported method.37 The relative content

of monoclinic and tetragonal phases of the zirconia
samples depend strongly on the method of preparation.
The ZrO2 -A sample prepared by amorphous citrate
process contain 96% tetragonal phase whereas the combustion synthesized zirconia material contains 69.4%
tetragonal phase (table 1).
The difference in the tetragonal phase content can be
related to the crystallite size of these samples. The stabilization of the tetragonal phase in zirconia sample has

Intensity (a.u.)
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Figure 2. XRD patterns of (a) ZrO2 -P, (b) ZrO2 -A, (c)
ZrO2 -C and (d) ZrO2 -U materials.
Table 1. Percentage tetragonal phase and crystallite size
of the zirconia and Ba/ZrO2 materials.
Material
ZrO2 -U
ZrO2 -A
ZrO2 -C
ZrO2 -P
Ba/ZrO2 -U
Ba/ZrO2 -A
Ba/ZrO2 -C
Ba/ZrO2 -P
a

% tetragonal phase

Crystallite size (nm)a

83.3
96.0
69.4
82.1
100
100
78.8
100

7.2
5.0
9.1
18.6
9.4
7.5
12.6
22.0

Calculated from the Fourier analysis of the broadened
XRD proﬁle.
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been a subject of intense study in literature.38–43 The
tetragonal phase being metastable in nature undergoes
a martensitic transformation to the monoclinic phase.41
The presence of aliovalent impurities in zirconia structure as well as surface modiﬁcation by ionic species
selectively stabilizes the tetragonal phase.40–43 The aliovalent dopants such as Fe3+ ions induce oxygen ion
vacancy in the zirconia lattice which in turn helps in the
stabilization of tetragonal phase.41,43 The surface modiﬁcation process on the other hand reduces the grain
boundary area among the zirconia particles preventing
the mobility of ions during phase transformation.42 It
has also been reported that there is a critical crystallite
size of zirconia below which the tetragonal phase is
stabilized.39,44 In the present study it is believed that
the crystallite size is the key factor which controls the
tetragonal phase stabilization. In order to verify this
proposition, the Fourier line proﬁle analysis of the
broadened XRD peaks are carried out following
the Warren and Averbach method35 using software
BRAEDTH45 The calculated volume-weighted distributions (PV), and Fourier size coefﬁcient (AS) as function of Fourier length (L) is presented in ﬁgure 3.
As observed from ﬁgure 3 I, the volume weighed
crystallite distribution for ZrO2 -U and ZrO2 -C and
ZrO2 -A are quite narrow whereas the distribution
function spread over a wide range in case of ZrO2 -P
material. The average crystallite size calculated from
ﬁgure 3 II is presented in table 1. There seems to be
a direct correlation between the crystallite size and the
percentage of tetragonal phase content in the sample.
The zirconia material prepare using combustion, amorphous citrate and urea hydrolysis method contains
I

crystallites with size less than 10 nm whereas the
zirconia synthesized by precipitation method display
higher average crystallite size. The XRD patterns of the
Ba/ZrO2 materials are presented in ﬁgure 4. The characteristics XRD peaks corresponding to tetragonal phase
of zirconia is only observed for Ba/ZrO2 -A, Ba/ZrO2 U and Ba/ZrO2 -P materials. However, the Ba/ZrO2 -C
material contains a mixture of monoclinic and tetragonal phases. In addition to the XRD peaks corresponding to tetragonal zirconia lattice, less intense and broad
peaks are observed at 2θ values of 27.8, 28.3, 39.8,
42.5, 45.1 and 47.3 degrees. These peaks correspond
to the presence of a minor amount of BaCO3 and BaO
phases in the Ba/ZrO2 samples (JCPDS-ICDD ﬁles no.
78-2057 and 22-1056, respectively).
In the presence of Ba2+ ions, the selective stabilization of the tetragonal phase of zirconia is quite effective
for all ZrO2 materials except for the combustion synthesis samples. As discussed earlier, the surface modiﬁcation by ionic species lead to a reduction in the grain
boundary area between adjacent zirconia grains. The
reduction in grain boundary area prevents tetragonal to
monoclinic phase transitions. The selective stabilization of the tetragonal phase in the present study can be
ascribed to the presence of well-dispersed Ba species
on zirconia surface. The amount of barium ions present
on the zirconia surface is estimated using EDAX analysis (table 2). It is observed that the uptake of barium
ions is strongly dependent on the method of synthesis.
The Ba2+ ions are grafted onto the surface of zirconia
primarily through interaction with the surface hydroxyl
groups, the relative amount of which depends on the
method of synthesis.
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Figure 3. Fourier analysis plots for ZrO2 nanoparticles (PV∼L, Panel I and AS∼L Panel II).
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In case ZrO2 -C sample, since the combustion process
is highly exothermic with adiabatic reaction temperature crossing 1273 K, at this temperature most of the
surface hydroxyl groups are destroyed leading to the
poor uptake of barium (table 2). The Fourier plots for
the Ba/ZrO2 materials are presented in ﬁgure 5.
Compared to pure zirconia samples, the Ba/ZrO2
materials exhibit broad distribution functions which
extend up to the Fourier length of 50 nm. The size distribution of the crystallites increases in the order Ba/ZrO2 A ≈ Ba-ZrO2 -U <Ba/ZrO2 -C<Ba/ZrO2 -P. The average
crystallite size calculated from ﬁgure 5b is presented in
table 1. The average crystallite size is found to be higher
in case of Ba/ZrO2 sample as compared to the pure
^
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Figure 4. XRD patterns of (a) Ba/ZrO2 -P, (b) Ba/ZrO2 -A,
(c) Ba/ZrO2 -U and (d) Ba/ZrO2 -C.
Table 2.
Material
Ba/ZrO2 -U
Ba/ZrO2 -A
Ba/ZrO2 -C
Ba/ZrO2 -P
a
d

zirconia samples probably due to the surface growth
occurred during the surface grafting process.
The UV-Vis-DRS spectra of the zirconia sample
along with Ba/ZrO2 materials are presented in ﬁgure 6.
Pure ZrO2 prepared by different methods shows a sharp
and intense band at 214 nm with an absorption edge
around 350 nm. ZrO2 is a direct band gap insulator
which shows an interband transition in the UV region of
the spectrum.41–43 The monoclinic form of ZrO2 has two
direct interband transitions at 5.93 and 5.17 eV, whereas
the tetragonal form has a band gap of 5.1 eV.41 In the
present case, the peak at 214 nm can be assigned to the
O2− → Zr4+ charge transfer transition arising from the
host zirconia matrix (ﬁgure 6 I).41
The Ba/ZrO2 materials exhibit similar absorption
feature as that of pure zirconia samples. However, the
absorption edge is red shifted and appear at λ > 400
nm. The red shifting of the absorption edge in presence
of Ba2+ ions can be ascribed to the structural disorder in
zirconia lattice. The presence of structural disorder and
defect centers shifts the adsorption edge to higher wavelength due to the presence of localized states between
the valence and conduction band edges.
The ﬁeld emission scanning electron micrograph
of the Ba/ZrO2 materials are presented in ﬁgure 7.
The morphology of the Ba/ZrO2 materials depends
strongly on the method of synthesis. The Ba/ZrO2 -A
and Ba/ZrO2 -C materials contain particles of different
size with ﬂake-like morphology (ﬁgure 7a and 7b). The
particles are present in a highly agglomerated state.
Both Ba/ZrO2 -A and Ba/ZrO2 -C materials are of low
density and spongy in nature.
The similarity in their morphological characteristics
is related to the exothermic decomposition route by
which both samples have been synthesized. In the amorphous citrate process, the amorphous precursor contains
hydroxycitrates of the metal ions which decompose
exothermically at higher temperature to yield the metal
oxide.5 Similarly, in the combustion synthesis method
the exothermic decomposition of the fuel is responsible
for conversion of salt precursor to the metal oxide.37
In both the methods, large amount of gaseous products

Physicochemical properties and catalytic activity of the Ba/ZrO2 catalyst.
Barium contenta
(atom%)

Surface area
(m2 /g)

Basic sitesb
(mmol/g)

Yieldc
(%)

Time
(h)

Rated
(mmol h−1 g−1 )

Rate
(mmol h−1 m−2 x 10−3 )

6.68
4.13
2.16
3.85

56.2
65.1
29.4
35.6

0.48
0.42
0.38
0.35

89.0
75.0
62.8
58.6

2.5
3.0
4.0
4.0

7.2
5.2
3.2
3.0

6.4
4.0
5.5
4.2

Obtained from EDAX analysis. b Estimated from non-aqueous titration method. c Refers to pure and isolated yield.
Calculated by estimating the benzaldehyde conversion in the reaction mixture by GC analysis.
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Figure 5. Fourier analysis plots for Ba/ZrO2 materials (PV∼L, Panel I and AS∼L Panel II).
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Figure 6. UV-Vis-DRS spectra of (a) ZrO2 -U, (b) ZrO2 -A,
(c) ZrO2 -C, (d) ZrO2 -P (Panel I) and (a) Ba/ZrO2 -U, (b)
Ba/ZrO2 -A, (c) Ba/ZrO2 -C, (d) Ba/ZrO2 -P (Panel II).

are formed due to the exothermic decomposition reaction which leaves the material porous and spongy. The
Ba/ZrO2 -P material contains particles of irregular shapes
and sizes without any attributed morphology. In contrast
to this observation, the Ba/ZrO2 -U material contains
numerous small spherical particles in an agglomerated
state. The TEM images of the Ba/ZrO2 materials are
presented in ﬁgure 8.
The Ba/ZrO2 -U material contains crystallites with
size in the range of 8-10 nm. The presence of two
different phases with clear contrast can be observed
from TEM image (ﬁgure 8a). The BaCO3 /BaO phase

is present in a well-dispersed state in the ZrO2 matrix.
There is a considerable mismatch along the grain
boundary region as observed from the high magniﬁcation image (ﬁgure 8b). The Ba/ZrO2 -A and Ba/ZrO2 -C
materials also contain spherical particles with size in
the range of 10-15 nm (ﬁgure 8c and d). The Ba/ZrO2 -P
material, on the other hand, contains agglomerated particles without well-deﬁned shape. The observed particle
size range is 20-40 nm for Ba/ZrO2 -P materials, which
is signiﬁcantly higher than the other Ba/ZrO2 materials
prepared in this work.
3.2 Catalytic activity study
3.2a β-nitro alcohol synthesis: The catalytic activity of
the Ba/ZrO2 material is evaluated for the synthesis of
β-nitro alcohols by condensation of aryl aldehydes with
nitromethane in ethanol solvent (scheme 1). Initially,
the condensation of 4-nitro benzaldehyde and nitromethane is taken as a model reaction and different Ba/ZrO2
materials are studied for their catalytic activity. The surface properties, barium content and catalytic activity of
the Ba/ZrO2 materials are presented in table 2.
Among the different Ba/ZrO2 studied in this work,
the Ba/ZrO2 -U material exhibit highest catalytic activity providing 89% yield of the product after 2.5 h of
reaction time at 40◦ C. This catalyst also exhibits higher
amount of barium retention on its surface and more
number of basic sites among the Ba/ZrO2 materials. The
surface area of the Ba/ZrO2 materials is presented in
table 2. The Ba/ZrO2 sample prepared by amorphous
citrate method and urea hydrolysis method exhibit
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Figure 7. FESEM images of (a) Ba/ZrO2 -A, (b) Ba/ZrO2 -C, (c) Ba/ZrO2 -P and (d) Ba/ZrO2 -U.

comparable but higher surface area compared to the
Ba/ZrO2 -P and Ba/ZrO2 -C samples. The surface area
and barium retention is strongly inﬂuenced by the preparative method used for zirconia synthesis. Since the
Ba/ZrO2 materials exhibit different surface areas and
basicity, for comparison purpose, the reaction rates are
calculated in terms of unit surface area and mass of the
catalyst by estimating the conversion of 4-nitrobenzaldehyde in the reaction mixture by GC analysis (table 2).
Among the Ba/ZrO2 catalysts, the Ba/ZrO2 -U catalyst
shows higher reaction rates as compared to other materials. Based on the results described in table 2, the
Ba/ZrO2 -U catalyst is selected for further studies. The
reaction parameters were optimized by varying catalyst
amount, reaction stoichiometry, reaction media and temperature It was observed that for a reaction involving
1 mmol of the arylaldehyde, 50 mg of the catalyst is
ideal for an efﬁcient condensation of the reactants. The
optimum reactant ratio was found to be 1:2 for 4nitrobenzaldehyde and nitromethane, respectively. The
effect of reaction media on the catalytic activity was
studied by employing solvents with different polarity in
the reaction protocol (ﬁgure 9 I).
It is noticed that for nonpolar solvents such as hexane the yield of the product is very less. The yield is

found to improve upon use of polar solvent. The less
yield observed in aqueous medium can be attributed to
the limited solubility of the reactants in water. Among
different solvent tried for the reaction, better yield is
observed when ethanol is employed as a reactant. Hence
ethanol is used as a solvent for further study. The effect
of reaction temperature is studied by varying the temperature in the range of 30–50◦ C. With an increase in
the temperature the yield of β-nitro alcohol (table 3,
Entry 2) increases signiﬁcantly up to 40◦ C. Further
increase in temperature to 50◦ C marginally improves
the yield (ﬁgure 9 II). Hence in this study, the reaction
temperature is ﬁxed at 40◦ C. Ensuing optimized conditions for the β-nitro alcohol synthesis, we explored the
scope and limitations of the optimized protocol by using
different substituted aromatic aldehydes (table 3).
It was observed that the aromatic aldehydes containing electron withdrawing groups react faster in the
optimized protocol as compared to the aldehydes with
electron donating groups. However, a variety of substituted aldehydes reacted in the optimized protocol to
yield the corresponding β-nitro alcohols in high yield
and purity. The recyclability of the Ba/ZrO2 -U catalyst was tested for three consecutive cycles taking the
condensation of 4-nitro benzaldehyde and nitromethane
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Figure 8. Transmission electron micrograph of (a) Ba/ZrO2 -U, (b) Ba/ZrO2 -U
with higher magniﬁcation, (c) Ba/ZrO2 -A, (d) Ba/ZrO2 -C, (e) Ba/ZrO2 -P
materials.
O

OH
H
+ CH3NO2

NO2

Ba/ZrO2
Ethanol, 40oC

R

R

Scheme 1. Ba/ZrO2 catalyzed condensation of aryl aldehydes with nitromethane.

as a model reaction under optimized reaction conditions. After completion of each cycle, the catalyst particles were ﬁltered, washed with 10 mL of ethyl acetate

and dried in hot air oven. The catalyst particles were
regenerated by heat treatment at 450◦ C for 2 h.
The Ba/ZrO2 -U catalyst could be recycled upto three
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o
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o
40 C
o
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Ba/ZrO2-C

Ba/ZrO2-P

Catalyst

Solvent effect

Figure 9. Effect of reaction media (I) and temperature (II) on the yield of β-nitro alcohol (table 3, entry 2).

Table 3. Ba/ZrO2 -U catalyzed synthesis of structurally
diverse β-nitro alcohols.
Sl. No.
1
2
3
4
5
6
7
8
9

R

Time (h)

Yield (%)

H
4-NO2
4-OCH3
4-OH
2-OH
3-NO2
2-NO2
4-Cl
4-F

3.0
2.5
4.0
4.0
4.0
3.0
2.5
3.0
4.0

78.0
89.0
76.0
82.0
80.0
86.5
93.0
87.6
81.5

consecutive cycles without any signiﬁcant loss in the
catalytic activity (table 3, Entry 2, yields, 89%, 1st ;
86%, 2nd ; 84%, 3rd ).
3.2b Synthesis of 2-amino-2-chromenes: The catalytic
activity of the Ba/ZrO2 -U catalyst is further explored
for synthesis of 2-amino-2-chromenes by multicomponent one pot condensation of aryl aldehydes, malononitrile, and α-naphthol (scheme 2).
Initially, the condensation of benzaldehyde, malononitrile and α-naphthol was taken as a model reaction and
the reaction parameters are optimized by varying the
catalyst amount, temperature, reaction media and molar
ratio of the reactants. For reaction involving 1 mmol of
the reactants, 50 mg of the Ba/ZrO2 -U catalyst was ideal
for efﬁcient condensation of the three components to

afford the corresponding 2-amino-2-chromenes in 84%
yield (table 4, Entry 1). Further increase in the catalyst
amount does not lead to an appreciable increase in
yield of the product. The reaction temperature was
varied between 40-80◦ C. At 50◦ C, signiﬁcant yield
of the product was observed which does not improve
substantially upon further increase in temperature.
The optimum reactant ratio is found to be 1:1:1 for
benzaldehyde, malononitrile and α-naphthol, respectively. The effect of reaction media was studied
by using solvents with different polarity under the
optimized reaction condition. The product yield was
found to improve in the presence of polar solvent as
compared to the nonpolar solvents. The best yield of the
product was attained when PEG + water in 1:1 molar
ratio was used as solvent. Ensuing optimized condition for the multicomponent condensation, we explored
the scope and limitation of the catalytic protocol by
using different substituted aromatic aldehydes (table 4).
Under identical reaction conditions, aryl aldehydes
bearing electron withdrawing and donating groups
reacted efﬁciently to give the corresponding 2-amino2-chromenes in high yield and purity. Recyclability
study of Ba/ZrO2 -U material was carried out upto three
catalytic cycles for synthesis of 2-amino-2-chromene
(table 4, Entry 1) using the procedure described in section 3.2a. No signiﬁcant decrease in yield of the product was observed in recyclability study (table 4, Entry
1, yields, 84%, 1st ; 82%, 2nd ; 78%, 3rd ) indicating the
stable activity of the Ba/ZrO2 -U catalyst for synthesis
of 2-amino 2-chromenes.
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O

OH

NH2

CN
Ba/ZrO2
+
R

CN

+
PEG + H2O (1:1)
50oC

CN

R

Scheme 2. Ba/ZrO2 catalyzed synthesis of 2-amino 2-chromene.
Table 4. Ba/ZrO2 -U catalyzed synthesis of 2-amino 2chomenes.
Sl. No.
1
2
3
4
5
6
7
8
9

R

Time (min)

Yield (%)

H
4-Cl
2-Cl
4-OCH3
4-NO2
3-NO2
2-NO2
4-Br
4-F

120
150
150
120
120
120
150
150
180

84
82
81
89
86
88
80
79
76

4. Conclusions
In this work, we have prepared Ba2+ ion grafted zirconia nanoparticles by employing zirconia particles
synthesized by different methods. The selective stabilization of the tetragonal phase of zirconia was observed
for the Ba/ZrO2 samples. The presence of BaCO3 and
BaO as minor phase is also detected from XRD study.
The Ba/ZrO2 samples exhibit particle size in the range
of 9-25 nm depending upon the method adopted for
synthesis of ZrO2 particles. The Ba modiﬁed zirconia nanoparticles exhibit high surface area and surface
basicity. The barium content on the surface strongly
depends on the method of synthesis. The Ba/ZrO2 U material was used as an efﬁcient heterogeneous
base catalyst for synthesis of β-nitro alcohols and 2amino 2-chromenes. Both classes of materials were
synthesized in high yield and purity using the Ba/ZrO2
catalyst. The protocol developed in this work is advantageous in terms of simple experimentation, preclusion
of toxic solvents, less reaction time, recyclability of
catalyst, high yield and high purity of the products.
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