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e-mail: luis retete@hotmail.com

J.M. Herńandez
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Zirconium hydroxide was synthesized by the sol-gel method using as precursors zirconium n-butoxide and 1-butanol of a pH = 8. Sub-
sequently, the Zr(OH)4 was impregnated with 10 (ZB10), 15 (ZB15) and 20 (ZB20) wt% borate ions. The three materials were calcined
at 600◦C. The supports were characterized by infrared spectroscopy (FT-IR), X-ray diffraction (XRD) and potentiometric titration using
n-butylamine. For catalytic dehydration was tested with ethanol. Infrared spectra showed that the [BO3]3−ions remained firmly attached
to the ZrO2 surface. XRD patterns of the zirconium modified with borate ions showed the tetragonal phase. The results of potentiometric
titration showed that the zirconium oxides modified with [BO3]3−ions increased the acidity in comparison with the pure ZrO2. The supports
promoted with boric acid were more active than the ZrO2. In the sample ZB20 was achieved 57% conversion of ethanol and its selectivity
towards ethylene was 60% at 300◦C.

Keywords:Catalytic dehydration; ethanol; ethylene; sol-gel method; ZrO2; tetragonal phase.

El hidróxido de circonio se sintetizó por el ḿetodo sol-gel usando precursores como el n-butóxido de circonio y 1-butanol, manteniendo un
pH = 8 durante la śıntesis. El Zr(OH)4sintetizado fue posteriormente impregnado con 10 (ZB10), 15(ZB15) y 20(ZB20) % en peso deácido
bórico. Los soportes fueron calcinados a 600◦C. Se caracterizaron mediante espectroscopı́a infrarroja (FT-IR), difraccíon de rayos X (DRX)
y titulación potencioḿetrica con n-butilamina. La deshidratación cataĺıtica fue evaluado en la conversión de etanol a etileno. Se observó por
espectroscopı́a infrarroja que los iones [BO3]3− permanecen enlazados a la superficie del ZrO2. Los Resultados de DRX indican que los tres
materiales presentan la fase tetragonal. Los resultados de la titulación potencioḿetrica con n-butilamina muestran que la acidez delóxido
de circonio modificado con boro se incremento en comparación al ZrO2. Los soportes promovidos conácido b́orico fueron ḿas activos en
comparacíon con la ZrO2. La muestra ZB20 alcanzó una conversión del 57% de etanol y un 60% de selectividad hacia etileno a 300◦C.

Descriptores:Deshidratacíon cataĺıtica; etanol; etileno; ḿetodo sol-gel; ZrO2; fase tetragonal.

PACS: 32.30.Rj; 82.33.Ln; 82.33.Nq; 82.80.Bg; 95.85.Nv

1. Introduction

The amphoteric character (acid-basic) is the more important
chemical property of the metallic oxides [1]. The Zirconia
presents properties acid, basic, reducing and of oxidation, al-
though it has the disadvantage to have a poor specific area.
The addition of borate ions increases its acidity and the spe-
cific area, which is attractive for reactions that require acid
sites. In some publications is considered to the tetragonal
ZrO2 phase as synonymous of catalytic activity [2].

Ethylene is an important raw material in the chemical in-
dustry since it is used for obtaining a great variety of essen-
tial components for the modern life. Ethylene is produced
mainly by the petrochemical route [3]. However, due to the
decreasing of the petroleum reserves the development of al-
ternative routes to obtain ethylene is getting a great impor-
tance. The ethylene is also obtained by catalytic dehydration

of ethanol coming from the fermentative transformation of
biomass from renewable natural resources [4,5].

The acid catalysts are selective towards products as the
ethylene and the ether diethyl in the ethanol dehydration;
while the basic ones tend to be selective towards the dehy-
drogenation of ethanol forming acetaldehyde [6]. For acid
catalysts, at low temperature is favored the formation of ether
diethyl and at high temperatures, ethylene is the main prod-
uct in the ethanol dehydration. Recently Cortez et al reported
the preparation of zirconias doped with borate ions finding
that it is a material that showed high catalytic activity in the
n-pentane isomerization at atmospheric pressure due to the
existence of medium and strong acid sites [7]. Due to the
acid properties of these materials, in this work, the ethanol
dehydration was studied with the purpose of determining its
selectivity toward the ethylene production.



PREPARATION OF ZIRCONIUM OXIDES MODIFIED WITH BORATE IONS TESTED IN CATALYTIC. . . 99

FIGURE 1. Spectra FT-IR of the ZrO2 and ZrO2- BO3−
3 .

2. Experimental procedures

2.1. Synthesis of the ZrO2 and ZrO2- BO3−
3

The zirconium oxide was prepared by sol-gel method, the
molar relationships used for the synthesis of the materials
were: Alcohol/Alcoxide of 12 and Water/Alcoxide of 8.
Initially was homogenized a mixture of n-butoxide of zirco-
nium IV and 75% of the total of 1-butanol necessary for the
synthesis. The hydrolysis was carried out with 25% of the
remaining alcohol and water, the mixture was added by slow
dropping maintaining the ambient of synthesis with constant
stirring and 70◦C of temperature. The hydrolysis reaction
took 2 hours. The obtained gel was aged by 72 h at 25◦C.
The hydrogel was dried to 100◦C by 24 h. The zirconium
hydroxide was obtained by sol-gel method and it was impreg-
nated with 10, 15 and 20 wt% of boron ions. The resulting
paste was dried at 100◦C during 24 h. Finally, the catalyst
was calcined in air at 600◦C during 3 hours. Due to the results

FIGURE 2. X-ray diffractograms of ZrO2 and ZrO2-BO3−
3 .

TABLE I. Acid Properties of the ZrO2and ZrO2-BO3−
3 evaluated by

potentiometric titration with n-butylamine.

Supports Maximum acid strength Total Acidity

(mV) (meq n-BTA/g)

ZrO 2 -51 1.8

ZB10 77 2.3

ZB15 188 2.8

ZB20 265 3.1

obtained by Cortez et al, where the catalyst calcined at 600◦C
was more active than the others catalysts calcined at different
temperatures [7].

2.2. Characterization of the support

The infrared spectroscopy was carried out in a FT-IR
spectrometer Perkin-Elmer model Spectrum One. The
X-ray diffraction patterns were obtained in a diffractome-
ter D800-Advance Bruker AXS which use radiation Cu Kα
(λ=1.5406̊A) and a graphite monochromator in the secondary
beam. The supports were analyzed by the potentiometric
titration technique using n-butylamine, with the purpose of
evaluating the acidity of the supports [8]. The ethanol dehy-
dration was carried out in a tubular glass reactor during one
hour at atmospheric pressure using 100 mg of support with
the relationship N2/C2H6O = 3.87

3. Results and discussion

In Fig. 1 are reported the infrared spectra of the ZrO2 and
ZrO2 - BO3−

3 samples calcined at 600◦C. Is observed in the
IR spectra of the samples ZB10, ZB15 and ZB20 bands in
the region between 1500 and 1100 cm−1 corresponding to
[BO3]3−ions whereas, in the spectrum of ZrO2 are observed
bands in the region between 750 and 500 cm−1corresponding
to crystalline ZrO2. According to Babouet al., in the IR
spectra of the ZrO2 reported in their work. Is observed bands
in 762, 578 and 532 cm−1 which correspondent to the crys-
talline zirconia [9]. The minimums accentuated around 1403,
1375 and 1193 cm−1 correspond to [BO3]3− ions [7]. The
bands corresponding to the ZrO2 are affected with the incor-
poration of [BO3]3− ions decreasing their intensity. Addi-
tionally, the infrared analyses show characteristic bands of
ionsδ-OH located in 1630 cm−1 attributed to the physisorbed
water [10].

In Fig. 2 are shown the XRD patterns of ZrO2 and ZrO2-
BO3−

3 . In the XRD pattern corresponding to ZrO2 sample
two crystalline structures are observed; the monoclinic struc-
ture identified by the lines of diffraction 24.6, 28.3, and 31.5◦

marked by plus and the tetragonal structure identified by the
lines of diffraction 30.28, 35.28, 50.42, 60, and 63◦ marked
by O, in the scale 2θ [11]. The samples impregnated with
borate ions (ZB10, ZB15 and ZB20) display only the tetrag-
onal structure. This suggests that the [BO3]3−ions addition

Rev. Mex. F́ıs. S55 (1) (2009) 98–101
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TABLE II. Ethanol conversion–Selectivity to ethylene obtained in the ethanol dehydration, to atmospheric pressure, 60 min, 0.1 g of catalysts,
gas carrier:100 ml/min and a relationship N2/C2H6O = 3.87

Supports Temp. Conversion Selectivity Supports Temp. Conversion Selectivity

(◦C) (%) (%) (◦C) (%) (%) (%)

ZrO2 250 0.774 79.73 ZB10 250 3.28 19.13

300 6.94 90.69 300 23.52 43.62

350 25.57 87.63 350 49.69 77.70

400 55.27 91.50 400 76.08 89.76

ZB15 250 8.47 29.20 ZB20 250 13.09 21.57

300 25.58 77.10 300 56.54 58.57

350 52.14 87.90 350 88.81 94.92

400 79.93 89.20 400 94.02 95.04

FIGURE 3. Profile of neutralization of acid sites of ZrO2 and ZrO2-
BO3−

3 .

caused the stabilization of the tetragonal structure. In agree-
ment with the incorporation of the [BO3]3− ions in the ZrO2
delayed the appearance of the monoclinic structure and con-
sequently it is obtained the tetragonal structure [7,10,11]. In
the supports ZB15 and ZB20 present a characteristic peak of
the sassolite-H3BO3 Triclinic (28◦ in the scale 2θ). In the
ZB10 sample was not observed this peak attributed to boric
acid, which can indicate a uniform distribution of [BO3]3−

ions in the surface of the material.
In Fig. 3 is presented the profiles of neutralization of

the acid sites in the ZrO2 and ZrO2-BO3−
3 samples. The

maximum acid strength (M.A.S.), first point of titration, has
a value of approximately of -51 mV for ZrO2, 77 mV for
ZB10, 188 mV for ZB15 and 265 mV for ZB20. In Table I
are shown these values. The strength of acid sites can classify
with the scale reported by Pizzioet al., M.A.S. > 100 mV
(very strong acid sites),0 < M.A.S. < 100 mV (strong acid
sites),−100 < M.A.S. < 0 mV (weak acid sites) and M.S.A
< −100 mV (very weak acid sites) [8]. According to the

FIGURE 4. Effect of the temperature of reaction on the ethanol
conversion.

classification reported for this technique, the curve of the
ZrO2 sample in Fig. 3 presents weak and very weak acid
sites.

Support ZB10 presents strong acid sites, although the
concentration of this is very low; most of the acid sites in
this material are weak. In materials ZB15 and ZB20 are ob-
served that they contain very strong and strong acid sites in
greater proportion in comparison of the weak sites.

In addition, the total amount of meq n-butylamine spent
by gram of support (meq n-BTA/g) confirms that the concen-
tration of the acid sites is greater in the samples acidified in
comparison of ZrO2 that was not modified; this is observed in
Table I. The pure zirconia had a concentration of acid sites of
around 1.8 meq of n-bta/g; this value was increased to 2.3, 2.8
and 3.1 n-bta/g meq in the materials with addition of ion bo-
rate

In Fig. 4 shows the effect of the temperature of reaction
over the conversion of the ethanol with ZrO2 and ZrO2-BO3−

3
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catalysts. Is observed that the ethanol conversion increases
with the increment in the concentration of the borate ions and
temperature of reaction. The ZrO2-BO3−

3 catalysts were also
more active than the pure ZrO2. Main product of ethanol de-
hydration reaction was the ethylene, as secondary products
were obtained ether ethylic which is attributed to the exis-
tence of acid sites (strong or weak) and low temperatures of
reaction and in smaller percentage acetaldehyde, which is an
indicative of the existence of basic sites that carry out the de-
hydrogenation of ethanol forming acetaldehyde [6,12].

The pure ZrO2 displays smaller catalytic activity in the
ethanol dehydration to all temperatures of reactions tested.
However, the incorporation of [BO3−3 ] ions promoted the ac-
tivity in the reaction of ethanol dehydration to ethylene to
moderate temperatures due to a promotional effect of the
acidity in general (weak and strong). In Table II the effect
of reaction temperature (200, 300 y 400◦C) over the ethanol
conversion and selectivity to ethylene are reported.

The biggest activity obtained by the ZrO2-BO3−
3 catalytic

in the reaction of ethanol dehydration, is observed in Table II.
The conversion improved with the increased of the reaction
temperature and with the increased of the acidity in the sup-
ports, which they are observed with the total amount of meq
n-butylamine spent by gram of support (meq n-BTA/g) re-
ported in Table I. In the pure ZrO2 only weak acid sites
(-50 mV) were detected, however with the introduction of
borate ions, the strength of the acid sites was increased up
to 60 mV in the case of ZB10 catalyst and up to 365 mV for
the material ZB20. These values identify strong acid sites [8].
On the other hand, total acidity also was increased with the
addition of the borates ions on the ZrO2. It is evident that

the acidity plays an important part on the activity of the zir-
conium oxide in the dehydration of ethanol. Clearly is evi-
dent that the pure circonia has a concentration of acid sites
of around 1.8 meq of n-bta/g, this value was increased to
2.3, 2.8 and 3.1 n-bta/g meq in the materials with addition of
ion borate. The conversion in the ethanol dehydration was in-
creased of 0.8% obtained with pure ZrO2 to 3.2, 8.4 and 13%
employed the catalysts modified with borate ions to 10, 15
and 20 wt% respectively at 250◦C.

4. Conclusions

The results obtained in this work showed a positive effect in
the physicochemical properties of ZrO2 due to the incorpo-
ration of [BO3−

3 ] ions. It was observed that the [BO3−3 ] ions
strongly remain attached in the surface of the ZrO2 and stabi-
lized the tetragonal structure. On the other hand, the addition
of the borate ions in the ZrO2 caused an increment in the
total acidity of the catalysts allowing a better catalytic behav-
ior in the tests of ethanol dehydration. Potentiometric titra-
tion using n-butylamine revealed the existence of very strong
and strong acid sites in supports ZB15 and ZB20. The mate-
rial ZB10 showed strong and weak acid sites, while the ZrO2

only weak and very weak acid sites were determined.
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