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Abstract

The effect of B,O5 addition on the crystallization of amorphous TiO,—ZrO, mixed oxide was investigated by X-ray diffraction (XRD),
thermogravimetric and differential thermal analysis (TG/DTA). TiO,—ZrO, mixed oxide was prepared by co-precipitation method with
aqueous ammonia as the precipitation reagent. Boric acid was used as a source of boria, and boria contents varied from 2 to 20 wt%. The
results indicate that the addition of small amount of boria (<8wt%) hinders the crystallization of amorphous TiO,~ZrO, into a
crystalline ZrTiO4 compound, while a larger amount of boria (=8 wt%) promotes the crystallization process. FT-IR spectroscopy and
"B MAS NMR results show that tetrahedral borate species predominate at low boria loading, and trigonal borate species increase with
increasing boria loading. Thus it is concluded that highly dispersed tetrahedral BO,4 units delay, while a build-up of trigonal BO;
promote, the crystallization of amorphous TiO,—ZrO, to form ZrTiOy4 crystals.

© 2006 Published by Elsevier Inc.
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1. Introduction

Supported boria catalysts are widely used for various
reactions such as vapor phase Beckmann rearrangement of
cyclohexanone oxime [1], toluene disproportionation [2],
isomerization of 1-butene [3], dehydration of alcohol [4],
photocatalytic decomposition of water [5], and partial
oxidation of methane using oxygen as the oxidant [6].
These catalysts are usually prepared by impregnating the
boria from an aqueous solution of boric acid on an
inorganic oxide support, such as SiO,, Al,O3, TiO, and
ZrO,. It is well established in the literature that the type of
support plays a key role in the catalytic performance and
for a given reaction the activity, selectivity and stability of
the catalyst can be improved greatly by the use of an
appropriate support oxide [7].

In comparison with the single component supports, the
composite oxide supports are usually found to exhibit

*Corresponding author. Fax: + 8621 64945006.
E-mail addresses: dsmaol106@yahoo.com.cn, dsmao@sit.edu.cn
(D. Mao).

0022-4596/$ - see front matter © 2006 Published by Elsevier Inc.
doi:10.1016/j.jssc.2006.11.009

higher surface acidity, surface area, and thermal and
mechanical strength [8]. Among various mixed oxides, the
titania—zirconia binary oxide has been reported to exhibit a
high surface acidity by a charge imbalance based on the
generation of Ti—O-Zr bonding [9]. It is also possible that
Ti and Zr ions on the TiO,~ZrO, may act as acidic and
basic sites, respectively, which may serve as catalytic active
sites [10]. Thus, the combined TiO>,—ZrO, mixed oxide
has attracted much attention recently as a catalyst and
support for various applications. Very recently, we have
reported that a better catalytic performance of vapor phase
Beckmann rearrangement of cyclohexanone oxime to
g-caprolactam, a commercially important product in the
manufacture of synthetic fibers (especially nylon-6) and in
many other applications, can be achieved on a TiO,—ZrO,
supported boria catalyst [11-13]. It gives rise to a higher
e-caprolactam yield and has a longer lifetime as compared
with that of B,O3/TiO, and B,O3/ZrO, catalyst. Further-
more, we studied the effect of boria content on the catalytic
performance of the B,O3/TiO>—ZrO, catalysts in the range
of 8-20wt% and found that the highest conversion of
oxime and selectivity of e-caprolactam was obtained at the
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boria content of 12wt% [11]. These results are well
interpreted in terms of the acidic and textural character-
istics of the catalysts. In the present work, the effect of
boria addition in a wider range (2-20wt%) on the
crystallization of TiO,—ZrO, binary oxide support was
studied by XRD and TG/DTA techniques, and related
to the structure of dispersed boria characterized by XRD,
FT-IR and ''B MAS NMR techniques.

2. Experimental
2.1. Preparation

The TiO>—ZrO, mixed oxide (1:1 molar ratio) support
was prepared by a co-precipitation method using aqueous
ammonia as the precipitation reagent as described pre-
viously [11]. In brief, an aqueous mixture solution contain-
ing the requisite quantities of titanium tetrachloride (AR
grade, Shanghai Chemical Reagent Corporation, PR
China) and zirconium oxychloride (AR grade, Shanghai
Chemical Reagent Corporation, PR China) was added to
an excess amount of aqueous ammonia slowly and mixed
thoroughly by control of the final pH = 9. The precipitate
thus obtained was allowed to stand at ambient temperature
overnight, filtered, washed thoroughly with de-ionized
water until no chloride ions were detected by adding
AgNOj; solution to the filtrate, and then dried at 110°C
overnight. The dried precipitate was finally calcined at
500 °C for 6 h.

The B,03/TiO,—ZrO, catalysts, with various boria
loadings ranging from 2 to 20wt% were prepared by
pore-volume impregnation of TiO,—ZrO, with aqueous
solutions containing various amounts of boric acid
(AR grade, Shanghai Chemical Reagent Corporation,
PR China). Samples containing higher boria loadings
(=8wt%) were prepared by multi-step impregnation.
Samples were dried at 110 °C for 4 h between impregnation
steps. All samples in the series were finally dried at 110 °C
overnight and then calcined at 600 °C for 12 h. The heating
rate was always maintained at 10 °C/min.

2.2. Characterization

X-ray powder diffraction patterns of the samples were
obtained with a Rigaku D/MAX-1400 diffractometer,
which utilized nickel-filtered CuKa radiation. Diffraction
patterns were obtained with an X-ray gun operated at
40kV and 40mA, in the range of 20 = 5-40° using a
scanning rate of 15 °/min.

Thermogravimetric (TG) and differential thermal ana-
lysis (DTA) were carried out using a high temperature
thermal analyzer (Dupont, TA-4000) in the presence of
flowing air (50 ml/min) at a heating rate of 20 °C/min.
Finely powdered alumina was used as a reference material.
The samples used were the dried boric acid impregnated
supports (110 °C, overnight) prior to calcination.

The FT-IR spectra were collected on a Bruker IFS-88
FT-IR spectrometer at room temperature and atmospheric
pressure, using KBr discs, with a spectral resolution
of 4cm™".

"B MAS NMR spectra were recorded at resonance
frequency of 96.29 MHz on a Bruker DMX-300 multi-
nuclear spectrometer, while a MAS spinner was rotated at
a rate of 12 kHz, 8° rf pulses, 1 s recycle delay. Background
subtraction was necessary due to boron nitride components
in the probe. Chemical shifts reported in parts per million
(ppm) were referenced to BF; etherate.

3. Results and discussion
3.1. XRD measurements

In a previous paper [11] we have studied the crystal
structures of TiO,—ZrO, (1:1) samples calcined at different
temperatures from 500 to 1000 °C. The results indicate that
after calcining at 500 °C, the TiO,—ZrO, mixed oxide is in
an amorphous state. However, X-ray diffraction lines
characteristic of the formation of the crystalline ZrTiO4
compound can be observed from 600°C and above
temperatures, and whose crystallinities increase with an
increase in calcination temperature. This result was
consistent with those reported earlier by Daly et al. [14]
and Reddy et al. [15]. On the other hand, Noguchi and
Mizuno [16] reported that tetragonal and monoclinic ZrO,,
and rutile TiO, could be produced by the decomposition of
ZrTiO,4 at higher temperatures. Wu et al. [9] also found
that relatively important amounts of TiO, (rutile) phase
were separated from ZrTiO4 at higher calcination tem-
peratures (=850 °C). Furthermore, Navio and co-workers
[17] detected the formation of TiO, in rutile phase even
after calcination at 500 °C. As suggested by Reddy et al.
[15], the observed higher stability of ZrTiO4 compound
may presumably be due to a different preparation method
adopted and the precursor compounds used for the
preparation of this mixed oxide in the present study.

The representative XRD patterns of B,O3/TiO,—ZrO,
catalysts with various boria loadings are depicted in Fig. 1.
As can be seen from this figure, the B,O;/TiO,—ZrO,
catalysts with lower boria loadings (<8 wt%) are in X-ray
amorphous states. However, crystalline ZrTiO,4 is already
formed for TiO,—ZrO, without addition of B,O; after
calcination at the same temperature (600 °C) [I11]. From
these results, it is concluded that the incorporation of small
amount of boron hinders effectively the crystallization of
the amorphous TiO,—ZrO,. On the other hand, when the
boria loading increases to >8wt%, the diffraction lines
due to the formation of ZrTiO4 compound are observed
again. Moreover, the intensities of these bands increase
with boria loading. This result indicates that the transfor-
mation of amorphous TiO,—ZrO, mixed oxide into a
crystalline ZrTiO4 compound is accelerated by the sup-
ported boria. The results described above suggest that the
addition of boria with different content has different effect
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Fig. 1. XRD patterns of B,O3/TiO,~ZrO, catalysts with various boria
loadings calcined at 600 °C: (a)2wt%, (b) 5wt%, (c) 8 wt%, (d) 10 wt%,
(e) 20 wt%.

on the crystallization of amorphous TiO,—ZrO,: the small
amount of boria hinders the crystallization process, whilst
the higher loading promotes the transformation. This is an
interesting observation from the present study. To our best
knowledge, this peculiar effect of boria on the crystal-
lization of amorphous oxide has never been reported so far.
In addition, as shown in Fig. 1, the characteristic peak of
crystalline B,O5 (260 = 28°) is only observed in the X-ray
diffraction patterns of the B,O;/TiO,—ZrO, catalysts with
higher boria loadings (=8 wt%). This result suggests that
B,O3 below 8wt% loading is in a highly dispersed and
amorphous state. Moreover, the intensity of the diffraction
line of crystalline B,Oj is almost the same for the catalysts
containing more than 8 wt% B,0s;, i.c., regardless of the
boria loading. The above result shows the formation of
surface amorphous B,O; phases as predominant species on
the B,O3/TiO>—ZrO, catalysts in the range of B,O5 content
examined here (2-20 wt%). In this sense, boria is known to
be one of the most difficult substances to crystallize [18].

3.2. Thermal analysis (TG/DTA)

The TG and DTA profiles of B,O3/TiO,—ZrO, catalysts
with boria loadings of 5 and 20 wt% are shown in Fig. 2,
where those of the TiO,—ZrO, support obtained under the
same conditions are also depicted for comparison. The TG
profiles are characterized by a weight loss up to 400 °C.
Below 400 °C the weight loss, accompanied by a endother-
mic peak with maximum at 110-160 °C in the DTA profile,
can be attributed to the desorption of physically adsorbed
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Fig. 2. TG and DTA profiles of TiO,—ZrO, support (a) and B,Os;/
TiO,—ZrO, catalysts with 5Swt% boria (b) and 20 wt% (c) dried at 110 °C.

water and the dehydration of H;BOj. Because the water
physically adsorbed on catalysts is more easily removed
than that produced by dehydration of boric acid, the
maximum of the peak shifts towards higher temperatures
with increasing the B,O; loading, i.e., from about 120 °C
for Swt% B>0O;3 to about 150 °C for 20 wt% B,Os. At the
same time, the intensity of the endothermic peak increases
with an increase in the B,O5 loading. Izumi et al. [2] also
reported that the alumina-boric acid systems with boria
loading <20wt% give one broad endothermic peak at
about 130 °C. They proposed that boric acid is dehydrated
to form metaboric acid as an intermediate and that it reacts
with an active anhydrous alumina at about 130 °C, while
excessive boric acid is transferred into isolated boria which
exhibits a peak at around 180°C in the DTA profile.
Moreover, all of the DTA profiles show an exothermic
band without a corresponding TG peak. From this
observation, it is concluded that the exothermic transition
corresponds to a crystallization of the amorphous TiO,—
ZrO,. The phase transition from amorphous to ZrTiO4
crystalline phase is detected at around 724 °C for TiO,—
ZrO, support. This result is in good accordance with that
(712 °C) reported recently by Zou et al. [19]. But the XRD
characterization results presented above reveal well-crystal-
line material, even significantly below this temperature.
This may be due to the role of the calcination period, which
plays an important role in phase transition [20]. It has to be
taken into account that this is dynamic value on heating,
while sample calcined in static air was used for XRD
analysis. Therefore, a comparison of DTA results with
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those of XRD may be misleading. A similar observation
was also recently made by Sham et al. [21].

In addition, it is clear that the addition of boria exerts
significant effect on the position of this exothermic peak.
For B,03/TiO>,—ZrO, catalyst with boria loading of 5 wt%,
the exothermic peak increases to 752 °C from 724 °C of
TiO,—ZrO, support. However, for the samples with higher
boria loadings (=8 wt%), the exothermic peak shifts to
lower temperatures and thus, for a 20 wt% B,0s, it appears
at 694 °C (30°C lower than that of TiO,—ZrO, support).
These results support our conclusion deduced from the
above XRD measurements, viz. the small amount of boria
retards the crystallization of amorphous TiO,—ZrO,, whilst
the higher loading promotes the transformation process.

3.3. Characterization of B,Oj3 structure

The different effect of boria with different loadings on
the crystallization process of the amorphous TiO,—ZrO,
may be related to the different interaction between boria
and TiO,—ZrO, which can be reflected by the different
states of boron on the surface of catalysts. It is well known
that there exist two structure units (i.e. tetrahedral BO4 and
trigonal BO3) of boron in borates [1-4,7,18,22,23]. FT-IR
[2,4,7,18] and ''"B MAS NMR [1,3,18,22,23] technologies
have been extensively used to ascertain the nature of the
B,0; structure existing on various supports.

3.3.1. FT-IR study

The representative FT-IR spectra of the B,O3/TiO,—
ZrO, catalysts with various B,O; loadings in the skeletal
region (2500-400cm™") are shown in Fig. 3. As shown
in Fig. 3, the sample with 5wt% B,O; shows three
weak broad bands at 1400-1430, 1300-1400 and
1050-1150cm ™", respectively. As the boria loading in-
creases, the band at 1400-1430cm™' shifts up to
1460cm~', and the intensity of this band increases
gradually. At the same time, the bands at 1300-1400 and
1050-1150 cm ™" disappear. Furthermore, two new bands
are observed at about 1190 and 880cm™', respectively,
whose intensities increase with the increase in boria
loading. The band near 1650cm ™' is due to the scissor-
ing-mode of water molecules, probably involved in
H-bonding, as proposed by Delmastro et al. [4].

Information on the structure of the borate species
present on B,03/TiO,~ZrO, catalysts can be obtained
from the above spectra, taking into account the character-
istic spectra of the different boron—oxygen compounds. By
comparison with the spectra of boric acid (only BO5 units)
and borax (both BO3; and BO4 units), it is concluded
that the bands at 1460, 1190 and 880cm™' represent the
formation of BO; units, while the bands at 1300-1400 and
1050-1150 cm ™" represent the formation of BO,4 units [24].
The spectra of B,O3/TiO,—ZrO, samples show that in these
materials both tetrahedral and trigonal boron species exist
on their surface. Moreover, the coordination of boron
atoms in the samples with lower B,Oj3 loadings is mainly in
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Fig. 3. IR spectra of B,0;/TiO,-ZrO, catalysts with various B,O;
loadings: (a) 5wt%, (b) 8 wt%, (c) 12wt%, (d) 20 wt%.

BO4 units. However, in the samples with higher boria
loadings, the boria is constructed predominantly by BOj
units, and the amount of these BO; units increases with
increasing the boria loading.

3.3.2. "B MAS NMR study

It is well known that tetrahedral BO4 and trigonal BO3
units have similar isotropic chemical shifts but substan-
tially different quadrupolar coupling constants. Under
MAS at high magnetic fields, the "B NMR spectra of
tetrahedral BO,4 units usually give a relatively narrow single
signal in the range —5 to 2ppm from boron trifluoride
etherate (BF;-EtO,), indicating a highly symmetrical
arrangement of the four oxygen atoms in the BO,
tetrahedron in the framework. Furthermore, trigonal BO3
units produce a characteristic quadrupolar doublet pattern
due to its high quadrupolar interaction. Because the ''B
chemical shift range is small, the peaks corresponding to
the two boron coordinations often cannot be clearly
separated. Hence, rapid sample spinning (=>6kHz) to-
gether with high power proton decoupling is desirable for
acquisition of "B NMR spectra of borates and borosili-
cates, from which accurate trigonal/tetrahedral ratios may
be determined [18].

Fig. 4 presents some of the ''B MAS NMR spectra of
B>03/TiO,—ZrO; catalysts with different boria loadings. As
shown, all the samples consist of both trigonal and
tetrahedral B-O coordinations. With an increase in boria
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Fig. 4. "B MAS NMR spectra of B,O3/TiO,~ZrO, catalysts with various
boria loadings: (a) S5wt%, (b) 8 wt%, (c) 12wt%, (d) 20 wt%.

loading, the intensity of tetrahedral signal decreases but
that of trigonal signal increases. Thus, the ratio of BOj to
BO, species increases with increasing boria loading, which
is well in agreement with that found in FT-IR study. Based
on the above results, we conclude that the difference in the
structure of boria on the surface of B,O;/TiO,—ZrO,
catalysts with different boria loadings reveals the different
interactions between boria and TiO»—ZrO», which may lead
to the different effect on the crystallization process of the
amorphous TiO,—ZrO,. Furthermore, connecting the
crystalline structure of the B,O5/TiO,—ZrO, catalysts with
different boria loadings with their behavior in the vapor
phase Beckmann rearrangement of cyclohexanone oxime
[25] we suggest that the presence of crystalline ZrTiOy is
favorable for the selective synthesis of e-caprolactam.

4. Conclusions

The TiO,—ZrO, binary oxide support, when calcined at
500°C, is in an X-ray amorphous state. The amorphous
TiO»—ZrO, transforms into crystalline ZrTiO4 compound
beyond 600 °C calcination temperatures and this com-

pound is thermally quite stable even up to 1000 °C. The
crystallization process of the initially amorphous TiO,—
ZrQ, is hindered by the incorporation of low content of
boron, whilst favored by high content of boron.
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