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Abstract

Binary TiO»—SiO, mixed oxides display interesting catalytic properties which have not been attributed to the ppEN@iSIG. Many
authors have proposed that Brgnsted acidity is generated upon interaction of the two oxides. Recent results from our laboratories hav
demonstrated that high-purity crystalline and amorphous,¥8)0, mixed oxides do not possess Brgnsted acidity, only Lewis acidity.
We have investigated the catalytic properties for 1-butene isomerization up fC340gh-purity TiO,, prepared with low temperature
supercritical drying, has a high catalytic activity, close to that of the;F&)0,. The reaction products obtained from Ti@nd from TiG—
SiO, are identical and consist of linear butenes only, while Brgnsted acid catalysts give rise to isobutyleae@nby@rocarbons. These
results suggest that nanoparticles of Fi€abilized by SiQ are the active components of Ti&5i0,. No evidence for Brgnsted acidity in
TiO2—SiO, has been found.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction ordination they have in their most stable oxide, and (ii) all
the anions have the coordination they have in the major-
Many physical and chemical properties of a metal oxide ity component. In the specific case of B€BIO,, in the
can be modified by interaction with a second oxide. Silica— SiO,-rich region Bragnsted acidity would develop while in
alumina, for example, has stronger acidity than both silica the TiO,-rich region Lewis acidity would develop. Some
and alumina [1], and has been widely used for many acid- support for this hypothesis has come from the titration of
catalyzed reactions [2,3]. Thomas in 1949 suggested thatacid sites with:-butylamine and Hammett indicators [5,12]
binary oxides’ acidity originated from the isomorphous sub- or potentiometric titration [13].
stitution of cations in the crystal structure of one oxide by =~ The Tanabe hypothesis has been found in disagreement
cations of different elements. For silica—alumina, when a with a number of experimental facts: (i) the catalytic activity
Si** is replaced by an Af", an additional cation is neces- in 1-butene isomerization has a very low value in theSiO
sary to establish electrical neutrality. When the cationis H  rich region, where the Tanabe hypothesis predicts Brgnsted

the solid exhibits activity of an acid [4]. acidity and therefore high activity is expected [14,15]; (ii) in
~ Ti02-Si0O, mixed oxides have been reported to have the crystalline material titanium silicalite-1 (TS-1), Ti has
higher catalytic activity with respect to pure Ti@nd SiQ tetrahedral coordination, not octahedral as required by one of

for a number of different reactions such as phenol amina- the Tanabe rules and no Brgnsted acidity [16,17]; (iii) tetra-
tion [5], olefin epoxidation [6], ethene hydration [5], butene hedral coordination for Ti has also been reported in the
isomerization [5,7,8], cumene dealkylation, 2-propanol de- Sj0,-rich region of the amorphous T¥9SiO, mixed ox-

hydration [9], and 1,2-dichloroethane decomposition [10]. jdes [18-21]; (iv) under reducing conditions, such as those

Tanabe [11] attributed these catalytic properties to the for- of 3 catalytic reaction, reduced Ti oxides are formed, with
mation of Brgnsted acid sites. According to his hypothesis, different coordinations and structures [22,23].

the substitution of a metal ion into the structure of the host | order to resolve this conflict between hypothesis and
oxide follows these rules: (i) All the cations maintain the co- experimental results, a modification of the Tanabe hypoth-
esis was proposed which considered the possibility of two
* Corresponding author. different coordinations for Ti, tetrahedral in the Sich
E-mail address: r.willey@neu.edu (R.J. Willey). region and octahedral in the T#@ich region. According to
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this modified hypothesis, Brgnsted acidity should form only 2.2. Preparation of TS-1
in the TiO,-rich region [14].

A different hypothesis has been proposed by Seiya- Three samples of TS-1 were prepared. They are identi-
ma [24]. According to this hypothesis the oxygen bridging fied by the value of = Ti/(Ti 4+ Si) which was 0.625, 1.25,
between Ti and Si develops a negative charge as a conseand 2.5%. The preparation procedure has been previously
quence of the different coordination of the two cations, and described [26—28]. Table 2 gives the amount of chemicals
this charge is neutralized by*Horiginating Brensted acid-  used in the preparation of the three TS-1 samples.
ity. Only Brgnsted acidity is predicted by this hypothesis The UV-vis spectra of these materials are shown in Fig. 1.
regardless of composition, while the extension of the acidity The absorption at 210 nm is very sharp and no other ab-
depends on the degree of dispersion and mixing of the two sorption is present at higher values, indicating that all the
oxides. Ti is incorporated into the framework and no extraframe-

The presence of Bragnsted acidity in B5iO, has al- work TiOs is present. By comparison the UV-vis spectrum
ready been gquestioned [15,25]. More recently a study of the of a commercial sample of TS-1 having a slightly higher Ti
surface properties of crystalline TS-1 and amorphous¥iO  content ¢ = 2.63%) is shown in Fig. 2. It can be seen that,
SiO, demonstrated that no Brgnsted acidity is present in besides the major absorption at 210 nm, a shoulder is present
these materials, only Lewis acidity [26]. This result stimu- at around 280 nm, which has been attributed to extraframe-
lated our interest to learn more about the properties 0§FiO  work TiOz nanoparticles [15]. The analysis for TS-1 with
SiO, mixed oxides, and the catalytic activity for 1-butene x = 1.25 indicated a content of 82 ppm Na and 370 ppm K
isomerization. The materials selected for our study are: crys- (see Table 3).
talline TS-1 of different Ti content, amorphous B€5IO;
of different compositions, and pure TiOlIn this paper we 2.3. Preparation of TiO,—S O, with different compositions
present new experimental evidence on the catalytic proper-
ties of high-purity TiQ. Two materials have been prepared, one with 80%,TiO
and the other with 70% Ti® The procedures closely fol-
lowed those described in the literature [14,20,29]. The dry-
ing was carried out with the supercritical drying method

2. Experimental and methods ) )
(SCD) either at high temperature (2-propanol) or at low tem-

2.1. Sample preparation

Table 2
Amounts of chemicals used for TS-1 synthesis
Raw materials of the highest purity available have been —

used in this study. Traces of trivalent cations can impart acid 5
properties to both amorphous and crystalline silicas and in- : x"=0625 x=125 x=25
terfere with the interpretation of the results. For this reason, Tet;azmp?gamf‘&”'“m 600 6000 6032
great care was taken in the selection and handling of the ma—TitaXium'S;pEopo)xi(gg @ a9o 0905 1773
terials at all stages, in order to avoid contamination during Tetraethylorthosilicate (g) 5710 49900 50052
manipulation. Table 1 lists the materials used in the prepa- Triple distilled water (g) 1140 1140 1142

rations. All of the operations were carried out in Teflon or  a [ — Ti/(Ti + Si) x 100.
plastic containers for both gel formation and crystallization,
and in quartz ampoules for the high-temperature treatments.

Table 1

Raw materials used in catalyst preparations

Name Grade Catalog No. Remarks

Methanol 99.9% A412-4 Fisher

2-Propanol 99.5% 44,342-5 Aldrich

Tetrapropylammonium 1M 23,453-3 Aldrich

hydroxide

Titanium isopropoxide 99.999% 37,799-6 Aldrich

Tetraethylorthosilicate 99.999% 33,385-9 Aldrich

Nitric acid 70% 43,807-3 Aldrich

Carbon dioxide 99.8% Med-Tech Gases |

Nitrogen 99.9% Med-Tech Gases

Triple distilled water Northeastern 200 500 Wavelength(nm)
University

Fig. 1. UV-vis spectra of TS-1i(= 0.625, 1.25, and 2.5%).
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Table 3
List of catalysts evaluated for 1-butene isomerization
Catalyst name T(Ti + Si) (mol %) Na (ppm) K (ppm) Calcination temp.Q) SA (m?/g) Remarks
Aerogel 477 0 550 673 High temperature SCD
Aerogel 479 1 550 669 High temperature SCD
Aerogel 481 10 550 522 High temperature SCD
Aerogel 496 100 350 72 High temperature SCD
Aerogel 496 100 400 75 High temperature SCD
Aerogel 496 100 450 69 High temperature SCD
Ti80Si20 80 45 500 550 349 Low temperature SCD
Ti70Si30 70 550 335 Low temperature SCD
Tigel 31 100 450 235 Low temperature SCD
Tigel 31 100 550 156 Low temperature SCD
Tigel 29 100 550 117 Low temperature SCD
TS-1 (x = 0.625%) 0625 550 358 Titanium silicalite
TS-1 (x = 1.25%) 125 82 370 550 357 Titanium silicalite
TS-1 (x = 2.5%) 25 550 400 Titanium silicalite
ZSM-5 SiG/Al,03 =26.9 138 Reference test
Empty reactor Reference test
28 The gel was transferred to a quartz ampoule, positioned
in a 1-inch quartz tube and calcined by heating slowly (1—
2°C/min) to 550°C in 50 c¢min flowing nitrogen. Next
2.0 2.5 c¢min of oxygen was added (giving an oxygen concen-
tration of 5%) and the calcination was continued at 550
for 2 h. Other samples shown below were calcined using
the same method at the indicated calcination temperatures
(Table 3). The analysis for Ti80Si20 indicated a content of
KM 45 ppm Na and 500 ppm K.
1.0 2.3.2. Ti70S30 Aerogel
Tetraethylorthosilicate (7.85 g) was mixed with methanol
(40 ml) in a Teflon beaker with magnetic bar stirring. Dis-
tilled water (2.713 g) mixed with 70% nitric acid (0.395 g)
was added to the above solution. The water and nitric
acid were added according to the following molar ratios:
H20/Si= 4, HNO3/Si= 0.15. After 10 min of stirring, 25 g
0 of titanium isopropoxide was added. Distilled water required

200 250 300 Wavelength(nm) 500 for the hydrolysis of titanium isopropoxide was added un-
der stirring (6.332 g watet 0.308 g nitric acid). Water and
nitric acid were added according to the following molar ra-
) ] . tio: HoO/Ti = 4, HNG3/Ti = 0.05. The gel was aged for
perature (CQ) following the procedures described in the 1 \yeek. The solvent removal and calcinations followed the
literature [30-32]. same procedure described for the Ti80Si20 Aerogel.

Fig. 2. UV-vis spectra of TS-1y(= 2.63%).

2.3.1. Ti80S20 Aerogel 2.4. Preparation of pure TiO,

Titanium isopropoxide (30 g) and tetraethylorthosilicate
(5.49 g) were added to 100 ml of 2-propanol. Distilled wa-  Pure TiQ was prepared according to methods described
ter (11 ml) was added to this solution through a dripping in the literature [30,31,33,34] and dried according to the two
funnel in about 20 min with stirring at room temperature. methods of SCD.
The gel which formed was aged for 1 week. The solvent was
removed by extraction followed by low-temperature SCD. 2.4.1. Aerogel 496
Extraction was carried out at room temperature with liquid  Titanium isopropoxide (16.361 g) was added to iso-
CO,. When no more liquid was flowing out, the tempera- propanol (84.42 g) and then distilled water (5.001 g) was
ture was increased to 4€ and the CQ@ pressure increased added under stirring. The mixture was transferred to an au-
to 104.4 bars. SCD was then obtained by depressurizing attoclave and heated slowly to 27Q and to a final pressure of
49°C. 89.3 bar (the critical point of isopropanol 3 = 2356°C
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Table 4
1-Butene isomerization product composition at 2@0over different catalysts
Product ZSM-5 TiQ Ti0,-SiO,
Tigel 31 Tigel 29 Aerogel 496 Ti80Si20 Ti70Si30 Aerogel 481 Aerogel 479

(ca. 450°C) (ca. 550°C) (ca. 450C) (ca. 550°C) (ca. 550°C) (ca. 550°C) (ca. 550C)
CzHg and GHg 0.0 0.0 0.0 0.0 00 0.0 0.0 0.0
1-Butene 3% 884 955 97.6 605 787 933 995
Ccis-2-C4Hg 24.9 7.6 27 13 239 131 36 0.0
trans-2-C4Hg 392 36 13 0.6 151 77 27 0.0
Isobutene ®» 0.0 0.0 0.0 0.0 0.0 0.0 0.0
n-Butane 052 0.32 0.52 0.52 0.42 0.52 0.42 0.52
Isobutane ®» 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cst 0.0 01 0.0 0.0 01 0.0 0.0 0.0
Total 100 100 100 100 100 100 100 100

2 The same amount exists in the reactant stream.

and P. = 53.7 bar). Then the autoclave was depressurized 316SS tubular down flow reactor. A mixture of 18Q/ntn
at constant temperature (280). Next, nitrogen (1 mimin) helium and 13.5 ¢tmin 1-butene flowed through the re-
was used to flush the gel for 20 h to remove residual solvent. actor. The reactor was heated by an electrical oven (Lind-
The calcination was done as described for TiB0Si20 Aerogel. berg, Model 55035-A), and the reaction temperature was
controlled by an OMNI 2A 3590 Omega PID controller.

2.4.2. Tigel 29 The reaction temperature was controlled in steps from 50 to

The preparation method described in Ref. [30] was fol- 340°C. A Hewlett-Packard 5890A gas chromatograph with
lowed, modified by replacing tetrabutoxytitanium (V) with ~ a thermal conductivity detector was used to analyze the re-
the equimolar amount of Ti-isopropoxide. First two solu- action mixture composition with a Supelco column (800
tions were prepared: Solution A, 160 ml methard5.25 g Carbopack ¢£0.19% picric acid, 2 m in length,/8-inch o.d.
titanium isopropoxide; Solution B, 40 ml methanpl9 g S.S.), which was used to separate saturated and unsaturated
distilled water+ 0.868 g nitric acid. C3—GCs hydrocarbons.

Solution A was placed in a covered plastic container and  Table 3 lists all the catalysts evaluated.
then stirred with a magnetic stirring bar at room tempera-  The surface area (SA) of the materials range from 69 to
ture. Solution B was placed in a dripping funnel and added 673 n?/g.
to Solution A under vigorous stirring. A slight opalescent
gel was formed. The gel was aged for 1 week, the solvent
was removed with liquid CQ and the gel dried with low- 3. Results
temperature C®SCD as described above.

3.1. Composition of reaction products

2.4.3. Tigel 31

This recipe was roughly the same as the recipe of Tigel  previous studies have reported that when 1-butene is re-
29; the only difference was that a fraction of acid diluted acted over TiG-SiO, mixed oxide catalysts at temperatures
with methanol was added to the Ti-isopropoxide: Solu- of 150-200C, the reaction products consista$-2-butene
tion A, 160 ml methanoi- 34.05 g Ti-isopropoxide; Solu-  andtrans-2-butene [5,14,29]. Our results confirm these find-
tion B, 5 ml methanot- 0.234 g nitric acid; Solution C, 99  ings. Table 4 lists the products obtained at 200with
distilled water+ 35 ml methanol 0.65 g nitric acid. ZSM-5, TiO,—SiO, and pure TiQ catalysts. Even with a

Solution A was placed in a covered plastic container and Brgnsted acid such as ZSM-5 only linear butenes are ob-
then stirred with a magnetic stirring bar at room temperature. tgined.
Solution B was added to Solution A. Then Solution C was We have extended the study to reaction temperatures up
placed in a dripping funnel and added to Solution A under to 340°C and found that even at this temperature the reaction
vigorous stirring. A slight opalescent gel was formed. The products on all Ti catalysts consist of the linear butenes only
solvent was removed with liquid GGand the gel dried with  (Table 5). This result is surprising because it is known that

low-temperature COSCD as described above. on Brgnsted acid catalysts 1-butene undergoes a number of
transformations besides the double bond shift, with forma-
2.5. Activity test tion of isobutylene, and alsoz&and G hydrocarbons as a

result of acid-catalyzed oligomerization followed by skele-
The isomerization of 1-butene was used to evaluate cata-tal isomerization and cracking.
lytic activity. Catalyst (200 mg) which was sieved between Typical analysis of the reaction products obtained with
20 and 50 mesh screens was loaded into/&-iich o.d. the Bragnsted acid catalyst ZSM-5 at 34Dare presented in
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Table 5
1-Butene isomerization product composition at 3@over different catalysts
Product ZSM-5 TiQ TiOo-SiO,
Tigel 31 Tigel 29 Aerogel 496 Ti80Si20 Ti70Si30 Aerogel 481 Aerogel 479
(ca. 450°C) (ca. 550C) (ca. 450C) (ca. 550°C) (ca. 550C) (ca. 550°C) (ca. 550°C)
CsHg and GHg 258 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1-Butene & 254 280 370 334 492 431 885
Cis-2-C4Hg 131 333 350 356 325 267 289 37
trans-2-C4Hg 219 408 365 269 336 237 278 7.3
Isobutene 15 0.0 0.0 0.0 0.0 0.0 0.0 0.0
n-Butane p3 0.42 0.52 0.52 0.42 0.42 0.22 0.52
Isobutane 8 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cs 8.2 0.1 0.0 0.0 0.1 0.0 0.0 0.0
Total 100 100 100 100 100 100 100 100
@ The same amount exists in the reactant stream.
&
s a: isobutane
b: 1-butene
g c: n-butane
d: isobutylene
e: cis-2-butene
f: trans-2-butene
o @ g: propane and/or
0 % E propvlene
5 ©g
o +
€
o g g 2
« - © %)
c - 2 2
o~ M
l
Fig. 3. 1-Butene isomerization products detected at®&l@ith ZSM-5.
Table 5 and Fig. 3, while Fig. 4 presents the typical analysis
I of reaction products obtained with Ti6SiO, mixed oxides
A3 S at the same temperature. The catalytic activity of pureTiO
a: 1-butene of high SA for the isomerization of 1-butene is quite remark-
b: cis-2-butene able, and the reaction products obtained are also in this case
¢: trans-2-butene the linear butenes, as shown in Fig. 5. These results differ
significantly from previous reports which considered the cat-
a0 ol l: alytic activity of pure TiQ to be so low as to be irrelevant.
These results strongly suggest that puresTg@uld be
the active component of the T¥SSiIO, mixed oxides. To in-
vestigate this hypothesis the specific activity of the different
catalysts has been studied.
3.2. 1-Buteneisomerization activity tests
@ - This system involves comparison of materials which have
= = greatly different SA values, most of which is due to the 5iO
1 which is not active. Citing the activity per unit SA would
therefore be misleading. Methods of measuring the SA of
TiO2 in the presence of Sifhave been described but have
not produced unequivocal results [35]. We therefore prefer to

Fig. 4. 1-Butene isomerization products detected at°®@ith Ti80Si20
calcined at 550C.

report the activity as the conversion of 1-butene to the sum
of cis- andtrans-2-butenes obtained for a constant weight of
catalyst under a fixed value of reactant flow rate.



S Huetal./Journal of Catalysis 220 (2003) 240-248 245

80
—o—Ti80Si20, Ti=80%
70 |
e % 2 — - Ti708i30, Ti=70%
S13Al= £60 I --x--Aerogel 481, Ti=10% o
g 50 | —-e— Aerogel 479, Ti=1% *.-;‘-f
a: 1-butene g — = - Aerogel 477, Ti=0 -F -
b: cis-2-butene s4r el
c: trans-2-butene o e Iy
c30 | v e
ol ¢ 2 / .
a @20 | A
- =
1 f A e
- e
0 L—am- PP 4 "
50 100 150 200 250 300 350
Reaction Temperature, °C
Fig. 7. 1-Butene conversions as a function of temperature fopJ88D,
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Fig. 5. 1-Butene isomerization products detected at°®®ith Tigel 31 3 K
calcined at 450C. K 30 r s
@20 |
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=60 b — % — TS-1, Ti=1.25% 0
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3
§ 40 | Fig. 8. 1-Butene conversions as a function of temperature for purg TiO
24l materials (Aerogel 496, Tigel 29, and Tigel 31).
Q
5
o 20 | . . .
- 3.4. TiO,—S O, mixed oxide materials
10 |
" " " kam_ . . . .
0 It can be seen from Fig. 7 that Ti80Si20 has the highest
50 100 150 200 250 300 350

Reaction Temperature, °C

Fig. 6. 1-butene conversions as a function of temperature for kS=125,
x =1.25, andx = 0.625%).

activity of all materials tested and that the activity increases
with the increase in Ti content of the mixed oxides, start-
ing from Aerogel 481 (Ti= 10%). Aerogel 477 (Ti= 0)
and Aerogel 479 (Ti= 1%) have very low activity. The Na

(45 ppm) and K (500 ppm) content of the Ti80Si20 mater-

ial apparently did not interfere with its catalytic activity. As

previously noted, at low concentrations Ti is present in tetra-
Fig. 6 shows the conversion of 1-butene as a function of hedral coordination substituting Si in the Sifamework as

temperature for pure TS-1 materials. It is clear that all TS-1 found in crystalline TS-1. These results confirm the observa-

samples have almost no activity, the conversion values be-tion previously reported that activity is at a minimum in the

ing similar to those obtained with an empty reactor. The Na high silica region of the mixed oxides [14].

(82 ppm) and K (370 ppm) content of the TS-1 sample with

x = 1.25% cannot be responsible for poisoning any possi- 3.5. Pure TiO, materials

ble Brgnsted acidity of this material, should any acidity be

present. Their amount s far too low with respect to the atom-  Pure TiQ materials exhibit significant catalytic activ-

ically dispersed Ti present (10,000 ppm). Furthermore, thereity, as demonstrated by the results presented in Fig. 8. The

is consensus on the fact that only Lewis acidity is present in activity depends on many factors which can influence the

TS-1 [14]. This demonstrates that the Lewis acidity, which final value of the SA of TiQ. The low-temperature SCD

has been detected in previous studies in these samples, is natith CO, produces a material (Tigel 31, 45Q) with high

sufficient to catalyze the 1-butene isomerization. SA (235 nt/g) and high activity, whereas high-temperature

3.3. Crystalline materials (TS-1)
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Fig. 9. 1-Butene conversions as a function of temperature for Tigel 31 and

Ti80Si20.
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Fig. 10. Comparison of conversions for first and second run for Tigel 31 and

Ti80Si20.
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Fig. 11. Tigel 31 surface area after heat treatment under vacuum at different
temperatures.

nor heat treatments as those encountered during reaction at
340°C.

3.7. Sudy of thermal transformations of pure TiO;

The unexpected catalytic activity of pure Ti@naterials
has prompted us to study the transformations of & gél
with thermal treatment under vacuum. Tigel 31 was heated
to different temperatures under vacuum at a heating rate of
1°C/min, and then kept at the specific temperature for 2 h.
Then, the SA was measured by the BET method. The results
are shown in Fig. 11. Very high SA values were recorded
at low temperatures, but decreased at higher temperatures,
even though they always maintained values above R)@m

When the heat treatment temperatures were higher than

SCD with 2-propanol produces a material (Aerogel 496, about 300C, the organic residues decomposed, but com-
400°C) with low SA (75 n?/g) and lower activity. plete removal of the residues required oxidation at 450

The activity of Tigel 31 calcined at 43 is higher than ~ Since the heat treatment was done under vacuum, only the
the activity of the same material calcined at 580 consis- ~ 9as products were removed and some carbon deposits re-
tent with a reduction of the SA from 235 to 15€/g. The ~ Mained on the surface.
activity of Tigel 29, 550C is intermediate and consistent
with its SA value of 117 rf/g. In summary the catalytic ac-
tivity data correlate with the SA values for these pure JiO
materials.

4. Discussion

The results reported here show that the catalytic activity
of crystalline TS-1 for 1-butene isomerization is very low,
indicating that the Lewis acidity of these materials is not suf-

The activity of TiQ; and TiQ—SiO, materials are com-  ficient to catalyze the transformation of 1-butene. The results
pared in Fig. 9. The activity of Tigel 31 is lower than also show thatthe products obtained at 3¢@rom 1-butene
that of the TiG@—SiO, mixed oxides at temperatures up to with all Ti-containing catalysts consist only of the linear
250°C, but becomes comparable at higher temperatures.butenescis-2-butene antrans-2-butene. By contrast, with a
When tested in a second run, both activities are lower, but typical Brgnsted acid catalyst, ZSM-5, products beyond the
the differences between the two are now very limited, as canlinear butenes, isobutylene ang-Cs hydrocarbons, are ob-
be seen from the data of Fig. 10. tained as expected for a Brgnsted acid catalyst. The catalytic

It appears therefore that the high catalytic activity of activity of pure TiQ is significant and increases with the
TiO,—SiOy is associated with a very high degree of disper- SA, a fact that has been overlooked in previous studies. The
sion of the TiQ component that is obtained when preparing strong similarity between pure Tg&and TiGQ-SiO, and the
the TiO, in the presence of Sif) but that this is a phe-  difference in the reaction product composition with respect
nomenon present at low temperature that decreases for mito Br@gnsted acid catalysts suggest that the active component

3.6. Relative activity of TiO2 and TiO>—S O, materials
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of the mixed oxides is a Ti@in the form of nanoparticles  peratures are sufficient to carry out the reaction. Pertinent
with SA higher than that obtained when Si® absent. examples are the dehydration of alcohols with sulfuric acid
Our results are in such sharp contrast to what had been re-at 50°C or the dehydration of methanol on ZSM-5 at 28D
ported previously that we decided to undertake an examina-[42]. This has led to the generalization that all alcohol de-
tion of the experimental facts on which claims for Brgnsted hydration reactions are acid catalyzed and some authors
acidity for TiO,—SiO, have been based. They are: have proposed to correlate the activity for alcohol dehydra-
tion to the acidity of catalysts [43,44]. This correlation has
Poisoning effects of Nklon the catalytic activity for  been criticized [45]. For the specific case of the FHSiO;

1-butene isomerization [5]; mixed oxides we have already noted the case of ethanol
IR spectra of adsorbed NHwith formation of NH,* which gives complex reaction mixtures. We plan to inves-
ions [14]; tigate other reactions on which claims of Brgnsted acidity
IR spectra of adsorbed pyridine with formation of pyri- have been based, such as the dehydration of methanol on
dinium ions [36]; TiO; and TiQ—SiO, materials [37] and of alcohols in gen-
Catalytic activity for some reactions such as 1-butene eral.

isomerization and alcohol dehydration [37]. In summary the claim for new Brgnsted acidity [11,14,

_ _ . _ 43] is not supported by the results of this investigation. This
The first three pieces of evidence can be discussed t0-also means that the hypotheses (Tanabe, Seiyama, etc.) to

gether. It has recently been shown that\Ngives strong  explain how Brgnsted acidity is generated are not valid.
absorption on many different oxides, not only on acid mate-

rials, and that the results can be misleading [38]. For exam-
ple, the temperature-programmed desorption (TPD) of NH
from CaO shows that the release of Ntdkes place in the
same temperature range as with solid acid zeolites, which

would imply that CaO is a strong acid [39]! Because the ab- -2 ) X
sorption of NH; on non-Bransted sites may be stronger than ture CQ supercritical drying method has high surface area

on Bransted sites, the recommendation has recently beerfnd high activity for 1-butene isomerization, and its activity
made NOT to use Ngifor probing acid sites [40]. This ab- increases with the surface area. The reaction products ob-
sorption of NH; on non-Bransted acid sites could well be the tained consist ONLY of the linear butenes up to a reaction
reason for the observed reduction in 1-butene isomerizationt€mperature of 348C. _ _ _ _
catalytic activity [5]. High-purity TiO,—SiO; mixed oxides obtained with the

In the case of Ti@ a further complication arises because S@me procedure have slightly higher activity with respect
of itts ability to oxidize many compounds, changing the sim- {0 TiOz for 1-putene isomerization, bu_t the differences be-
ple acid-base chemistry into the more complex oxidation— come smaller in successive runs and disappear abova300
reduction chemistry. For example, on Ti@he dehydration Also for these materials the reaction products consist of lin-
of ethanol does not give rise only to ethylene and water: €ar butenes only, up to 34C. This result is in sharp con-
a substantial amount of butadiene is formed via the oxi- trast with what is expected from a material with Brgnsted
dation to acetaldehyde, aldol condensation, and dehydra-acid properties. The similarity in the composition of reaction
tion [41]. Obviously surface probe molecules such agNH Products obtained with Tigand TiQ-Si0; and the differ-
can be changed by this oxidizing ability of TiOThe case ~ €nce with reaction products obtained with Brgnsted acids
of the pyridine absorption provides some useful informa- Suggest that the reaction takes place onTiDboth cases.
tion. While pyridinium ions were identified upon absorption Th.e.close examlnatlon of previous repor-ts where Bransted
on the oxidized sample of TSI, no such ions were  acidity was claimed for Ti@-SiO, materials shows that
detected in the spectra obtained when JSI0, samples there is no convincing experimental evidence for this claim,
were reduced with b which led the authors to conclude since they were based on methods that, when applied to ma-
that “no Brensted acidity was observed for the reduced sam-terials that have oxidizing ability, produce unreliable results.
ple” [36]. Clearly the reduction with [Hmodified the abil- The activity of TiGg-SiO, mixed oxides in the double
ity of TiO» to oxidize surface species which gave rise to bond isomerization of 1-butene could be accounted for sim-
the pyridinium bands which were interpreted as evidence of ply by a high degree of dispersion of the Bi@anoparticles.
Brgnsted acidity. In this hypothesis, the role of Sixould be that of enhanc-

The evidence concerning the catalytic activity for 1-bu- ing the degree of dispersion of Ti@luring the preparation
tene isomerization has already been discussed: no evidencerocess, and stabilizing the nanoparticles of Ji&dainst
of Brgnsted acidity has been found. Catalytic activity in al- thermal sintering. In the pure TiOt is observed that sin-
cohol dehydration has been associated with acidity of solid tering takes place at temperatures lower than those at which
catalysts in the early theories on heterogeneous catalysis. Nasintering of TiQ—SiO, mixed oxides takes place. This re-
doubt Brgnsted acids DO catalyze alcohol dehydration, but duction in surface area of Tgould be the cause of the low
when Brgnsted acidity is present, very low reaction tem- catalytic activity reported in previous studies.

5. Conclusions

High-purity TiO, prepared according to the low-tempera-
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tion of such acid sites applied to the BCBIO, are clearl [20] Z. Liu, R.J. Davis, J. Phys. Chem. 98 (1994) 1253.
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