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ABSTRACT 

The physicochemical properties and catalytic activity of pure and sulfated titanium oxide (TiO2 and 2 4
2TiO -SO  ) is 

described in this work. Titanium hydroxide synthesized by the sol-gel method was impregnated with a 1 N H2SO4 solu- 
tion, varying amount of sulfate ions ( 4SO ) in the range from 10 to 20 wt%. Pure and modified hydroxides were cal- 
cined at 500˚C for 3 h and then characterized by TGA-DTG, XRD, BET, FT-IR, potentiometric titration with 
n-butylamine and 2-propanol dehydration. Catalytic activity of materials was tested in the n-hexane isomerization at 
350˚C. The results showed that TiO2 and 2 4

2

Ti 2O -SO   mainly developed anatase phase. All  have accept- 
able specific surface area (95 - 105 m2/g). Potentiometric titration with n-butylamine revealed that 2 4

2
2 4



2-SO
TiO -SO

TiO   showed 
higher acidity (430 - 530 mV) than compared to pure TiO2 (−15 mV), indicating that this oxide only has weak acidity. 
The results showed good relationship between acidity determined by potentiometric titration with n-butylamine and the 
catalytic activity evaluated by 2-propanol dehydration and n-hexane isomerization. Titanium oxide with 20 wt% of 

 ions was the material that demonstrated the highest catalytic activity for both reactions.  2
4SO 
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1. Introduction 

Solid acid catalysts have assumed a great importance due 
to their huge application potential in chemical industry, 
specifically in the oil refining industry [1-4]. The su- 
per-acid liquid catalysts such as HF, H2SO4, AlCl3 and 
BF3, which are efficient and selective at low tempera- 
tures, are not profitable for such processes due to severe 
problems of corrosion and their difficult separation from 
the stream of the products. Chlorinated alumina, zeolites 
modified by ionic exchange, heteropolyacids, as well as 
some bifunctional catalysts are examples of solid acid 
catalysts applied in the types of processes mentioned 
above and also reported in the literature. Most of these 
catalysts suffer from various drawbacks such as high 

working temperature, continuous supply of chlorine and 
the use of high hydrogen pressure [5]. For these reasons, 
current researches about heterogeneous acid catalysts 
have been focused on the synthesis of new materials that 
are capable of replacing the liquid acid catalysts and 
halogenated solids mentioned previously. Sulfated oxide 
supports demonstrate strong acidity and catalytic activity 
at low temperatures for catalytic cracking, alkylation, and 
light paraffin isomerization [6-9]. One of the most stud- 
ied materials for these reactions has been sulfated zircon- 
nium oxide [10-14], although the possibility of using 
sulfated titanium oxide ( ) for such purposes 
is not discarded. The sulfate ion can be introduced from 
H2SO4, (NH4)2SO4, SO2 and H2S. It was reported that the 
existence of covalent S-O bonds in sulfur complexes 
formed on metal oxides are responsible for the genera- 

2
2 4TiO -SO 
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tion of acidity [15-17]. The substitution of oxygen atoms 
in the titania lattice with sulfur and other anionic species 
[18] are reported to show photocatalytic activity en- 
hancement in visible light [19,20] due to the existence of 
oxygen vacancies, greater surface area [21-25], and lar- 
ger fraction of the anatase phase. These physicochemical 
properties can be controlled from the synthesis process 
[26]. Although most of these catalytic supports are pre- 
pared via the precipitation method [27-29], the sol-gel 
process offers better control over synthesis parameters, 
especially to obtain uniform textural and chemical cha- 
racteristics down to the nanometric level [29-34]. Ohno 
et al. [35] reported the incorporation of sulfur in titania 
by sol-gel precipitation using titanium isopropoxide and 
thiourea and showed the enhancement in photocatalytic 
degradation of 2-propanol and partial oxidation of ada- 
mantane at wavelengths longer than 440 nm. Arata [36] 
synthesized sulfated titania by exposing Ti(OH)4 to 
aqueous sulfuric acid followed by calcination. Ohno et al. 
[35] studied the hydroxylation of adamantane using sul- 
fated titania as catalyst, a reaction of relevance (green 
process) using molecular oxygen. It is reported that the 
activity of sulfated titania could be improved by opti- 
mizing the surface area of the sample. In general, it is 
conceived that Brönsted and Lewis acidity are improved 
by modifying TiO2 with H2SO4. The superacid properties 
of sulfated titania were considered to be responsible for 
the high catalytic activity in various acid-catalyzed reac- 
tions such as the alkylation of derivatives of benzene, 
cracking of paraffins and dimerization of ethylene [37- 
41]. The increase in activity for CFC-12 decomposition 
obtained with sulfated titania was due to the superacid 
properties of the catalysts [21,42]. Other reactions cata- 
lyzed by sulfated titania due to its acidic properties are 
acylation of aromatics [43], acylation of Friedel-Crafts 
[44], esterification [45] and transesterification of vegetal 
oils [46]. 

In the search for new solid acid catalysts with im- 
proved properties, this work focuses on the synthesis and 
characterization of a sulfated titanium oxide by sol-gel 
method, and presents a preliminary evaluation of its cat- 
alytic properties for the n-hexane isomerization reaction. 

2. Experimental 

2.1. Supports Preparation 

The preparation of titanium hydroxide [Ti(OH)4] was 
carried out via sol-gel by dissolving titanium n-butoxide 
IV (Ti[O(CH2)3CH3]4; Sigma-Aldrich; 97 wt%) in tert- 
butyl alcohol ((CH3)3COH; Baker; 99.6 %) and the hy- 
drolysis and condensation proceed via the drop-wise ad- 
dition of a water/tert-butyl alcohol solution. The gel was 
then aged during 72 h and dried at 100˚C for 24 h. 
Ti(OH)4 impregnation with acid agent was done by the 
incipient wetness method, using a 1 N H2SO4 solution 
and adding the necessary amount of acid reagent to ob- 

tain supports with 10, 15 and 20 wt% of 2
4SO   ions. 

Pure and modified hydroxides were dried at 100˚C du- 
ring 24 h and then calcined in dynamic air atmosphere at 
500˚C for 3 h. Taking the calcination temperature and the 
weight percentage of 2

4SO   ions as reference, the syn- 
thesized materials were named as follows: T0500, 
T10500, T15500 and T20500. The method for the prepa- 
ration of the catalytic supports is illustrated in the flow 
diagram of Figure 1. 

2.2. Catalyst Preparation 

To test activity for the light paraffin isomerization, the 
catalytic supports were impregnated with platinum (Pt) by 
the incipient wetness method, using an ammonia solution  
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Figure 1. Flow diagram of synthesis method of titanium 
oxide and sulfated titanium oxide. 
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of Pt(NH3)2(NO2)2; Sigma-Aldrich; 3.4 wt%, followed by 
a drying at 100˚C for 6 h and a calcination in air flow at 
400˚C for 3 h. The theoretical concentration of Pt was 
fixed at 0.3 wt% for all catalysts. The Pt-containing cat- 
alysts are designated: Pt/T0500, Pt/T10500, Pt/T15500 
and Pt/T20500. 

2.3. Characterization Techniques 

Catalytic supports were characterized by thermal analysis, 
X-ray diffraction, nitrogen physisorption, infrared spec- 
troscopy, potentiometric titration with n-butylamine and 
2-propanol dehydration. Thermogravimetric analyses 
were conducted on a TA Instruments STD 2960 simulta- 
neous DSC-TGA. The samples were analyzed in air flow 
(10 mL/min) at a heating rate of 10˚C/min from a room 
temperature to 900˚C. Powder X-ray diffraction patterns 
were recorded on a Bruker diffractometer using Cu Kα 
radiation (λ = 1.5406 Å) and a graphite secondary beam 
monochromator; the intensities of the diffraction lines 
were obtained in the 2θ range between 20 and 80˚ with a 
step size of 0.02˚ and a measuring time of 2.7 s per point. 
The crystallite size of the materials was determined with 
the Scherrer equation. Nitrogen physisorption was used to 
determine the specific surface areas of the materials at the 
temperature of liquid nitrogen (−196˚C) in a Quanta- 
chrome Autosorb-1 instrument. Prior to the measurements, 
samples were outgassed at 350˚C for 2 h. The specific 
surface area was calculated using the BET equation and 
the BJH method was used to determine the pore size dis- 
tributions and the pore volume of the samples. Infrared 
spectroscopic analyses were carried out in a Fourier 
Transform spectrometer (Perkin-Elmer Spectrum One) 
with transparent wafers containing the sample to be ana- 
lyzed and KBr as a binding agent (9:1 dilution), co-adding 
16 scans at a resolution of 4 cm−1. The acidity of the cata- 
lytic supports was determined by potentiometric titration 
with n-butylamine. A small quantity of n-butylamine dis- 
solved in acetonitrile (0.025 M solution) was added to a 
known mass of solid which was suspended in the solution 
and stirred for 3 h. After this, the suspension was titrated 
with the same base at a rate of 0.2 mL/min, and the varia- 
tion in the electrical potential was measured with a JEN- 
WAY-3310 digital pH meter. The potentiometric titration 
method used in this work has been previously reported by 
Cid and Pecchi [57]. In order to evaluate the acid-base 
properties of catalytic materials, 2-propanol dehydration 
reaction was performed. The reaction was carried out in a 
fixed-bed reactor operating at 80˚C, atmospheric pressure 
and WHSV = 5 h−1. Approximately 0.1 g of the catalyst 
was loaded into the reactor. Prior to the reaction, the 
catalyst was preheated at 350˚C for 1 h in a purified ni- 
trogen flow. During the reaction, the effluent collected 
periodically and analyzed by a Varian 3400 gas chroma- 

tograph equipped with a FID detector and a column 
packed with Carbowax 1540 on Chromosorb. 

2.4. Catalytic Activity 

The n-hexane isomerization was carried out in a conven- 
tional flow fixed-bed reactor, operating at 350˚C, atmos- 
pheric pressure and WHSV = 0.5 h−1. The catalyst (0.3 g) 
was reduced at 350˚C for 1 h in a flow of hydrogen prior 
to running the test reaction. The products were analyzed 
on-line by a Varian 3400 gas chromatograph equipped 
with a FID detector and a column packed with 23 SP- 
1700 on 80/100 Chromosorb. 

3. Results and Discussion 

3.1. Thermal Analyses 

Four different weight loss stages were identified during 
thermal analysis of the as-prepared titanium oxide and 
sulfated titanium oxide materials (Figures 2 and 3). 
The first two stages, evidenced by two DTG peaks 
centered at 70˚C and 160˚C correspond respectively to 
the elimination of water and solvent occluded in the 
matrix of the inorganic polymer gel. The third stage of 
weight loss occurs within the range of 250˚C and 
400˚C and is more gradual, associated with the trans- 
formation of Ti(OH)4 into TiO2 and involves the elim- 
ination of some terminal hydroxyl groups [47,48]. The 
sulfated titanium oxide precursors showed a fourth 
weight loss stage between 400˚C and 900˚C, the DTG 
peaks being centered around 550˚C and attributed to 
the decomposition and loss of sulfate ions [49]. It 
should be noted that samples prepared for catalysis 
studies were air-calcined at 500˚C, thus sulfate levels 
in the catalysts may be slightly lower than the theo- 
retical levels assumed from the incipient wetness addi- 
tion of H2SO4. The FT-IR data (see below) clearly 
show the presence of sulfate groups in all three sulfated 
TiO2 materials. 

3.2. Textural Properties 

The nitrogen physisorption results indicate that the spe- 
cific surface area of the titanium oxide (35 m2/g) in- 
creases when the sulfate ion is incorporated into the ma- 
trix of the material, yielding sulfated titanium oxides 
with specific surface areas in the range 95-105 m2/g (Ta- 
ble 1). Surface area enhancement is likely due to the in- 
hibition of titania particle sintering by the surface sulfate 
groups. Nitrogen adsorption-desorption isotherms and 
pore size distributions are shown in Figures 4 and 5, 
respectively. Pure titanium oxide (T0500) presented a 
type II isotherm and a very closed hysteresis loop that 
identifies the presence of pores with shape of cone and/or 
wedge [50-52]. In contrast, sulfated materials (T10500,  
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Figure 2. TG profiles developed by TiO2 and  

precursors. 

- 2-
2 4TiO SO

 

 

Figure 3. DTG profiles developed by TiO2 and  

precursors. 

- 2-
2 4TiO SO

 
Table 1. Textural properties of synthesized titanium oxides. 

Material 
Surface area 

(m2/g) 
Pore diameter 

(Å) 
Pore volume 

(cm3/g) 

T0500 35 673 0.05 

T10500 97 28 0.13 

T15500 103 34 0.14 

T20500 104 49 0.16 

 
T15500 and T20500) showed type IV isotherms with H2 
hysteresis loops that represent a uniform mesoporous 
structure [52]. Pore size distributions were obtained by 
the BJH method. The sulfated titanium oxides (T10500, 
T15500 and T20500) presented a monomodal distribu- 
tion with most frequent pore diameters in the 30 to 50 Å 
range. In contrast, pores in pure titanium oxide (T0500) 
are considerably larger (200 - 1000 Å) and the distribu- 
tion is broader. 

3.3. X-Ray Diffraction  

Figure 6 shows the X-ray diffraction patterns obtained 
for pure titanium oxide (T0500) and for the sulfated tita- 
nium oxides (T10500, T15500 and T20500) calcined at 
500˚C. The crystalline anatase (tetragonal) form of tita- 
nia is evidenced by lines appearing at 2θ = 25.22˚, 36.97˚, 
37.88˚, 38.58˚, 47.99˚, 53.90˚, 55.07˚, 62.70˚, 68.84˚ and 
70.31˚, which correspond to crystallographic planes 
(101), (103), (004), (112), (200), (105), (211), (204), 
(116), and (220), in reference to JCPDS card number 
021-1272. In comparison to the pure titania sample, these 
diffraction lines are noticeably broadened in the diffract- 
tograms of the sulfated titania, indicative of a decrease in 
crystallite size [53]. Average crystal sizes were calcu- 
lated using the Scherrer equation to quantify line broad- 
ening on the most intense (101) anatase peak, and results 
are plotted in Figure 7 as a function of sulfate content. 
The average anatase crystal size decreases to one-half its 
value upon sulfate addition to pure titania at any of the 
loadings used. There is no evidence of rutile formation in 
any of the samples. 
 

 

Figure 4. Nitrogen adsorption-desorption isotherms obtain- 
ed with synthesized titanium oxides, TiO2 and . - 2-

2 4TiO SO

 

 

Figure 5. Pore size distribution obtained with synthesized 
titanium oxides, TiO2 and . - 2-

2 4TiO SO
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2 Thetha (˚)  

Figure 6. X-ray diffraction patterns of synthesized titanium 
oxides, TiO2 and . - 2-

2 4TiO SO
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Figure 8. Infrared spectra of TiO2 and . - 2-
2 4TiO SO

3.4. Infrared Spectroscopy  

In Figure 8 are shown the infrared spectroscopy analyses 
performed on synthesized titanium oxides. All materials 

of this study presented bands that appear in the 3800 - 
1600 cm−1 region, which characterize -OH groups and 
hydrogen bonding. The absorption bands located at 3841, 
3795, and 3747 cm−1 are attributed to the (OH) stretch- 
ing vibration modes of isolated hydroxyl groups associ- 
ated with Ti4+ cations. The broad adsorption band at 3400 
cm−1 and the band at 1625 cm−1 are assigned to the stre- 
tching and bending modes characteristic of physisorbed 
water on oxide supports [54]. The sulfated materials 
(T10500, T15500 and T20500) present bands character- 
istic of surface 2

4SO   groups. In the sulfated titania sam- 
ples, the bands observed at 1213, 1142, and 1050 cm−1 
are attributed to the vibrational bands of S-O bonds in the 
sulfate ( 2

4SO  ) groups anchored to the titanium oxide 
surface [54]. The exact frequency is usually red-shifted 
when perturbed by the presence of physisorbed water. It 
is important to point out that the signals located at 3400 
and 1625 cm−1 are intensified in the infrared spectrum of 
sulfated materials. From this result it can be inferred that 
sulfated metal oxide support materials have a greater 
capacity for water adsorption from moist environments 
than pure titanium oxide (T0500). In principle, the ab- 
sence of (S = O) band frequency at 1370 cm−1 can be 
related to a particular degree of surface hydration, which 
in turn relates to the density of Brönsted and Lewis acid 
sites. Lewis acid sites exist at the sulfur (S6+) center in 
the surface sulfate groups [55]. The Lewis acid site den- 
sity will increase with increasing calcination temperature, 
as the surface progressively dehydroxylates. The broad 
adsorption bands that appear in the low frequency region 
of infrared spectrum, located in the range 450 - 600 cm−1 
are characteristic of a Ti-O-Ti symmetric stretching vi- 
bration mode [56], which could be formed during con- 
densation reaction of sol-gel synthesis. 

3.5. Acidic Properties 

The surface acidity of the synthesized titanium oxides 
was evaluated by potentiometric titration with n-bu- 
tylamine. This technique makes it possible to determine 
the maximum acid strength (M.A.S.) through the first 
reading of the titration, expressed as a measure of the 
acidity potential (pH) or as milivolts (mV). The number 
of acid sites present in the synthesized materials is de- 
termined by the amount of base used [57]. The strength 
of acid sites can be classified according to scale reported 
by Pizzio et al. [58]: M.A.S > 100 mV (very strong acid 
sites), 0 < M.A.S. < 100 mV (strong acid sites), −100 < 
M.A.S. < 0 mV (weak acid sites), and M.A.S. < −100 
mV (very weak acid sites). Figure 9 shows how sulfate 
ions increase the acidity degree of the titanium oxide 
generating very strong acid sites on its surface, as well as 
a notable difference between pure titanium oxide (T0500) 
and the sulfated materials (T10500, T15500 and T20500). 
All sulfated titanium oxides showed a maximum acid 
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strength above 400 mV, while pure titanium oxide only 
reached values below zero as maximum acid strength 
(−15 mV). Also, the total quantity of miliequivalents of 
n-butylamine used per catalyst gram (meq n-BTA/g) 
confirmed that concentration of acid sites is greater in 
sulfated samples than the non-treated material (Figure 
10). 

The n-butylamine titration results clearly establish that 
sulfate groups on titania exhibit a strong acid strength, 
and that sulfate loading at the levels employed here (10 - 
20 wt%) enables one to control the site density of these 
acid sites. Given the presence of hydroxyl bands in all 
three of the sulfated titania samples, as shown in the IR 
spectra, it can be inferred that the samples exhibit both 
Brönsted and Lewis acidity, although this was not invest- 
tigated more directly with pyridine adsorption IR studies. 

3.6. 2-Propanol Dehydration 

The decomposition of 2-propanol is a model reaction to 
determine the acid-base nature of catalytic materials and 
can serve as a characterization technique to evaluate the 
relative acidity between catalysts. It has been reported in 
the literature that the 2-propanol decomposition reaction 
can follow three possible routes: 1) intra-molecular de- 
hydration that produce propylene, 2) inter-molecular de- 
hydration to generate diisopropyl ether, and 3) alcohol 
de-hydrogenation to produce acetone [59]. It is known 
that, under inert atmosphere, the alcohol dehydration 
reactions take place through acid sites, whereas the de- 
hydrogenation reaction is catalyzed by basic sites [60]. 
Thus, reaction selectivity is a measure of the relative 
amounts of each site type in the catalyst. The results are 
presented in Table 2. The un-sulfated titania (T0500) did 
not show any catalytic activity at 80˚C, whereas all three 
sulfated titanias were active. The activity order is the 
following: T20500 > T15500 > T10500, with a 4-fold 
activity increase going from 10 to 15 wt% sulfate, and a 
smaller increase when increasing sulfate content from 15 
to 20 wt%. This correlates with the potentiometric titra- 
tion with n-butylamine results showing increasing M.A.S. 
(Figure 9), although the total acid concentration does not 
increase in the same proportions (Figure 10), indicating 
that intrinsic site activity must change considerably, cer- 
tainly when going from 10 to 15 wt% sulfate content. In 
Figure 11, the predominance of acid sites is evident, 
since reaction leads exclusively to the dehydration prod- 
ucts of propylene and diisopropyl ether, the former being 
favored in all cases. Propylene is formed over Brönsted 
sites via the E1 elimination mechanism, whereas diiso- 
propyl ether is formed via a SN2 mechanism. The E1 
mechanism, characteristic in the dehydration of second- 
dary and tertiary alcohols, starts with the protonation of 
the -OH group, which then leaves as water to produce a 
carbenium ion. This step is unimolecular and rate-limit-  
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Table 2. 2-propanol dehydration, conversion and reaction 
rate evaluated at 60 min, T = 80˚C, P = 1 atm, WHSV = 5 
h−1. 

Material 
Conversion 

(%) 
Reaction rate 
(mol g−1 s−1) 

T10500 6 1.394 × 10−4 

T15500 27 6.274 × 10−4 

T20500 38 8.831 × 10−4 

 
ing, and followed by the rapid loss of a β hydrogen to the 
surface and desorption an olefin product. Diisopropyl 
ether is the lesser product, occurring via a SN2 substitu- 
tion mechanism. This occurs in a single step, (no inter- 
mediate) when one 2-propanol molecule attacks an ad- 
sorbed, protonated 2-propanol molecule prior to its 
forming a carbenium ion intermediate that would other- 
wise lead to propylene [61,62]. In this study, we attribute 
the formation of diisopropyl ether to the low reaction 
temperature used during the experiment (80˚C), which 
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limits to some extent the carbenium ion formation. The 
production of diisopropyl ether result is attractive, how- 
ever, since this oxygenated compound can be mixed with 
gasoline as an additive to increase octane number. 

3.7. n-Hexane Isomerization 

The results obtained for the n-hexane isomerization reac- 
tion are presented in Table 3. The sulfated titanium ox- 
ides were active in the isomerization of hydrocarbon at 
350˚C and atmospheric pressure in contrast with pure 
titania, which did not show catalytic activity. This fact 
can be explained considering that the isomerization of 
alkanes depends on the density of the acid sites as well as 
of the acid strength of the catalyst [63], parameters that 
are not satisfied in the non-sulfated titanium oxide, ac- 
cording to the results obtained by the potentiometric ti- 
tration with n-butylamine. The materials activity ob- 
tained at 350˚C indicates that the acid strength of 

 is lower than that of 2
2 4TiO -SO  2

2 4ZrO -SO   because 
this material catalyzes the n-hexane isomerization at 
250˚C [64]. As with the 2-propanol dehydration reaction, 
the catalytic activity for isomerization increases with 
sulfate ion content. The maximum conversion of the hy- 
drocarbon (21%) was obtained with the catalyst Pt/ 
T20500, a four-fold activity increase with respect to the 
catalyst with lowest sulfate content (Pt/T5500). All the 
catalysts presented excellent selectivity values around 
80% for isomerized products. These selectivity values do 
not depend significantly of conversion level. Only mono- 
branched paraffins such as 2-methylpentane and 3- 
methylpentane were identified during the reaction. The 
lack of 2,2-dimethylbutane formation is due to the im- 
possibility of forming a quaternary carbon within the 
framework of carbenium ion chemistry and alkyl or hy- 
dride shift mechanisms [65]. The selectivity pattern sug- 
gests only minor hydrocracking activity (<C6) and oligo- 
merization activity (>C6). Finally, it is clear that the 
catalyst with highest content of sulfate ions (Pt/T20500) 
presents the highest selectivity towards disintegration 
reactions, which require strong acid sites. This is consis- 
tent with the 2-propanol reaction and n-butylamine data 
showing that this catalyst possesses the highest total acid 
density and acid strength among the three sulfated sam- 
ples. Hence, an effective catalyst for n-hexane isomeriza- 
tion should have a medium or low density of highly 
acidic sites in order to avoid side reactions and to main- 
tain high isomerization activity. 

The activity and selectivity of the Pt/T20500 catalyst 
was compared with that obtained by the material T20500 
and both are showed in Figure 12 and Figure 13, re- 
spectively.  has a moderate activity, al- 
though the catalytic activity rate drops very quickly and 
is completely lost in 120 min, while the reaction pro- 
duces a lot of cracking products. We assumed that this  
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Figure 11. 2-propanol dehydration, conversion and selecti- 
vity evaluated at 60 min, T = 80˚C, P = 1 atm and WHSV = 
5 h−1. 
 
Table 3. n-hexane isomerization with Pt/  cata- 

lysts evaluated at 120 min, T = 350˚C, P = 1 atm, WHSV = 
0.5 h−1. 

- 2-
2 4TiO SO

Selectivity (%) 
Catalyst

Conversion
(%) <C6 2-methylpentane 3-methylpentane >C6

Pt/T10500 5 9 45 31 15

Pt/T15500 16 6 45 32 17

Pt/T20500 21 13 44 29 14
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Figure 12. Conversion profiles for n-hexane isomerization 
catalyzed by  and Pt/  catalysts. Re- 

action conditions: T = 350˚C, P = 1 atm, WHSV = 0.5 h−1. 

- 2-
2 4TiO SO - 2-

2 4TiO SO

 
deactivation was due to longer residence time of surface 
intermediates species, associated with lower hydrogen 
availability caused by the absence of platinum. Over 
Pt/ 4 , the activity is much more stable and the 
selectivity for isomers are very high during the run. 
These results suggest that the addition of platinum and 
hydrogen is required to prevent the rapid deactivation of  

2-
2TiO -SO
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Figure 13. Selectivity to products of n-hexane conversion in 
the presence of  and Pt/ . Reaction 

conditions: T = 350˚C, P = 1 atm, WHSV = 0.5 h−1. 
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the catalyst. The role of platinum in the presence of hy- 
drogen is still a controversial issue. Some authors report 
that platinum imparts a metallic catalysis function within 
the classical bifunctional mechanism [66]. Ebitani et al. 
[67-69] observe a promoting effect of hydrogen on the 
isomerization. They suggest that strong protonic acidity 
is generated via dissociation and spillover of hydrogen 
species. Iglesia et al. and Comelli et al. [70-72] also ob- 
serve a promoting effect of platinum and hydrogen and 
attribute it to the conversion of hydrogen atoms into hy- 
drides, accelerating the desorption of the carbenium in- 
termediates. It is important to note that in this work, the 
influence of the hydrogen is always limited to low hydro- 
gen pressures and this could lead to low conversions. 

The n-hexane isomerization over bifunctional catalysts 
Pt/  can be explained by the classical bifunc- 
tional mechanism including the paraffin dehydrogenation 
on the metal sites, the skeletal rearrangement of the ole- 
fin on the acid sites via a carbenium ion mechanism also 
including cracking reactions, oligomerization or cycliza- 
tion and finally the rehydrogenation of the isomerized 
olefin on the metal sites. On the catalyst 

2
2 4TiO -SO 

2
2 4TiO -SO   the 

reaction can take place solely on the acid sites via a 
monofuncional mechanism featuring a hydride-transfer 
chain reaction. The sequence starts with a hydride ab- 
straction from the hydrocarbon on the acid sites, creating 
the carbenium ion which is rapidly isomerized. The iso- 
carbenium ion is desorbed by the hydride species created 
in the initial step. On the catalyst 2

2 4TiO -SO   we 
speculate that the desorption step is rate-limiting, leading 
to an accumulation of iso-carbenium species on the sur- 
face and a fast deactivation of the material. 

4. Conclusion 

The addition of sulfate ions to sol-gel derived titanium 

hydroxide gel delays the structural transformation from 
the anatase to rutile phase and produces 2

2 4TiO -SO   
supports with controlled pore structure and suitably high 
specific surface area (95 - 105 m2/g) relative to the un- 
sulfated gel (35 m2/g). Furthermore, the sulfated supports 
demonstrated strong acidity of varying site densities de- 
pending upon sulfate content up to 20 wt%. The catalytic 
activity for 2-propanol dehydration and n-hexane isom- 
erization correlates with maximum acid strength and the 
total acid site densities as determined from the potenti- 
ometric titration with n-butylamine. The absence of ace- 
tone from 2-propanol conversion indicates that only acid 
sites are formed in these catalysts. The isomerization 
selectivity to mono-branched paraffins is favorably high 
and stable over the testing period for these catalysts, 
suggesting a viable catalytic system.  
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