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Abstract

Titania—zirconia mixed oxides with various Zy@ontent in TiQ (10, 50 and 90 wt.%) were prepared by the sol-gel method. High specific
surface areas (77-2441g) were obtained. Acidity determined by NTPD and FTIR-pyridine adsorption showed that in mixed oxides
the number of acid sites is dramatically increased; it varies fromuia8l NHz/g for TiO, to 1226—1456.mol NHz/g for the mixed oxides.
FTIR-pyridine adsorption showed the presence of Lewis sites in the catalysts. Basic sites were identified by FatRefdion, suggesting
the formation of mixed oxides with acid—basic properties. XRD spectra identified anatase in thechi@egion, amorphous material in
the mixed oxide 50-50 Ti©-ZrO, and tetragonal and monoclinic crystalline phases in the, Zi€h region. Activity in the isopropanol
decomposition showed a good correlation between the acid—basic properties and the selectivity to propene, acetone and isopropyl ether. The
latter was found as a product which mainly depends of the acid sites density.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction occurs [9]. The analysis of the products distribution,
propene, acetone and isopropylether, give helpful informa-
Alcohols dehydration is an important catalytic test to tion to understand the role of the acidity strength, acid sites
identify acid and basic sites in heterogeneous catalystsdensity and acid—basic properties of the cataljBis-12]
[1,2]. To established strength, distribution and density  Alcohols decomposition has been carried out in a large
of acid sites, alcohols decomposition has been carefully number of catalysts showing strong or medium acidity, like
studied. Between them isopropari8l4], 1-butanol[5,6], silicoaluminates or aluming43,14]in which the isopropy-
and 4-methyl-2-pentanol dehydratidid,8] are the reac- lether selectivity in minor to 10%, in these catalysts propene
tions most frequently reported. The main products for the is the major product. In catalysts with low acidity as 2rO
1-butanol dehydration are 1-butene and the corresponding[15] or TiO [16], and also in the so-called basic catalysts
isomerized olefins, the formation of dibutylether was also as MgO[17,18], the main products are propene or acetone
observed. For 4-methyl-2-pentanol dehydration, hexenesand practically the formation of the ether is not observed.
and skeletal rearrangements were reported as products; in Since selectivity in alcohols decomposition depends of
this reaction the formation of ethers is not observed. On the the strength and distribution of the acid sites, efforts have
other hand, in spite of the difficult to correlate the catalysts recently made in order to design catalysts with controlled
acidity with activity and selectivity, isopropanol decompo- acidity, and mixed oxides were prepared with these purposes.
sition is a recommendable reaction, since dehydration, de-However, by example in Si&3-MgO[19] or ZrO,—MgO[11]
hydrogenation and condensation reactions simultaneouslyshowing basic properties the ether formation is not observed
in the isopropanol decomposition. On the other hand for the
Al,03—MgO acid—basic mixed oxides isopropyl ether is not
* Corresponding author. Tek:55 58044668; fax:+55 58044666. obtained and the propene/acetone ratio strongly depends of
E-mail addressgomr@xanum.uam.mx (R. @nez). the preparation conditior{49,20]

1381-1169/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2004.06.003



230 M.E. Mannquez et al./Journal of Molecular

Table 1
Experimental relationships used in the synthesis of theF#00, mixed
oxides

TiO2—ZrO, weight Titanium butoxide Zirconium
ratio (wt.%) (mol) butoxide (mol)
10-90 0.05 0.29

50-50 0.25 0.17

90-10 0.45 0.03

In the present work Ti@-ZrO, mixed oxides were syn-
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2000 automated apparatus. The specific surface areas were
calculated from the isotherms using the BET method.

3.2. X-ray diffraction

Specimens were prepared packing the powder samples
in a glass samples holder. The X-ray diffraction spectra
were obtained with a Siemens D-5000 diffractometer, us-
ing Cu Ka radiation at 40kV and 30 mA, and a secondary
graphite monochromator. The measurements were recorded

thesized by the sol-gel method and evaluated in the iso-in steps of 0.02with a count time of 3s in the@range of
propanol decomposition. The purpose is to obtain catalystsg_gg

showing acid and basic properties with high selectivity to

the formation of ethers, additives in use to increase gasoline

octane number. Nitrogen isotherms and X-ray diffraction
(XRD) were used to characterize textural and structural
properties of the solids. FTIR-pyridine adsorption and
ammonia thermodesorption (TPD-NHwere used to eval-
uate acidity; the basicity was characterized by means of
FTIR-CO, spectroscopy.

2. Experimental

The precursors employed in the preparation of the sol—gel
catalysts were titanium-butoxide (98%, Aldrich) and zir-
conium n-butoxide (99%, Aldrich) inn-butanol (Baker,
99%). Reference titania was prepared as follows: 3.0 mol
of n-butanol was put in a glass system at low temperature
(0°C) with constant stirring. After, 0.5mol of titanium
n-butoxide were drop-wise added to the solution and then
the pH was adjusted to 3.0 with HN(Baker 56 vol.%).
The flask was put under reflux at 70 and stirred for
5h. Finally 3.3mol of HO were added to the reaction

system and the resulting suspension was maintained unde

reflux and constant stirring until gelling was achieved. The

ZrO, reference was synthesized in the same using way but

zirconiumn-butoxide as zirconia precursor.
TiO,—ZrO, mixed oxides were synthesized following the

above described procedure. Appropriate amounts of the ti-

tanium and zirconium alkoxides were simultaneously added
drop by drop to then-butanol solution at 8C and the pH
was adjusted at 3.0 with nitric acid. Then the mixture was
put in reflux at 70C, and the water for the hydrolysis was
added. The amounts for the two alkoxides used for the dif-
ferent synthesis are reported Tlable 1 After gelling the
samples were dried under vacuum for 24 h atCOFinally

the gels were annealed at 40D during 4 h in air.

3. Characterization

3.1. Specific surface area

Textural properties were determined from the nitrogen
adsorption isotherms obtained with a Micromeritics ASAP

3.3. TPD-NH

Samples were heated at 40D under N flow during
1h, then cooled to room temperature and saturated with
NH3 (30 cc/min). The excess of ammonia was flushed out
with N2 flow during 30 min. Ammonia desorption was
accomplished by increasing the temperature atClfhin
until 500°C. An Altamira AMI-3 automated instrument
operating in the programmed thermodesorption mode was
used.

3.4. FTIR-pyridine adsorption

Transparent pellets of the oxides were put in a stainless
steel sample holder with Cakvindows, which allows vac-
uum in situ and thermal treatments. The samples was des-
orbed at 400C during 2h and then cooled to room tem-
perature. After, pyridine was introduced in to the cell and it
was maintained in contact with the sample for 30 min. The
excess of pyridine was eliminated in vacuum and pyridine
pesorption was accomplished by heating from room temper-
ature to 400C. The spectra were obtained with a 710SX
Nicolet FTIR spectrometer.

3.5. FTIR-CQ adsorption

After desorption at 400C, the sample was cooled to
—100°C using liquid nitrogen. Then C£(30 Torr) was ad-
mitted into the cell. After 15 min in contact with the sam-
ple, the excess of COwas evacuated and the spectra were
obtained with a 710SX Nicolet FTIR spectrometer.

3.6. Catalytic activity

The decomposition of isopropanol (Baker, 99%) was de-
termined in a continuous flow reactor (5ml) at low con-
version. The reaction conditions were: catalyst mass 50 mg,
isopropanol partial pressure 100 Torr, reaction temperature
150°C, flow carrier nitrogen (1.8 I/h). The reaction products
propene, acetone and isopropylether were analyzed with a
VARIAN Star 3600CX gas chromatograph apparatus cou-
pled to the reactant system.
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Table 2
Specific surface area and mean pore size diameter of sol—-gg| ZiO,
and TiQ—ZrO, mixed oxides annealed at 400

Catalysts BET area (ffg) Pore size diameter (A)
TiO, (100) 110 71
TiO2—ZrO, (90-10) 153 52
Ti0,—Zr0, (50-50) 244 23
TiO2—ZrO, (10-90) 128 44
Zr0, (100) 157 60

4. Results and discussion

4.1. Specific surface areas

The specific surface areas of the isolated oxides and mixed

oxides are reported ifable 2 For TiO, and ZrQ the cor-
responding specific surface areas were 110 and 2&7,m
respectively. In mixed oxides the BET specific surface ar-
eas varies in depending of the ZrContent, they were 153
(90:10), 244 (50:50) and 128%y (10:90). The largest area
was obtained in the mixed oxide showing an amorphous
form, as observed by XRDFig. 1 In depending of the
hydrolysis-condensation rate of the titanium or zirconium
alkoxides the particle agglomeration behavior could be af-
fected and the different textural properties of the mixed ox-

ides are a result of such effects. In example, the mean pore.
size diameter calculated with the BJH method corresponds

in all the solids to mesoporous materials (23—-71). As an ef-
fect of the competitive hydrolysis reactions the small pore
diameter was obtained in the mixed oxides.

Intensity (arb. unit)

A
A Tioz
T T T T
20 40 60 80
20 (degree)

Fig. 1. XRD pattern of TiQ, ZrO, and TiQ:—ZrO, mixed oxides annealed
at 400°C.
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4.2. XRD diffraction

XRD pattern for annealed samples at 4@are shown
in Fig. 1 In the Ti&, spectrum the peak &@t= 25.5 corre-
sponds to the anatase crystalline phase with a crystallite size
of 13nm. In mixed oxides, in the Tifxich region anatase
phase is observed with a crystallite size of 13 nm, while
in TiO>—ZrO, (50-50) the sample is amorphous. Finally
in the ZrQ rich region and pure Zrg) tetragonal (t) and
monoclinic (m) crystalline phases were obsery2t-25]
The crystallite size for Zrgwas 9 and 11 nm for (t) and
(m) phases, respectively. In samples annealed at@Qfor
TiO2 rich region crystalline zirconia phases are not observed,
while for the ZrQ rich region the inverse phenomenon oc-
curs i.e., crystalline titania phases are not observed. In both
cases an inhibiting crystallite size growth effect byZor
Ti** in TiO, and ZrQ, respectively, may occlg6]. The
oxide at low content will be found as a large dispersed ox-
ide in the ZrQ or TiOy structure, respectively. We can ex-
pect that in such cases the crystallite size of the doping ox-
ide will be lower than 5nm and not observable by XRD. In
the TiO;—ZrO, (50-50) sample amorphous material is ob-
tained. According to Tanabe hypothe3] models | and Il
could be the structures of TISZrO, mixed oxides, where
TiO, or ZrO, are the major component, while the model
[l will correspond to the 1:1 mixed oxide composition.
The hydroxylated form is expected to show an amorphous
structure[28], as it can be observed in the XRD pattern of
Fig. L
4.3. Ammonia thermodesorption

TPD-ammonia thermograms shown a flat and broag NH
desorption curve for pure TDand ZrQ (Fig. 2), indi-
cating that such solids have a broad acid sites distribution.
The maximum desorption peak for Zs@ observed around
182°C, whereas for Ti@ the maximum is around 3I.

On the other hand, the desorption curves corresponding to
the TiO,—ZrO, mixed oxides are characteristic of solids hav-
ing sharp acid sites distribution. For the piZrO, (50-50

and 90-10) samples the maximum temperature desorption
peak are around 17&, while for the TiQ-ZrO, (10-90)

the peak is around 20£. The number of acid sites was
calculated from the ammonia thermodesorption curves and
the values are reported ifable 3 A notable increase in
the number of acid sites can be observed in the mixed ox-
ides if they are compared with titania or zirconia. Values
of 1326, 1456 and 1226mol NHs/g corresponding, respec-
tively, to the 90-10, 50-50 and 10-90 Bi<XrO, mixed
oxides are reported. For titania and zirconia the number of
acid sites were 173 and 138nol NHs/g respectively. Such
results clearly indicate that in the mixed oxides a big number
of acid sites were developed, suggesting the formation of a
great number of acids sites probably due to the substitution
of some titanium by zirconium atoms, or by the effect of
large dispersion of Ti@or ZrO, on the surface of the mixed
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Fig. 2. Ammonia TPD profiles for Ti@ ZrO, and TiGQ—ZrO, mixed oxides.

oxide. Concerning the strength of the acid sites, usually 50-50 and 10-90wt.% are shown. The adsorption spectra
is accepted that desorption temperature can be related teshown that pyridine is not totally desorbed at temperatures
the strength of the sites. In the mixed oxides the maximum of 400°C. The results also show that acid sites strength in

desorption temperature for the TeZrO, are found be-
tween 176 and 202C, while for zirconia and titania they
are around 182 and 32CQ, respectively. With exception of
TiO2 we can say that the strength of the acid sites is of the
same order. The number of them is which notably differs
in the mixed oxides. Moreover form these results, we can

such samples is comparable between them. The number of
acid sites determined from pyridine adsorption is reported

in Fig. 4. It can be seen that the samples showing the higher
number of acid sites correspond to the mixed oxides. Such

results confirm that obtained from ammonia thermodesorp-

tion, where the isolated Ti®and ZrQ oxides have the

speculate about the absence of Bronsted sites, since it hasowest number of acid sites.
been reported that to Brénsted sites correspond desorption

temperatures higher than 490, which is not the case in
our catalystg29,30].

4.4. FTIR-pyridine adsorption

Pyridine adsorption is a valuable method to determine the
nature of acid sites. Absorption bands around 1605, 1575,
1490 and 1444 cmt characteristic of Lewis acid sitg81]
can be observed for Ti) ZrO, and TiQ-ZrO, mixed
oxides. Bronsted acidity (1540 crh band) is not observed
in any of the samples, isolated or mixed oxidesFig. 3.
FTIR-pyridine adsorption spectra for Ti©ZrO, 90-10,

Table 3
Ammonia adsorption on Ti§) ZrO,, and TiQ-ZrO, mixed oxides

Catalysts wmol NHs/g wmol/m?
TiO, (100) 173 1.57
TiO»—ZrO, (90-10) 1326 8.67
TiO2—ZrO, (50-50) 1456 5.97
TiOp-Zr0, (10-90) 1226 9.58
ZrOo 138 0.88

4.5. FTIR-CQ adsorption

Conventionally to identify basic sites in solids g¢@d-
sorption is a recommendable technique. In depending of
the basic site strength adsorbed L£@as identified as
monodentate (1578 and 1359th) or bidentate carbon-
ates (1672, 1243 and 1053ch) [32,33] Additionally,
absorption bands have been reported at 1630, 1430, 1408
and 1221cm! assigned to bicarbonates formed by the
interaction between OH groups and £0n particular for
TiO» a band at 2338 ¢t is observed and assigned to €0
linearly adsorbed on the 4 ions[34].

In Fig. 53 for TiO, it can be observed the absorption
bands at 1670 and 1600 cth corresponding to C®ad-
sorbed on basic sites. On the other hand, inHOO,
(90-10) and 10-90 mixed oxides additional bands at 1539,
1441 and 1250 cm' for the former and at 1612, 1565, 1363,
1357 and 1259 cmt for the latter can be observeBig. 5b
and 9, respectively. These bands suggest the creation of
new basic sites by the incorporation of Zr@to the TiQ.
However, in the 50-50 mixed oxide the spectra (not shown)
only the absorption bands at 1284 and 1268 tmssigned
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Fig. 3. FTIR-pyridine adsorption on: (a) T#ZrO, (10-90), (b) TiQ—
ZrO; (50-50) and (c) Ti@-ZrO, (90-10) thermally annealed at 400.

to the interaction between G@nd basic OH groups of the
solid were observed.

Note that the band at 2338cth is observed in the
TiO,—ZrO, mixed oxides Fig. 5b and ¥ As established
before this band corresponds to £{nearly adsorbed on

600+

1 A

sol o —u— TiOZrO(10-90)
| —e— TIO2-Z10,(90-10)

A —A— -
a0l TiO,Zr0,(50-50)
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E 3004 \ g

2004 y\ .\
100 YT .
04 \

T T T T T T T T T T T T T T T T T T 1
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Temperature°C

Fig. 4. Pyridine fumol/g) adsorption on Ti@ ZrO, and TiGQ-ZrO,
sol-gel samples annealed at 4@

Ti*t ions. The band appears after annealing the sample at
400°C, and resists vacuum desorption, i.e. the samples ad-
sorb CQ from the ambient and its intensity does not evolve
after CQ exposure.

It has been reported that in ZgBtrong CQ adsorption
occurs. In monoclinic zirconia the GQadsorption corre-
sponds to carbonates (1600 and 1430&mOn the other
hand in tetragonal Zr@the CQ adsorption can be as
bidentate form (1672, 1243 and 1053t [35]. The CG
absorption spectrum on ZpQs shown inFig. 6. Absorp-
tion bands assigned to monoclinic zirconia crystalline phase
are observed. Note that the gQ@bsorption assigned to
tetragonal phase are not present. X-ray diffraction, however,
identify the corresponding peaks to both monoclinic and
tetragonal zirconia crystalline phase. The absence of CO
absorption bands identifying basic sites in tetragonal phase
suggested that in mixture of (t) and (m) phases, the &i®
sorption is selective to basic sites on (m) phases. The inten-
sity of these bands confirms the basic proprieties of2ZrO

In Fig. 7 [36] the CQ coordination is illustrated. When
CQO, is unidentate coordinated this type of sites correspond
to strong basic sites (I). In bidentate coordination sites cor-
respond to medium basic strength (Il). Finally if €8 co-
ordinated like carbonate this adsorption is assigned to weak
basic sites (Ill). Fronkig. 6, we can observe that the mixed
oxides have in large proportion medium basic sites.

5. Catalytic activity
The isopropanol decomposition has been extensively re-

ported as a valuable catalytic test to analyze the acid—basic
properties of heterogeneous cataly$8¥,38] Different
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Fig. 7. CQ coordination on basic sites: (I) monodentate, (Il) bidentate
and (lll) carbonate.

mechanisms have been reported to explain the role of acid
and basic sites in the isopropanol decomposition giving as
main products the olefin, acetone and isopropylether. In
general is conventionally accepted that acid sites are the
responsible for the dehydration activity giving propene.
A mechanism is suggested for the dehydration reaction in
Fig. 8 where strong acid sites and weak basic sites are
involved. In similar way the formation of the dehydro-
genated product (acetone) acid and basic sites are required
(Fig. 89. However, in this case acid sites with moderate
strength and strong basic sites are required. On the other
hand, for the formation of the ether only acid sites of mod-
erated strength are involvedri§g. 8¢9. The formation of
isopropylether depends then of the number of acid sites
preferentially than their strengfB9]. In Table 4 the activity

Table 4
Activity and selectivity for the isopropanol decomposition on Fi@rO;

and TiQ-ZrO,

Catalyst Ra Xa  Selectivity (%)
(x10° mol/s g)
Propene Acetone Isopropylether

TiO2 (100) 3.01 4.67 53 26 22
TiO-ZrO;  2.16 335 51 19 31

(90-10)

TiO>-ZrO,  0.85 1.32 30 18 53

(50-50)

TiO-Zr0,  2.27 3.52 48 16 36

(10-90)

ZrOy (100) 2.9 4.54 46 34 20
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and selectivity for isopropanol decomposition are reported. hand in the ZrQ rich sample (10-90) and pure Zs@ mix-
It can be seen that the conversion of isopropanol is almostture of tetragonal and monoclinic crystalline phases were
of the same order for all the catalystsg%), then we have  observed. Activity in the isopropanol decomposition is of
differential reactor conditions. Only a moderated deactiva- the same order for al the catalysts. Nevertheless, selectivity
tion was observed in these conditions and is of the sameto propene, acetone and isopropylether varies in function of
order in all catalystsKig. 9), then the effects in selectivity the acid—basic properties. In mixed oxides is obtained the
will not be discussed in terms of deactivation side reactions. great amount of isopropylether. The selectivity is found as

In Table 4 we can see that the highest selectivity to a function of the number of acid sites (mainly density than
propene (53%) corresponds to the Fi€atalyst, to which strength of them). These results showed that by the sol-gel
also corresponds the ammonia desorption peak at highestmethod it is possible to prepare catalysts with controlled se-
temperature. However, it cannot be possible to establish alectivity to propene, acetone or isopropylether in depending
correlation between the number of acid sites or the ammoniaof the relative amounts of Ti©and ZrQ in the mixed ox-
desorption temperature peaks for all of them are in agree-ides.
ment with the results previously reported in this reaction
[9]. Concerning the formation of acetone the catalyst show-
ing the highest selectivity was pure Zr@4%). This result ~ Acknowledgements
confirms the basic character given to Z2r@n TiO>—ZrO,
mixed oxides, the formation of acetone is of the same order We acknowledge to the Conacyt by the support giving to
in all of them 18, 16, and 16% for the 90-10, 50-50 and this study. M.E. Manriquez by the scholarship RE-111634.
10-90 TiQ—ZrO, solids, respectively.

For isopropylether formation, in TiDand ZrQ the se-

lectivity is of the same order in both catalysts 22 and 20%, Reférences

respectively. IriTable 3 we can see that the number of acid . _ _ .
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