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ABSTRACT
A simple and green synthetic strategy to prepare BaO/TiO2-ZrO2 as a solid base catalyst was reported. These materials with various amounts
of BaO were prepared by the adsorption method. The physical and chemical properties of BaO/TiO2-ZrO2 were investigated by X-ray
diffraction, X-ray fluorescence, specific surface area and BJH pore size distribution, FT-IR spectroscopy, scanning electron microscopy and
energy dispersive spectra techniques. The catalytic performance of catalyst was determined for the Knoevenagel condensation reaction
between carbonyl compounds and ethyl cyanoacetate in the presence of water as a solvent. The catalyst used for this synthetically useful
transformation showed considerable level of reusability besides very good activity.
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1. Introduction

Solid base catalysts have many advantages over liquid
bases. They are noncorrosive and environmentally benign,
presenting fewer disposal problems, while allowing easier
separation and recovery of the products, catalysts and the
solvents. Thus, solid base catalysis is one of the
economically and ecologically important fields in catalysis
and the replacement of liquid bases with heterogeneous
catalysts is becoming more and more important in the
chemical industries [1]. Furthermore, high activity and
selectivity are often obtained only by solid base catalysts for
various kinds of reaction. Recently, many solid base
catalysts have been reported which is effective for a number
of base-catalyzed reactions [2-7]. Nevertheless, very few
references are available dealing with the application of solid
base catalysts for industrial catalysis in contrast to the
extensively studied solid acid catalysts [1]. However, the
majority of the heterogeneous catalyst developed is quite
expensive, or complicated to prepare, which limits their
industrial application. Thus, the study of new simple routes
to prepare solid base catalysts is very relevant in the field of
heterogeneous catalyst.
The Knoevenagel condensation is a carbon-carbon bond
forming reaction commonly used to evaluate both organic [8
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-12] and inorganic [13-15] basic catalysts, so it was used as
the probe reaction. This reaction consists of the nucleophilic
addition of a methylene group to a carbonyl group, where the
methylene group is activated by one or two electron-
withdrawing groups.
In this systematic study, the influence of alkaline earth metal
oxides namely BaO on the phase stability and catalytic
properties of TiO2-ZrO2 has been examined. A simple and
green method was adopted to make the desired BaO/TiO2-
ZrO2 mixed oxide combinations and the catalyst exhibited
good activity and selectivity in the Knoevenagel
condensation of aromatic carbonyl compounds with ethyl
cyanoacetate in the presence of water as solvent.

2. Experimental

2.1. Materials

The chemicals used in this work include tri-block copolymer
poly (ethylene oxide) poly (propylene oxide)-poly (ethylene
oxide), pluronics P123 (MW: 5800, Aldrich), tetraethyl
orthosilicate (TEOS, 98%, Aldrich), Aluminiumtri-sec-
butylate (Merck), 2,4-pentandione (Merck), Zirconium(IV)
isopropoxide (70 wt.% solution in 2-propanol, Aldrich),
titanium(IV) n-butoxide (99%, Aldrich), n-butanol (Merck),
cetyl pyridinium bromide (Aldrich), Barium acetate (Merck)
and Strontium nitrate (Merck). All the solvents and aromatic
aldehydes were purchased from Merck and deionized double
distilled water was used throughout.
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2.2. Instruments and characterization

The catalysts were characterized by X-ray diffraction (Bruker
D8ADVANCE,Cu Kα radiation), X-ray fluorescence (XRF)
(Bruker D8ADVANCE), FT-IR spectroscopy (Nicolet 400D
in KBr matrix in the range of 4000–400 cm-1), BET specific
surface areas and BJH pore size distribution (Series BEL
SORP 18, at 77 K), scanning electron microscopy (SEM) and
energy dispersive spectra (EDS) (SERON, AIS-2100). In
addition, the products were characterized by 1H NMR and
13C NMR spectra (Bruker DRX-500 Avance spectrometer at
500.13 and 125.47 MHz, respectively), GC (Agilent 6820
equipped with a FID detector) and GC-MS (Agilent 6890).
Melting points were measured on an Electro thermal 9100
apparatus and are uncorrected. All the products are known
compounds; they were characterized by FT-IR, 1H NMR and
13C NMR. All melting points were compared satisfactorily
with those reported in the literature.

2.3.2. BaO/SBA-15

Mesoporous silica SBA-15 was prepared by the previous
reported procedure [19]. Pluronic P123 (2 g) was dissolved
at room temperature in H3PO4 (4.2 mL, 85%) and deionized
water (75.4 mL), then tetraethyl orthosilicate (TEOS) (4.6
mL) was added to this solution and the synthesis was carried
out by stirring at 35 ˚C for 24 h in sealed teflon breakers and
was subsequently placed at 100 ˚C for 24 h. Then the
solution was filtered, washed with deionized water, and
finally dried at 95 ˚C for 12 h in air. Template removal was
performed by calcinations in air using two successive steps,
first heating at 250 ˚C for 3 h and then at 550 ˚C for 4 h.
BaO/SBA-15 with the optimized molar BaO loading (15
wt.%) was prepared by the previous procedure for
BaO/TiO2-ZrO2.

2.3.3. BaO/Al2O3-SiO2

SiO2–Al2O3 was prepared by the sol–gel method. Aluminum
tri-sec-butylate (97%) and tetraethyl orthosilicate (98%) were
used as the precursors, and 2,4-pentandione (H-acac) as the
complexing agent [20]. Appropriate amounts of aluminum
tri-sec-butylate and tetraethylorthosilicate were dissolved, n-
butanol. The solution was heated to 60 ˚C and the
components were thoroughly mixed. Then the solution was
cooled down to room temperature, and H-acac as the
complexing agent was added. This clear solution was
hydrolyzed with deionized water (11.0 mol of H2O/mol of
alkoxide). The solution was left overnight to hydrolyze the
alkoxides, yielding transparent gels. The transparent gels

were dried at 110 ˚C to remove water and solvent, and then
calcined at 500 ˚C for 5 h to remove the organics.
According to the previous procedure for BaO/TiO2-ZrO2,
catalyst with BaO loading (15 wt.%) was prepared with an
aqueous solution of Ba(O2CCH3)2. The material was
subsequently dried at 60 ˚C for 1 h and then calcined in air at
500 ˚C for 6 h.

2.3.4. SrO/TiO2-ZrO2

For the preparation of other base catalyst, the relevant
alkaline earth nitrate (Sr(NO3)2) solution was used to reach
the same optimized molar loading (15 wt.% SrO) as we did
for BaO/TiO2-ZrO2.

2.4. Typical procedure for the Knoevenagel condensation

A solution of benzaldehyde (0.2 mL, 2 mmol),
ethylcyanoacetate (0.2 mL, 2 mmol) and catalyst (0.15 g, 15
wt.% BaO/TiO2-ZrO2) in water (10 mL) were stirred at 80
˚C. The progress and completion of the reaction was
monitored by TLC, using n-hexane/THF (5:1) as eluent, and
by GC (Agilent 6820). For the reaction work-up, the mixture
was cooled to 10 ˚C, to solidifiy of the product, and water
was removed by Buchner filtration and the residual solids
were washed with ethanol (5 mL). The solvent was
evaporated and the pure product was obtained in 85 % yield.
The products were identified with 1HNMR, 13CNMR, GC-
Mass and FT-IR spectroscopy techniques. Quantitative
analyses were conducted with an Agilent 6820 GC equipped
with a FID detector. The isolated yield was obtained by
using column chromatography, in addition to GC yield.
Decane was added as an internal standard for GC analysis.
The catalyst was recovered and reused in the reaction of
ethyl cyanoacetate with benzaldehyde for four times. In
addition, the selectivity, (100 % to α,β-unsaturated carbonyl
compounds) and yield, (85 %) did not change by reusing the
catalyst.

3. Results and discussion

3.1. Characterization of the catalyst

Fig. 1 presents the X-ray diffraction patterns of TiO2-ZrO2
with various amount of BaO loading. Also given in the
figure, the published positions of the XRD peaks are related
to Ba2Ti9O20 and BaTi4O9 crystalline phases. As can be seen,
the spectra of TiO2-ZrO2 is an amorphous form, but after this
support is loaded with BaO, the diffractions corresponding
to Ba2Ti9O20 and BaTi4O9 were present [21]. Moreover, by

Table 1. Elemental composition of 15 wt. % BaO/TiO2-ZrO2 obtained from XRF.

Sample Element/concentration (wt.%)

Ti Zr O Ba Others

TiO2-ZrO2 26.27 31.34 39.25 - 2.73

15 wt.% BaO/TiO2-ZrO2 21.22 26.35 40.39 8.77 2.9



Kalbasi et al. / Iranian Journal of Catalysis 1(2), 2011, 55-63

57

Table 2. EDS results of TiO2-ZrO2 before and after the BaO loading.

Sample Ti (%) Zr (%) O (%) Ba(%)
TiO2-ZrO2 36.32 44.1 18.17 -

10 wt.% BaO/TiO2-ZrO2 32.72 40.2 19.33 6.3
15 wt.% BaO/TiO2-ZrO2 31.74 38.9 20.01 7.86
20 wt.% BaO/TiO2-ZrO2 27.18 34.77 23.12 13.7
30 wt.% BaO/TiO2-ZrO2 22.39 30.17 26.03 20.08

increasing the amount of BaO loading up to 15 wt.%, XRD
patterns of the samples become almost amorphous. In
addition, as can be seen, when BaO amount is less than 20
wt.%, more BaTi4O9 may exist in the samples phase, but by
the increase in loading, especially when that accounts for 30
wt.%, Ba2Ti9O20 structure is formed on the mixed-oxide
surface. The crystal structure of Ba2Ti9O20 can be described
as a hexagonal closest packing of oxygen and barium atoms
[22]. Titanium atoms distribute in the octahedral interstices
of the closest packing to form TiO6 octahedral. This result
suggests that by increase from 10 wt.% to 15 wt.% BaO
loading, the Ti+4 sites are occupied by BaO monomers.
When the BaO loading is increased to 30 wt.%, the number
of BaO molecules is twice that of the Ti+4 sites. Therefore, if
we assume an even distribution of BaO on the TiO2-ZrO2
support surface, and presume that BaO is only anchored to
the support surface through Ti+4 sites, we may expect to
observe two BaO molecules occupying each Ti+4 site. In
addition, the X-ray fluorescence (XRF) results also show the
elemental composition of calcined samples before and after
the BaO loading (15 wt.% BaO/ZrO2-TiO2). It can be seen
that the proportion of Ba in the catalyst is 8.77 wt.%, which
is close to 70 % of the value set in the catalyst design (Table
1).

A series of FT-IR spectra obtained from TiO2-ZrO2, 10 wt.%
BaO/TiO2-ZrO2, 15 wt.% BaO/TiO2-ZrO2, 20 wt.%
BaO/TiO2-ZrO2 and 30 wt.% BaO/TiO2-ZrO2 is displayed in
Fig. 2. They show two absorption bands at around 1620 cm-1

Fig.1. The powder XRD patterns of (a) TiO2-ZrO2, (b) 10 wt.%
BaO/TiO2-ZrO2, (c) 15 wt.% BaO/TiO2-ZrO2, (d) 20 wt.%
BaO/TiO2-ZrO2 and (e) 30wt.% BaO/TiO2-ZrO2.

and 3400–3500 cm−1 range which correspond to O–H
bending vibration and stretching vibration of the M–OH
groups (Zr–OH, Ti–OH), respectively. It can be noticed that,
the intensity of these peaks decreases by loading the support

Fig. 2. The FT-IR spectra of (a) TiO2-ZrO2, (b) 10 wt.% BaO/TiO2-
ZrO2, (c) 15 wt.% BaO/TiO2-ZrO2, (d) 20 wt.% BaO/TiO2-ZrO2

and (e) 30 wt.% BaO/TiO2-ZrO2.
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Fig. 3. Scanning electron microscopy (SEM) photographs of (a) TiO2-ZrO2, (b) 10 wt.% BaO/TiO2-ZrO2, (c) 15 wt.% BaO/TiO2-ZrO2, (d) 20
wt.% BaO/TiO2-ZrO2 and (e) 30 wt.% BaO/TiO2-ZrO2.

Fig. 4. Energy- dispersive spectra (EDS) analysis of (a) TiO2-ZrO2, (b) 10 wt.% BaO/TiO2-ZrO2, (c) 15 wt.% BaO/TiO2-ZrO2, (d) 20 wt.%

BaO/TiO2-ZrO2 and (e) 30 wt.% BaO/TiO2-ZrO2.
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Table 3. Porosity data of 15 wt.% BaO/TiO2-ZrO2

Sample BET surface area /m2 g-1 VP (cm3 g-1) DP (nm)

TiO2-ZrO2 66.8 0.14 9.6

15 wt.% BaO/TiO2-ZrO2 51.8 0.11 11.3

Fig. 5. Nitrogen adsorption isotherm at 77 K: (a) TiO2-ZrO2, (b) 15
wt.% BaO/TiO2-ZrO2.

of TiO2-ZrO2 with barium oxide, which indicated that
hydroxyl groups on the surface support reacted with the BaO
agent. In addition, barium crystalline oxide presents an
intense band at around 473 cm-1 and a low one at around 510
cm-1 [23-25], which can be seen clearly from the strong
overlapping of the BaO bands in the region of 475–650 cm-1.

The morphology and location of BaO species on the surface
of the catalyst were examined by scanning electron
microscopy (SEM) using a SERON AIS-2100 microscope
equipped with an energy-dispersive spectra analyzer (EDS).
The SEM and EDS figures of the calcined TiO2-ZrO2 and
loaded BaO with different amounts are shown in Fig. 3 and
Fig.4, respectively. In the SEM images, there exist white and
light gray regions. The contrast in these micrographs is
mainly associated with the mean atomic number of each
region. Bright regions correspond to low atomic numbers
(Ba and O), and dark features correspond to high atomic
number, (Zr and Ti in this case). The images clearly show
that BaO species (bright spots) are dispersed on the surface
of TiO2-ZrO2. The EDS data of all the calcined samples are
presented in Fig. 4 and Table 2. As can be seen, Ti/Zr ratio
obtained from the corresponding EDS data for them were
approximately similar, as was expected. Moreover, it is
revealed that barium oxide disperses well on the support
surface, and the amount of it is approximately close to the
value set in the theoretical design. The N2 adsorption-
desorption isotherm of calcined TiO2-ZrO2 and 15 wt.%
BaO/TiO2-ZrO2 is shown in Fig. 5. The specific surface area

and the pore size have been calculated by using Brunauer-
Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH)
methods, respectively. The structural data of all these
materials (BET surface area, total pore volume, and pore
size, etc.) was summarized in Table 3. During the
impregnation stage of the preparation, surface hydroxyl
groups of the mixed-oxide were probably consumed by
reacting with the active phase precursor, resulted in the
decrease of the available surface area of the support, due to
the closure of the pores.

2. Catalytic activity

The Knoevenagel condensation of benzaldehyde was
chosen as a model reaction to test the catalytic activity
of the BaO/TiO2-ZrO2. Thus, effect of various reaction
parameters on the condensation of benzaldehyde with
ethyl cyanoacetate was studied using BaO/TiO2-ZrO2
as a basic catalyst and the results are as follows: Effect
of reaction temperature on the Knoevenagel
condensation was studied between room temperature
(25oC) and reflux (95oC) in water by keeping other
reaction parameters constant. Experimental results are
shown in Fig. 6. The yield increased from 24 % to 80%
by the increase in temperature from 25oC to 80oC. The
Knoevenagel condensation is an endothermic reaction,
which indicates a higher temperature can promote the
reaction. By further increase in temperature, the yield
remained constant but the selectivity decreased due to
the formation of more condensation products. Catalytic
activity of BaO/TiO2-ZrO2 was improved by

Fig. 6. Effect of reaction temperature on Knoevenagel
condensation. Reaction conditions: 15 wt.% BaO/TiO2-ZrO2 (0.12
g), ethylcyanoacetate (2 mmol), benzaldehyde (2 mmol), H2O (10
mL).
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optimizing the amount of loaded BaO. The yield increased
from 49 % to 80 % as the amount of BaO loading was
increased from 10 % to 15 % in water at 80 ˚C (Table 4). By
further increase in BaO loading, the yield decreased. Above
15 %, maybe there is over-loading of BaO and some pores
of TiO2-ZrO2 are blocked. In order to investigate effect of
the support (TiO2-ZrO2) on the Knoevenagel reaction, we
used BaO (with the same ratio of the optimized catalyst)
without any support as catalyst in the Knoevenagel
condensation by keeping other parameters constant. After 35
min, about 40 % yield was observed. Therefore, TiO2-ZrO2
as a support is very useful for the Knoevenagel reaction. The
effect of catalyst amount on the reaction yield was studied
and the values were shown in Fig. 7. When the catalyst
amount was increased from 0.06 to 0.15 g, the yield
increased from 63 % to 85 %. With excess amount of
catalyst, the yield obviously increased, because of the
availability of more basic sites, which favors the dispersion
of more active species. With further increase in catalyst
amount, the percentage of the yield remained constant. It
was examined the reaction between benzaldehyde and
ethylcyanoacetate with the use of 15 wt.% BaO/SBA-15 and
15 wt.% BaO/SiO2-Al2O3 at the optimum conditions as
shown in Table 5. The result was compared with 15 wt %
BaO/TiO2-ZrO2 in the Knoevenagel condensation. Among
these three types of catalysts, The 15 wt.% BaO/TiO2-ZrO2
catalyst showed higher yield of the desired product.

Fig. 7. Effect of catalyst amount on Knoevenagel condensation.
Reaction conditions: 15 wt.% BaO/TiO2-ZrO2, ethylcyanoacetate
(2 mmol), benzaldehyde (2 mmol), H2O (10 mL), reaction
temperature: 80oC.

Moreover, the conversion of benzaldehyde increased with
the basicity character of alkaline metal oxide and the
increase was more pronounced in BaO at optimum
conditions (Table 5). The reusability of the catalyst was
studied by using 15 wt.% BaO/TiO2-ZrO2 in recycling
experiments. In order to regenerate the catalyst, after
completion of the reaction, it was separated by filtration,
washed several times with ethanol (3×5 mL), dried and
calcined at 500 ˚C for 6 h and used in the Knoevenagel
condensation with a fresh reaction mixture (Table 6). The
results show that this catalyst can be reused, without any
modification, for 4 times and no significant loss of
activity/selectivity performance was observed. The catalytic
activity of 15 wt.% BaO/TiO2-ZrO2 was investigated for the
Knoevenagel condensation by employing various aromatic
and hetero-aromatic aldehydes with ethyl cyanoacetate as an
active methylene compound (Scheme 1). These reactions
produce the corresponding electrophilic alkenes with 100 %
selectivity to the condensation product. In addition, not any
Micheal addition product was observed (Table 7). Hetero-
aromatic aldehydes, such as furfural and 2-pyridine
carbaldehyde (entries 2, 7) provided very good yields.
Aromatic aldehydes with electron withdrawing groups
(entries 5, 6) also offered good yields and the reactions were
completed in short times. Also in the case of electron

Table 4. Effect of loaded BaO amounts on the Knoevenagel
condensation a.

Yield (%) bCatalyst

4910 wt.% BaO/TiO2-ZrO2

8015 wt.% BaO/TiO2-ZrO2

6420 wt.% BaO/TiO2-ZrO2

1230 wt.% BaO/TiO2-ZrO2

40BaO
5TiO2-ZrO2

aReaction conditions: catalyst (0.12 g), ethylcyanoacetate (2
mmol), benzaldehyde (2 mmol), H2O (10 mL), reaction
temperature = 80 ˚C, Time = 35 min.
bIsolated yield

Table 5. Effect of different kinds of support and alkaline metal
oxide on the Knoevenagel condensation

Yield (%)bCatalyst

-TiO2-ZrO2

8515 wt.% BaO/TiO2-ZrO2

7515 wt.% BaO/SBA-15

7015 wt.% BaO/SiO2-Al2O3

7815 wt.% SrO/TiO2-ZrO2
aReaction conditions: catalyst (0.15 g), ethylcyanoacetate (2
mmol), benzaldehyde (2 mmol), H2O (10 mL), reaction
temperature= 80 ˚C, Time = 35 min.
bIsolated yield.

Table 6. Recyclability of the catalyst a.

Yield (%) bCycle

85Fresh

841st

842nd

843rd

844th

aReaction conditions: 15 wt.% BaO/TiO2-ZrO2 (0.15 g),
ethylcyanoacetate (2 mmol), benzaldehyde (2 mmol), H2O (10
mL), 80 ˚C, Time = 35 min.
bIsolated yield.
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Table 7. Knoevenagel condensation reaction of aromatic aldehydes and ethyl cyanoacetate catalyzed by 15 wt.% BaO/TiO2-ZrO2

Ref.
mp (˚C)Yield

(%)b
Time
(min)ProductSubstrateEntry

ReportedFound

265049-518535
CH

C COOEt

CN

CHO1

2795-9692-949515
N C

H

C

COOEt

CNN CHO

2

28133-135132-1344045
CH

C COOEt

CNOH

CHO

OH

3

268081-824045
CH

C COOEt

CN

H3CO

CHOH3CO4

2953-5452-547020
CH

C COOEt

CNCl

CHO

Cl

5

261691659410
CH

C COOEt

CN

O2N
CHOO2N6

3089-9185-879515
O C

H

C
CN

COOEt

O
CHO7

3182-85854520
CH

C COOEt

CNH3C

CHO

H3C

8

aReaction conditions: catalyst (0.15 g), ethyl cyanoacetate (2 mmol), substrate (2 mmol), H2O (10 mL), 80 ˚C.
b Isolated yield.

donating groups (entries, 3, 4), reasonably good yields were
observed but demanded a little more reaction time.
Moreover, moderately activated aromatic compound (entry
8) provided good yields. In order to examine the
chemoselectivity of the present method, equimolar mixtures
of ketone (4-nitro acetophenone) and aldehyde (4-nitro
benzaldehyde) were allowed to react with ethyl cyanoacetate
in water in the presence of the 15 wt.% BaO/TiO2-ZrO2 as a.
catalyst. As shown in Scheme 2, the catalyst was able to
discriminate between ketone and aldehyde and showed a
high chemoselectivity.

4. Conclusion

In this work, we have reported a green chemical method for
preparation of a basic catalyst using Barium oxide supported

on porous TiO2-ZrO2 support. After immobilization of
Barium oxide, it was observed that the BaO molecules are
preferentially anchored on the surface of the solid support.
The catalyst BaO/TiO2-ZrO2 is efficient and selective
catalyst for the Knoevenagel condensation of aromatic
carbonyl compounds. Moreover, the solid catalyst can be
reused and there is no evidence of Barium oxide leaching
from the support during the catalytic reactions. Not requiring
any particular skill to prepare the basic catalyst is another
advantage of this protocol.
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Scheme 1. Knoevenagel condensation catalyzed by 15 wt.% BaO/TiO2-ZrO2.

Scheme 2. Chemoselectivity of the catalyst 15 wt.% BaO/TiO2-ZrO2.
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