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Thermally stable zirconia with a large BET surface area was prepared by using zirconium atrane derivatives and commercial

alkyltrimethylammonium bromide. The zirconia samples were characterized by wide-angle X-ray diffraction, thermal analysis and

N2 adsorption/desorption analysis. The results showed that the present zirconia existed as a thermally stable tetragonal crystallite

and consisted of mesoporous material with microporous contribution. The BET surface area was found larger than 240m2=g even

after calcination at 600 �C. The present zirconia after sulfation was applied to the skeletal isomerization of 1-butene, and its

catalytic activity was found superior to that of the conventional sulfated zirconia.
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1. Introduction

Zirconia has attracted much attention in the areas of
ceramics and catalysis. Its catalytic application espe-
cially is quite promising because zirconia has both acidic
and basic properties [1] and a high thermal stability. In
recent years, a number of studies have been reported on
the application of zirconia as a catalyst or as a catalyst
support [2–4]. More specifically, zirconia was proven
active in catalytic reactions including paraffin isomer-
ization [5], CO=CO2 hydrogenation [6,7], alcohol
dehydrogenation [8,9] and hydrogenation of carboxylic
acids [10]. Furthermore, sulfate-promoted zirconia has
been found to be highly acidic and thus active for the
isomerization of lower linear alkanes at low tempera-
tures [11,12].

For an extended application, however, it is required
that zirconia must possess large surface area, large pore
size, well-developed pore structure and good thermal
stability. When compared with other common support
materials such as silica and alumina, the commercial
zirconia has a rather low surface area of less than
50m2=g or even less. Much effort has been attempted to
prepare zirconia with a large surface area by using novel
preparation methods including the glycothermal process
[13], the alcohothermal-SCFD process [14,15] and the
CO2 supercritical drying [16,17] or by incorporating
other components such as potassium [18] and rare earth
ions [13]. In addition, the surfactant-assisted sol–gel
approach has been developed for the purpose of
producing mesoporous zirconia with the regular pore

structure [19–28]. This approach involves a very
elaborate and time-consuming treatment for hydrother-
mal synthesis and utilizes expensive reagents, but it turns
out to be effective in creating materials with large
surface areas as well as well-developed pore structure.

As observed with many transition metal oxides, the
calcination of zirconium-surfactant composites results in
a (partial) structure collapse, except for the material
prepared by using PEO-PPO-PEO block copolymers [27].
Therefore, it is very important to achieve an adequate
balance between the hydrolysis–condensation process
involving zirconium centers and the self-assembling
reactions in the surfactant-assisted synthesis of ZrO2-
based mesoporous materials. In practice, it is difficult to
form stable mesostructures using transition metal alk-
oxides because of their high reactivity toward water [29].
Triethanolamine (TEAH) has been recently reported to
be a hydrolysis-retarding agent [30–32]. The use of atrane
complexes formed by the interaction between metal
alkoxides and TEAH allows us to control the hydrolysis
and condensation rates of metal alkoxides, and thus
orderedmesoporousmaterials can be synthesized starting
from highly reactive metal alkoxides.

On the basis of this synthesis strategy, we have

recently reported the preparation of thermally stable
mesoporous zirconia using TEAH and commercial
alkyltrimethylammonium bromide [33]. It was also

demonstrated that the prepared material consists of
mesoporous solid with a microporous contribution and
a wormhole pore structure. However, the thermal

behavior of this material was not systematically
investigated.

In the present work, we report the results of

physicochemical characterization that provide us with
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a new insight into the thermal behavior of the zirconia
samples prepared on the basis of the atrane route. The
zirconium mesophases were calcined at high tempera-
tures of 350, 500 and 600 �C, respectively, and the
resultant materials were characterized by wide-angle
XRD, TG/DTA and N2 adsorption/desorption ana-
lyses. In addition, the prepared zirconia was sulfated
and then tested for the 1-butene skeletal isomerization,
which must be carried out at high reaction temperatures
above 350 �C.

2. Experimental

2.1. Sample preparation

Zirconium atrane (Zr-atrane) derivatives were pre-
pared by using zirconium n-propoxide and TEAH in
tetrahydrofuran (THF) according to the synthetic
method of titanatranes described in the literature
[34,35]. In a typical synthesis leading to the zirconia
mesophase, NaOH was dissolved at 60 �C in a TEAH
solution containing the prepared Zr-atrane derivatives
and the surfactant, cetyltrimethylammonium bromide
(CTAB) or octadecyltrimethylammonium bromide
(OTAB) and then water was slowly added under
vigorous stirring at 120 �C. Thus, the molar composition
of the starting reagent mixture was: 2 Zr-atrane : 7.5
TEAH : 0.7NaOH : 0.6 surfactant: �332H2O. The
resulting mixture was stirred for 2 h and then allowed
to cool down to room temperature to realize the
formation of a pale yellow solid. This was hydrother-
mally aged at 120 �C for 2 days. After aging, the solid
was filtered off, washed with ethanol and air-dried.
Finally, the surfactant was removed by calcination at
350 �C for 120 h according to the method of Cabrera et
al. [31]. In addition, the material was calcined at high
temperatures of 500 and 600 �C, respectively, under air
atmosphere for 6 h.

Sulfate promotion was carried out by immersing
0.15 g of the zirconia sample in 10mL of 3M H2SO4

solution for 90min. The sample was filtered off and
dried at 100 �C overnight. It was then kept in a vacuum
desiccator to prevent any contamination of the catalyst
prepared.

2.2. Characterization

Powder X-ray diffraction patterns in the 2� range of
1–10� were collected at ambient temperature using Cu
K� radiation, � ¼ 1:54056 Å, on a Philips X’Pert MPD
diffractometer operating at 40 kV and 40mA. Simulta-
neous thermogravimetric (TG) and differential thermal
analysis (DTA) measurements were performed on a TA
Instruments SDT-2960 thermal analyzer apparatus in
air flow (100mL/min) with a heating rate of 10K/min.
Nitrogen adsorption and desorption isotherms were

measured at 77K using a Micromeritics 2010 system
after the samples were first degassed at 200 �C overnight.
Surface areas ðSBETÞ were determined by the BET
method in the 0.05–0.1 relative partial pressure range,
and the pore size distribution in the adsorption branch
of the isotherm was determined by the Barrett–Joyner–
Halenda (BJH) method. The total pore volume ðVtÞ was
taken at the P=P0 ¼ 0:99 single point and the micropore
volume ðVmiÞ was calculated by using Horvath–Kawa-
zoe formula in the diameter range of < 20 �A.

2.3. Catalytic tests

The skeletal isomerization of 1-butene was carried
out in gas phase in a fixed-bed flow reactor at
atmospheric pressure. The catalyst (0.1 g) was loaded
into the reactor and pretreated at 500 �C before the
reaction. After pretreatment, the reactor was cooled
down to the reaction temperature of 450 �C; and then, 1-
butene in He balance (the ratio of He to 1-butene ¼9 : 1)
was streamed into the reactor at a flow rate of 10mL/
min. The samples were taken out periodically during the
course of reaction with Valco 16-port multiposition
valve and analyzed by an on-line gas chromatography
(HP5890) equipped with HP-PLOT=Al2O3 capillary
column and FID. The conversion was calculated in
terms of mole-percent of 1-butene consumed and the
selectivity to isobutene in terms of the yield of isobutene
divided by the conversion of 1-butene. 2-butenes were
not considered as products because the isomerization
between 1-butene and 2-butene is much faster than the
skeletal isomerization, and 2-butenes can also be
converted into isobutene [36,37].

3. Results and discussion

3.1. Characterization of mesoporous zirconia prepared on
the basis of the atrane route

The XRD patterns of the calcined zirconia samples
synthesized in this study are shown in figure 1. Figure
1(a) displays the XRD patterns recorded for the zirconia
prepared by using CTAB as the surfactant and
subsequently calcined at different temperatures of 350,
500 and 600 �C, respectively. After calcination at 350 �C,
the broad diffraction pattern was observed, indicating a
characteristic of tetragonal zirconia nanoparticles with a
low crystallinity.

Table 1 presents the mean crystalline sizes ðDhklÞ of
the zirconia samples, deduced from the full width at
half-maximum for the (111) reflection of the tetragonal
phase using the Scherrer relationship. The mean crystal-
line size for the zirconia calcined at 350 �C was measured
to be about 1.0 nm. As the calcination temperature
increases, the diffraction peaks tend to sharpen, and this
suggests a further enlargement of the crystallite size up
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to 1.4 nm. However, the calcination at higher tempera-
tures did not change the XRD pattern phase of the
zirconia except for the peaks’ becoming sharper and
stronger. This indicates that the calcination does not

lead to the transformation of the tetragonal to mono-
clinic phase of zirconia.

On the other hand, no basic difference was observed
between the XRD patterns for the two zirconia samples
prepared by using CTAB and OTAB surfactants,
respectively (see figure 1(a) and (b)). After calcination
at 600 �C for 6 h, however, the diffraction peaks for the
zirconia synthesized with OTAB surfactant were
observed to be sharper than those for the zirconia
synthesized with CTAB surfactant, suggesting that the
former had a larger tetragonal crystallite with a size of
about 2.3 nm than the latter (table 1). The reason for
this will be discussed below.

Figure 2 shows the results of thermal analyses for the
zirconia mesophases prepared with CTAB and OTAB
surfactants, respectively. In the upper diagram, we
observe two weight losses, one at 70 �C and the other
at around 330 �C. The former can be attributed to the
loss of physically adsorbed water. On the other hand,
the latter loss completed below 500 �C was highly
exothermic, originating from the combustion of surfac-
tants. However, the present TG weight loss curve is
quite different from the result observed in a hydrous
zirconia gel obtained by the conventional method [38].

In general, zirconia always exhibits a strong exother-
mal response easily observed by DTA analysis, which
results from the crystallization of zirconia or the
transformation of tetragonal to monoclinic phase.
Inoue et al. [39] also reported that the surface area
rapidly decreased with a further increase in the
calcination temperature ð> 500 �CÞ due to the modifica-
tion of zirconia. However, the DTA data for the present
zirconia mesophases show no distinct endotherms or
exotherms/glow exotherms, indicating that the substan-
tial transition of an amorphous phase into crystalline
zirconia or the significant transformation of t ! m
phase did not take place. This is in good agreement with
the results obtained by the XRD analysis. According to
the conclusion suggested by Garvie and coworkers
[40,41], the tetragonal phase is stable below the

Figure 1. XRD patterns of the zirconia samples synthesized with the

surfactant, (a) CTAB or (b) OTAB, and subsequently calcined at

different temperatures of 350, 500 and 600 �C.

Table 1

Physicochemical properties of zirconia samples calcined at different temperaturesa

Surfactant Tcalc
b

(8C)
d100

c

(nm)

SBET

(m2/g)

Vt

(cm3/g)

Vmi

(cm3/g)

Dp
d

(nm)

t e

(nm)

Dhkl

(nm)

CTAB 350 4.7 406 0.41 0.19 2.1 2.6 1.0

500 4.4 330 0.33 0.15 2.0 2.4 1.1

600 4.1 243 0.24 0.11 1.8 2.3 1.4

OTAB 350 5.0 361 0.38 0.16 2.5 2.5 1.0

500 4.7 358 0.37 0.16 2.4 2.3 1.1

600 4.3 284 0.27 0.12 2.0 2.3 2.3

a Zirconia samples were prepared by using CTAB or OTAB as a surfactant.
b Calcination temperature.
c d (100) spacing.
d The pore diameter (Dp) was determined from the maximum point of BJH pore size distribution plot obtained from the adsorption branch of the

isotherm.
e The wall thickness (t) was calculated by simple subtraction of pore diameter (Dp) from d100 value.
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transformation temperature (i.e., 1174 �C) when the
crystallite size is smaller than the critical value of about
10–15 nm because of the surface and strain energy effect.
This argument then clearly explains why the present
zirconia samples could exist in a thermally stable
tetragonal phase.

Two different features are observed between the TG/
DTA curves for the zirconia mesophases prepared by
using CTAB and OTAB surfactants, respectively; one is
in regard to the total weight loss and the other is in
regard to the peak temperature ðTpeakÞ taken from the
peak point of the exothermic curve in the DTA
measurement. Since the total weight loss is related to
several substances including the contaminants on the
surface of the sample, the coordinated water or hydroxyl
group and the surfactant, it would be difficult to discuss
clearly the difference in the total weight loss between the
two materials. However, the zirconia mesophase synthe-
sized with OTAB surfactant showed an exothermal
transition at a lower temperature ðTpeak ¼ 318 �CÞ than
the one synthesized with CTAB surfactant ðTpeak ¼

336 �CÞ. This means that the former undergoes the

crystallization of an amorphous phase earlier than the
latter. The DTA data thus confirm the XRD results, i.e.,
after calcination at 600 �C for 6 h, the zirconia synthe-
sized with OTAB surfactant had a larger tetragonal
crystallite than the one synthesized with CTAB surfac-
tant. This feature is supported by the results of Stichert
and Schüth [38].

The nitrogen adsorption/desorption isotherms of
zirconia samples are shown in figure 3(a). The overall
shapes of all the isotherms are similar, regardless of the
type of surfactant used and irrespective of the conditions
under which the sample was calcined. All the zirconia
samples exhibited isotherms of an intermediate mode
between type IV, characteristic of mesoporous materi-
als, and type I, which is related to microporous
materials. This indicates that the prepared zirconia
samples are mesoporous with microporous contribu-
tion, although hysteresis loops are evident. The micro-
porosity observed in this study may be associated with
the characteristic feature of the organic compound

Figure 2. Thermal analysis profiles of the zirconia mesophases

prepared with the surfactant, CTAB (solid line) or OTAB (dotted

line): (a) TG and (b) DTA.

Figure 3. (a) N2 adsorption/desorption isotherms and (b) BJH pore

size distribution plots calculated from the adsorption branches of the

isotherms for the zirconia samples synthesized with the surfactant,

CTAB (open key) or OTAB (filled key), and subsequently calcined at

350 �C (*, .), 500 �C (~, ~) and 600 �C (!, !).
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TEAH because TEAH can act as a micropore-forming
agent [42,43]. Figure 3(b) presents the pore size
distributions calculated by the BJH method. All of the
zirconia samples exhibited no narrow pore size distribu-
tions. Such a characteristic may be considered to be
unique if one examines those reported for zirconium
oxides with large surface areas that were prepared by
various methods without surfactants [15–17,44]. Those
materials were observed to exhibit a textural mesopor-
osity of larger than 10 nm, whereas the present zirconia
had a framework-confined wormhole pore structure in
the range of 2–10 nm.

The physicochemical properties of zirconia samples
synthesized with commercial alkyltrimethylammonium
bromide are summarized in table 1. As the calcination
temperature increases, all the properties tend to decrease
in both zirconia samples except for the mean crystalline
size. Such a decrease is a general feature originating
from the pore shrinkage. However, the extent of
decrease is smaller in the sample synthesized with
OTAB surfactant because of the longer length of
hydrophobic tail in the OTAB surfactant [33].

It is worth noting that the present zirconia samples
maintain rather large surface areas, larger than
240m2=g, even after calcination at a high temperature
of 600 �C. It is evident that the present zirconia has a
BET surface area larger than any other zirconia material
prepared without surfactant by employing several
methods such as the alcohothermal-SCFD process
[14,15] and the CO2 supercritical drying [16,17]. There-
fore, the atrane route enables us to prepare a thermally
stable tetragonal zirconia with a large surface area. It is
expected that the zirconia synthesized by using the
present atrane route may have a good potential for
application to catalytic reactions, especially to acid-
catalyzed reactions, after sulfation.

3.2. Catalytic activity in the skeletal isomerization of
1-butene

The present zirconia was applied after sulfation to the
1-butene skeletal isomerization at a reaction tempera-
ture of 450 �C. Figure 4 shows the catalytic activities
obtained over Ferrierite, the conventional sulfated
zirconia (SZ) and the present SZ. The conventional SZ
deactivated very rapidly. The selectivity to isobutene
increased until the reaction time of 30min, but
decreased afterwards. The present SZ was found to
deactivate at a rate lower than the conventional SZ.
Also, the higher and more stable selectivity to isobutene
was observed with the present SZ than with the
conventional SZ.

A large number of acid catalysts have been reported
to show a high isobutene selectivity in the skeletal
isomerization of 1-butene; e.g. Ferrierite [36,45–48],
MCM-22 [37], aluminophosphate [49,50], fluorinated

alumina [51–54] and tungsten oxide supported on
alumina [55]. Among them, medium-pore zeolite Fer-
rierite (FER topology) is known to be very active for
this reaction with an exceptional selectivity to isobutene
[36,45–48]. The FER structure, which contains a two-
dimensional pore system consisting of ten-membered
rings ð4:2� 5:4 �AÞ intersected by eight-membered rings
ð3:5� 4:8 �AÞ, was reported to play a central role in
achieving such a high selectivity to isobutene [36,45–48].
In view of the isobutene selectivity, the present SZ is
comparable to Ferrierite. Such a remarkable reaction
result with the present SZ may be attributed to its
peculiar pore structure, i.e., a mesoporous material with
microporous contribution. When micropore size dis-
tribution plot was calculated by using the Horvath-
Kawazoe method in the diameter range of < 20 �A, a
very sharp peak centered at a pore diameter of ca. 5.1 Å
was observed in all the zirconia samples. This pore
diameter is found to be nearly the same as that of FER
zeolite. Therefore, one may explain why the present SZ
shows such an excellent selectivity to isobutene as
follows: the reactant, which can enter readily into the

Figure 4. Conversion of 1-butene, selectivity to isobutene and yield of

isobutene obtained at 450 �C over Ferrierite, the present sulfated

zirconia (SZ) and the conventional SZ.
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mesopores of the present SZ catalyst, may be converted
selectively to the desired product isobutene inside the
micropores whose diameter is similar to that of FER
zeolite.

Table 2 presents the conversion of 1-butene and the
product yields obtained over the present SZ catalysts
with 1-butene space velocity (WHSV) of 4:51 h�1, 1-
butene partial pressure of 0.1 atm and time on stream of
30min. Besides isobutene, C2 to C6 saturated and
unsaturated hydrocarbons were produced during the
reaction by undesired secondary reactions such as
dimerization, oligomerization, cracking and hydrogen
transfer, leading to the formation of by-products [37,45–
55]. Among these, isobutane, propylene and pentenes
were the major by-products formed over the present SZ
catalysts. Especially, propylene and pentenes are well
known to be produced through the dimerization-
cracking process [37,45]. Hydrocarbons higher than C6

were not observed in the reaction products.
As the calcination temperature increased, 1-butene

conversion as well as all the product yields decreased as
may be noticed in table 2. The decrease is related to the
BET surface area. If all the catalysts are treated by the
same amount of sulfate, the acid site density decreases
with the increase in the surface area and, thus, the
acid sites would become more isolated [37]. Isobutene
can be formed by monomolecular process and bimo-
lecular dimerization(oligomerization)-cracking processes
[37,45]. In case of MCM-22, the isobutene yield remains
at the same level, regardless of the zeolite Si/Al ratio, and
this indicates that isobutene is mainly formed via direct
isomerization of 1-butene because monomolecular pro-
cess would be much less affected than bimolecular ones
by the change in the acid site density of the zeolite [37].
Therefore, it is understood that the change in the acid site
density affects the latter more strongly than the former in
the case of our present SZ catalyst. On the basis of this
argument, one can claim that isobutene is mainly formed
by bimolecular processes on the present catalyst. This is

also supported by the results that there is not much
difference in the 1-butene conversion and the product
yields obtained on the SZ catalysts synthesized with
OTAB surfactant and subsequently calcined at 350 and
500 �C, respectively, and that the two materials have
similar BET surface areas (see table 1).

4. Conclusions

Thermally stable tetragonal zirconia with a large
surface area has been prepared on the basis of the atrane
route, which utilizes commercial alkyltrimethylammo-
nium bromide and zirconium atrane derivatives. The
results of XRD and TG/DTA analyses revealed that this
material consisted of only the tetragonal crystallite with
a size in the range 1–2.4 nm. It was shown by N2

adsorption/desorption analysis that the present zirconia
is a mesoporous material with microporous contribution
and framework-confined wormhole pore structure. It is
also worth noting that the present zirconia maintains a
rather large surface area, which is larger than 240m2=g
even after calcination at a high temperature of 600 �C.
When applied to the skeletal isomerization of 1-butene,
the present zirconia after sulfation was found to show a
higher and more stable selectivity to isobutene com-
pared to the conventional SZ. This is attributed to the
peculiar pore structure of the present zirconia. Further-
more, the reaction result suggests that isobutene is
produced on the present SZ through bimolecular
processes. Consequently, it is evident that the zirconia
prepared in this study has a good potential for catalytic
application.
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Table 2

Conversion of 1-butene and product yields obtained in the skeletal isomerization of 1-butene over the sulfated zirconia catalysts a

Surfactant

used

Tcalc
b

(8C)
Conversion

(mol%)
Yield (mol%) c

C2
¼ C3

¼ C4
d i-C4

¼ C5
d C5

¼ C6
¼

CTAB 350 42.3 0.4 7.2 10.1 18.3 1.2 4.8 0.0

500 37.5 0.2 6.7 7.9 16.8 1.1 4.7 0.0

600 18.7 0.1 2.8 1.8 11.6 0.2 2.3 0.0

OTAB 350 39.3 0.3 6.6 9.6 16.7 1.2 4.6 0.1

500 36.2 0.3 6.3 8.0 15.9 1.1 4.4 0.1

a Zirconia samples were synthesized with the surfactant, CTAB and OTAB, respectively, and subsequently calcined at different temperatures of

350, 500 and 600 8C, respectively.
b Calcination temperature.
c Reaction conditions: 450 8C, 0.1 atm of 1-butene, 4.51 h�1 WHSV, 30min TOS.
dC4 ¼ isobutane þ n-butane, C5 ¼ isopentane þ n-pentane.
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