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Abstract

Sulfated titania was prepared by in situ gelling titanium alkoxide with sulfuric acid and by impregnation with ammonium sulfate of titania
gels, hi annealing gels at 660G, the BET specific surface areas were of 46 and 1% rior sulfuric and ammonia sulfate preparations,
respectively. XRD patterns showed for “in situ” preparation anatase (92%) and rutile phases (8%), while for ammonium sulfate sample only
anatase phase was observed. FTIR-pyridine adsorption identifiess®d (B) and Lewis (L) sites for titania impregnated with ammonium
sulfate, however, only Lewis (L) sites were identified in titania prepared with sulfuric acid. In the isopropanol conversion, similar activities
were obtained. However, in sulfuric preparation the selectivity was 22 and 78 mol% to propene and isopropyl ether, respectively, while in
ammonium sulfated catalyst the selectivity was 70 mol% to propene and 30 mol% to isopropyl ether. The results are discussed with regards
to the acidity requirements explaining the role of acid sites in the selectivity.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction literature over their use. The information relates mostly to
its blending behavior and the production econonfi:4].
Since the legislation appeared around the world over cleanDIPE has a poorer octane number, but a favorable blending
air, fundamental changes in fuels composition were made. Reid vapor pressure. Moreover, it can be produced from iso-
These changes restricted the use of heavy metal like tetraethypropanol.
lead, lowered permissible levels of light hydrocarbons and  Decomposition of 2-propanol is frequently used as a test
benzene in the fuel and raised the minimum fuel oxygenate reaction to determine acid—base properties of oxide cata-
content. This led to substantial interest in alcohols and etherslysts in many laboratoriefs,6]. It has been reported that
which can be used as oxygenated compounds which increas¢he decomposition of 2-propanol occurs by two parallel reac-
the octane number in gasoline, © Cz alcohols, whilsthav-  tions: (1) the dehydration carried out in acid sites giving the
ing high octane number and being less expensive than ethersplefin and the ether, in particular propene and isopropyl ether
their disadvantage is that they have a high blending Reid va- (DIPE) and (2) the dehydrogenation to acetone occurring in
por pressure, and that they are very soluble in water. Sincebasic sites or concerted acid—base pair $iteS]. However,
1990, the oxygenate compounds most used have been théhe role of acid and basic sites in the formation of propene
methyltert-butyl ether (MTBE) andert-amyl methyl ether isopropy! ether and acetone is not well established. Recent
(TAME) [1]. However, we can considerer as a good option reports propose that dehydrogenation and dehydration reac-
the use the di-isopropyl ether (DIPE), although being scant tions are not only determined by the surface acidity or by the
basic properties, they also depend on the reaction conditions
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Isopropanol decomposition has been carried out in sev-2.2. Characterization
eral metal oxides with different acid—basic properties, among
others MgO, CaO and SrO which are known as basic ox- 2.2.1. X-ray diffraction
ides[13], or ZrO,, Al,O3 and TiG, with acid properties X-ray diffraction patterns of the samples packed in a glass
were studied14-16] The results show that the selectiv- holderwererecorded attemperature with Gurdiationina
ity in this reaction depends on the strength and distribu- Bruker Advance D-8 diffractometer that had theta—theta con-
tion of the acid and/or basic sites, in particular, the forma- figuration and a graphite secondary-beam monochromator.
tion of propene and DIPE depends on the acidity presentDiffraction intensity was measured in thé ange between
in the catalysts. As a consequence, great efforts have re-18 and 110, with a 2 step of 0.020for 8 s per point. Crys-
cently been made to design catalysts with controlled acid- talline structures were refined with the Rietveld technique by
ity. using DBWS-9411CODH34]; peak profiles modeled with
Sulfated metal oxides are good candidates for this purpose,pseudo-Voigt functioffid5] contained average crystallite size
since they have been tested as catalysts for the isomerizatioras one of its characteristic paramet@8].
of paraffing17], acylation of aromaticgL8] and dehydration
of alcoholq19,20] Some of them are highly stable in several 2.2.2. BET specific surface areas
environmental reaction®1,22] The most studied sulfated Nitrogen adsorption isotherms were obtained on the sam-
oxides are Zr@[23,24]and TiQ, [25-27] In particular, sul- ples annealed at 60C with an Autosorb-3B Quantachrome
fated titania has been found to be efficient for isomerization equipment. The surface areas were calculated using the BET

[28], alkylation[29], Friedel-Crafts acylatiofB80], esterifi- equation and the mean pore size diameter was calculated us-
cation[31], photocatalytic oxidatioi32] and reduction of ing the BJH method.
NO [33].

With the aim to prepare sulfated oxides with controlled 2.2.3. FTIR-pyridine adsorption

acidity giving high selectivity to isopropyl ether, in the The type and quantity of acid sites (@rsted and/or

present work sulfated titania was prepared by the sol-gel Lewis) was determined with a Fourier transform infrared

method and was evaluated in the isopropanol decomposi-(FTIR) Nicolet 170 SX spectrometer by means of pyridine

tion. The solids were characterized by nitrogen adsorption adsorption. The annealed material was pressed into thin self-

isotherms, X-ray diffraction (XRD) and FTIR-pyridine ad- supported wafers. Then, they were placed in a glass Pyrex cell

sorption. with CaF2 windows coupled to a vacuum line, in order to be
evacuate (k 107%Torr) in situ at 400C for 30 min. The
adsorption was carried out on the cell at’Z5by breaking

2. Experimental a capillary tube, which contains the pyridine. The pyridine
excess was desorbed with vacuum from room temperature to
2.1. Sample preparation 400°C in 100°C steps. The quantities of adsorbed pyridine
were obtained from the integrated absorbance of the respec-
2.1.1. TiQ-H,SOy tive bands, following the procedure and coefficient extinction
Deionized water (200 ml) was mixed with 200 miteft- reported elsewher@7].

butanol (Baker, 99%) in a reflux glass system. The mixture

was heated at 70C, at this temperature concentrated sulfuric 2.2.4. Decomposition of 2-propanol

acid (Baker 98%) was dropped under constant stirring until ~ The reaction of 2-propanol was carried out in a tubular
pH 3 (0.5 ml) was reached. Thereafter, 85 ml of titaniem glass flow reactor (3 ml) under atmospheric pressure. Prior
butoxide was added to the mixture, maintaining the solution reaction test, the catalyst (50 mg) was pretreated atG00
under reflux for 24 h. for 1 h with N, flow (60 ml/min). To carry out the decom-
position, 2-propanol vapor was supplied into the reactor by
bubbling nitrogen gas through the alcohol container &5
The reaction temperature was I8 The products were an-
alyzed with an on-line VARIAN CP-3800 gas chromatograph
with WCOT fused silica column.

2.1.2. TiQ-HNGs
Titaniawas prepared at pH 3 using nitric acid as hydrolysis
catalyst following the same procedure described above.

2.1.3. TIQ—HNGO;—(NH4)2SQy
The dried sample, prepared with nitric acid, was impreg- 3. Results and discussion
nated with an agqueous 1N ammonium sulfate solution (5 ml
of solution per gram of sample). 3.1. X-ray diffraction
All the TiOo>—H,SOs, TiO,—HNO3z and TiO—HNOz—
(NH4)2SOs samples were dried in air at room temperature,  XRD patterns of titania and sulfated titania samples an-
thereafter, they were annealed at 60in flowing air for nealed at 600C are shown inFig. 1 In the spectrum
4 h. for TiOo—HNOs we can see two peaks at225.38 and
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Table 3
Specific surface area and mean pore size di
annealing at 600C
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ameter of the titania catalysts

. . Catalyst Surface area, BET flg) Pore diameterﬁ()
; ] ) TiO,-HNO, TiO2—H2SOy 46 133
g T TiO,—HNO3 23 123
g " h TiO2~HNO3—(NHa),SQ; 117 120
] .
£ Ti0,-HNO -(NH,),SO,
/] 3.2. Specific surface areas
a
N Ti0,H,S0, The specific surface areas of the titania and sulfated titania
%0 40 60 80 100 are summarized iffable 3 For titania prepared with nitric

Two Theta (degree)

acid, the specific surface area was Z3grand the mean pore

diameter was 128. The specific surface area and mean pore
Fig. 1. X-ray diffraction patterns of the sulfated samples prepared with ni- diameter were 117 Hg and 12, respectively, for titania

tric acid, and annealed at 60C. ‘r' corresponds to rutile phase and ‘a’
corresponds to anatase phase.

Table 1

Mean crystallite size (in nm) of the different samples annealed 600
Catalyst Anatase] (nm) Rutile,d (nm)
TiO2—HSOy 37(2) 40 (22)
TiO2—HNO3z 48 (3) 59 (15)
TiO2—HNO3—(NH4)2SOy 34 (2)

20=27.42 with crystallite size of 48 and 59 nmaple J)
which corresponds to anatase and rutile crystalline phases,
respectively. When the above sample was impregnated with
ammonium sulfate, the titania was transformed totally into
anatase with crystallite size of 34 nm. On the other hand,
when titania was prepared with sulfuric acid, we can see
the peaks corresponding to anatase and rutile phases with
crystallite size of 37 and 40 nm, respectivelable 1. The
relative abundance of the phases was different in all sam-
ples and influenced by the presence of sulfate groups. For the
sample prepared with nitric acid, this contains about 77 wt.%
of anatase and 23 wt.% of rutil@dble 2, but the one pre-
pared with sulfuric acid had 92 wt.% of anatase and 8 wt.% of
rutile. For the sample prepared with nitric acid and sulfated
with ammonium sulfate, pure anatase was obtaifiedlé 2.

This means that the sulfate ions stabilized the anatase
phase.

The refinement of titania crystalline phases was made in
order to determine the average crystallite size of each phase.
Anatase was modeled with a tetragonal unit cell having two
titanium and four oxygen atoms, distribute according to space
groupl4q/amd The unit cell for rutile was also tetragonal,
however, its atom distribution was given by space group
P4;/mnm

Table 2
Crystalline phase concentration (in wt.%) for catalysts annealing &t®00

Anatase Rutile
TiO2—HSOy 92 (3) 8(1)
TiO2—HNO3 77 (2) 23(2)
TiO2—HNO3—(NH4)2SOy 100

Catalyst
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impregnated with ammonium sulfate. In titania prepared with
sulfuric acid, the specific surface area was 4égrand the
mean pore diameter 146 In Table 3 it can be seen that
the samples with bigger surface area correspond to sulfated
titania.

The FTIR spectra of pyridine thermodesorption on sul-
fated titania samples annealed at 6Q0are shown irFig. 2
For the sample prepared with nitric acid and sulfated with

Fig. 2. FTIR-pyridine adsorption on (A) TiE3-HNOz—(NH;)>.SO, and (B)
TiO»—H>SO4 annealed at 60TC.
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Fig. 3. Mechanism proposed for the 2-propanol decomposition over-HgB5O;.

(0]

(0]
\8{/\_)\5//
? NNY

+ H,0



E. Ortiz-Islas et al. / Journal of Molecular Catalysis A: Chemical 228 (2005) 345—-350 349

Table 4 Bronsted Site (B)
Pyridine adsorbed (mmol) in sulfated titania annealing at"&0
Catalyst Adsorption  Bronsted Lewis  Total /
temperature acidity acidity  acidity H* H
) o7 o o i B
TiO—HSOy 25 0 160 160 NN A
100 0 114 114 ! S = :
Tio
200 0 62 62 /1 \o/ \% 2
300 0 42 42
400 0 4 4 Lewis site (L)
TiO2—HNO3—(NH4)2SOy 25 92 247 339
100 79 128 207 H H
200 57 104 161 ]
300 26 69 95 H—C-—C —CH,
400 2 14 34 b o—n
L B CH,—CH—CH, + H,0

band at 1543 cm! indicates the presence of @rsted acids
sites in the catalysts. The 1600 thband follows a similar TiO,
behavior to that of the 1445 cmh band. This band identified
strong Lewis sites. The band at 1575 chidentified weak Fig. 4. Mechanism proposed for the 2-propanol decomposition over
Lewis acid sites, and it disappears at 2Q0under vacuum. TiO2—HNO3—(NHy)2S0y.
The wide band observed in the region of lower energies of
the spectra presents a particular behavior during the thermaPnly difference between the two catalysts is the preparation
treatments. During this process, it is shifted towards high method. This suggests that the sulfate ions were bonded in
wavenumbers (1275-1358 ci). This band is related to the different forms in each catalyst. The literature indicates that
vibrations of $-O bonds (sulfate anchored on the surface of the presence of sulfates species with covaler® $onds on
the solid). Morterra et a[38] observe the same behavior on the oxide surface is necessary to obtain superad@@ty the
sulfated zirconia, and they attributed the band shift to the €Xact nature of the catalytically active sites is not clear. Thus,
presence of water which coordinates witaGbonds. it is suggested that the super acid centers are Lewis sites as-
For the sample prepared with sulfuric acid only the band Sociated to the metal catidd0]. Acid strength is strongly
corresponding to Lewis acid sites (1445chis clearly enhanced by an electron induction effect efC5in the sul-
identified. Also, we can observed the displacement of the furic complex, as is shown iBcheme 1

Propene

band at low energies corresponding to th&donds by ef- On the other hand, different authors sugdési41] that
fect of water coordinated to adsorbed pyridine as occurring the Lewis and Bonsted Gcheme Psites generated from ad-
on the impregnated samples. sorbed water molecules are the responsible for the catalytic

The density of Bonsted and Lewis acid sites at differ- activity.
ent desorption temperatures for all the samples are listed in e can to recapture the schemes shown above to pro-
Table 4 In general, the concentration of acid sites is bigger Pose @ mechanism for the isopropanol decomposition re-

for titania impregnated with ammonium sulfate. action, taking into account thaScheme 1corresponds
to TiO—H,SO, catalyst andScheme 2corresponds to
3.4. Catalytic activity TiO2—HNO3—(NH4)2SCy.

In general it is conventionally accepted that acid sites are
Activity and selectivity for the different samples are re- 'esponsible for the dehydration activity giving propene and
ported inTable 5 It can be seen that for TEOH,SOy cata- DIPE.. AnEl mechanlsm is s'uggesteq forthe dghydrqggnated
lyst, the selectivity to propene and DIPE were 22 and 78%, react|_on where only _aC|d sites are mvolved.Fh_g. 3 |t_|s _
respectively, while for TI@-HNOz—(NH.)SOx the selectiv- explained the formation of propene and DIPE in Lewis acid

ity to propene and DIPE were 70 and 30%, respectively, The SIt€S: . _
In Fig. 4, the formation of propene and DIPE over the tita-

Table 5 nia impregnated with ammonium sulfate is explained. In this
Catalytic activity and selectivity of sulfated titania annealed at€D0n catalyst is favored the formation of propene, because in this
the 2-propanol decomposition catalyst were identified both Lewis and@sted acid sites.
Catalyst Conversion ryx 1078 Selectivity
(mol%) (mol/s g) (mol%)
Cs~ DIPE 4. Conclusions
TiOz—Hp SOy 5.76 3.7 22. 78
TiOo>—HNO3—(NH4),SO;  6.82 4.4 70 30 Sulfated titania can be obtained by the sol-gel method

Cs™ is propene and DDPE is di-isopropyl ether. using sulfuric acid as titanium alkoxide hydrolysis catalyst
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and by impregnating with ammonium sulfate of BiQel.

The methods allow the formation of anatase and rutile in
different amounts. In the sample prepared with sulfuric acid,
Bronsted acid sites are not developed. In ammonium sulfate
sample, both Binsted and Lewis acid sites are formed. High
selectivity to isopropyl ether was originated in Lewis acid
sites, while propene formation is favored in the sample in
which Lewis and Bonsted co-exist.
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