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Abstract 

The understanding of water effects on acidic catalysts is key issue to develop efficient 

process producing olefins from bio-alcohols. In this work, the water effects on TiO2/SiO2 

catalysts used for the gas phase conversion of isobutanol into linear olefins have been 

unraveled. Such compounds prepared by grafting on mesoporous SiO2 contained well 

dispersed TiO2 amorphous clusters anchored by Ti-O-Si linkages leading to much higher 

catalytic activity than TiO2 and SiO2. Furthermore, addition of water into the feed was shown 

to significantly improve it. Acidity measurements indicated that TiO2/SiO2 mixed oxides 

were mostly of Lewis type after activation at 450°C. However, in situ acidity measurements 

achieved, for the first time, flowing NH3 probe and water vapor at the reaction temperatures, 

showed that the amount of Lewis sites remained constant while weak Brønsted sites were 

formed and corresponded to active sites. Their hydrolysis generated OH acidic groups leading 

to catalytic activity enhancement under H2O. 

 

Keywords: acidic catalyst, water effects, in situ acidity measurements, bioalcohols, olefins, 

dehydration 
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1. Introduction 

Olefins which represent key chemicals for polymers industry are presently produced 

by petrochemical routes. Among C4 olefins, 1-butene is obtained by dimerization of ethylene 

and the others (cis-2-butene, trans-2-butene and isobutene) by fluid catalytic cracking or 

steam cracking of naphtha [1]. Dehydration of bio-alcohols represents a sustainable 

alternative route for olefins production. Indeed, ethanol and n-butanol can be now synthesized 

in large volumes by metabolic and engineered pathways [2-6]. Furthermore, new biochemical 

routes have been developed to produce selectively isobutanol from carbohydrates, from 

syngas by a Fischer-Tropsch process and Guerbet condensation of methanol and ethanol 

which can be bio-sourced [7-9].  

However, the acid catalysts developed for petrochemistry and which can yield such 

reactions are usually not suitable because water present in bio-alcohols and generated by their 

dehydration often gives rise to lower activity and deactivation [7,10-12]. Therefore, the 

discovering of efficient catalysts, stable in the presence of water, represents a major 

challenge. For that purpose a full understanding of water effects in reaction conditions is 

required. Water can modify the catalytic activity of acid catalysts by: 

- Irreversible textural and/or structural evolutions [12,13],  

- Reactant solvation [14] or competitive adsorption leading to a decrease in the number 

of catalytic sites [7,10],  

- Products dilution or solvation limiting consecutive reactions and coke formation 

[15,16], 

- Altering the nature of sites: for instance, Lewis acid sites can adsorb and dissociate 

water leading to their conversion into Brønsted acid sites and hydroxylation while the so 

called ‘water tolerant’ Lewis sites correspond to the unconverted ones [17-21]. 

Conversion of Lewis to Brønsted sites would occur only in liquid but not in gas phase 

[22,23]. 

 

Contradictions can be found in the literature because the above-listed effects can occur 

simultaneously, because they depend on the catalyst and the reaction conditions and because 

most of studies were achieved ex situ whereas in situ measurements are required for 

understanding. In this work, in situ acidity measurements achieved in flowing water vapor at 

the reaction temperatures were achieved to unravel the water effects on TiO2/SiO2 catalysts 

used for the gas phase dehydration of isobutanol into olefins. In this case, water was formed 
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by the reaction itself and was added or not to the feed. The catalysts prepared by grafting on 

mesoporous SiO2 were also characterized in details by structural (XRD, Raman, TEM, XPS), 

textural (liquid N2 adsorption) techniques and classical acidity measurements using four 

different probes. 

 

2. Experimental part 

2.1 Catalysts preparations 

The preparation of TiO2/SiO2 catalysts was adapted from a reported method [24] 

grafting Ti(OiPr)2(OC5H10)2 over SiO2. For that purpose, Ti(OiPr)4 precursor was dissolved 

in 5 mL of dry isopropanol. In a dry box under N2 flow, 1 molar equivalent of Ti(OiPr)4 was 

then stirred for 20 min with 6 molar equivalent of C5H8O2. Various masses of silica provided 

by Evonik (Grace or Aerosil 200) were desorbed at 300 °C for 2 h under vacuum of 10-5 Pa 

and then poured into 10 mL of dry isopropanol under magnetic stirring. After mixing the two 

solutions for 6 h, the color changed from orange to pale yellow indicating complete reaction. 

The solid was then recovered using rotavapor, dried at 110 °C overnight and calcined under 

air flow for 6 h at 425 °C. The latter temperature was chosen from TGA/TDA measurements 

indicating complete decomposition of organic compounds. In the following, the prepared 

compounds are labeled x%TiO2/SiO2-G (or A) where x corresponds to the weight percent of 

TiO2, G or A indicated if the Grace or Aerosil support was respectively used. Bulk TiO2 

sample was purchased from Degussa (P25, anatase and rutile mixture, ca 50 m2.g-1).  It is 

labeled TiO2-P25 in the following. 

2.2 Catalysts characterization 

Structural characterization was obtained crossing X-rays diffraction (XRD), Raman 

spectroscopy and Transmission Electronic Microscopy (MET). XRD patterns were achieved 

between 5 and 80° (2Θ) on a Bruker D8 Advance A25 diffractometer equipped with a Ni 

filter (Cu Kα radiation: 0.154184 nm) and a one-dimensional multistrip detector (Lynxeye, 

192 channels on 2.95°). The International Center for Diffraction Data (ICDD) library was 

used for phase identification and Bruker Topas P program for quantification of the phases 

identified. Raman spectra were recorded with a LabRam HR Raman spectrometer (Horiba-

Jobin Yvon). The exciting laser at 514 nm of an Ar laser was focused using a ×50 long 

working distance objective. The influence of the laser power on spectra was previously 

investigated and a value of ca 1 mW was chosen to avoid heating effect. Mappings achieved 

on 90 different analysis areas revealed high structural homogeneity at the micrometer scale. In 
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situ Raman spectra were recorded using a THMS600 cell (Linkam) at 450 °C in air. X-ray 

photoelectron experiments were carried out in a Kratos Axis Ultra DLD spectrometer. The 

spectra of the C 1s, O 1s, Ti 2p, Si 2p levels were recorded using the Al Kα X-ray radiation 

(1486.6 eV), with pass energy of 20 eV and spot size aperture of 300 x 700 μm. The binding 

energies were calibrated using the C 1s band of adventitious carbon at 284.6 eV. TEM images 

were achieved with a JEOL 2010 microscope. The acceleration voltage was 200 kV with 

LaB6 emission current and the point resolution was 0.19 nm. Before measurements, a 

dispersion of catalyst crushed in ethanol was deposited on standard holey carbon-covered 

copper TEM grids. 

Textural properties were obtained by nitrogen physisorption at -196 °C with a 

Micromeritics ASAP 2020 instrument applying the BET and BJH methods to determine the 

specific surface areas (SBET), both the pores volumes (Vpores) and the pores diameters (Dpores) 

respectively.  

 Acidity properties were probed by adsorption of CO, acetonitrile, pyridine and NH3. 

For all the measurements, self-supporting pellets (20-30 mg) were desorbed at 450 °C for 10 h 

under air flow which corresponded to the activation treatment before catalytic testings. 

Spectra of CO or acetonitrile adsorbed at -196 °C or RT respectively were obtained with a 

Vertex 702 (Bruker) spectrometer equipped with DTGS detector. Adsorption was performed 

by introducing small calibrated doses at increasing pressure. Pyridine adsorption experiments 

were performed with a static experimental setup under vacuum. A homemade IR cell 

equipped with KBr windows was used. After cooling at room temperature, pressure of 4 mbar 

of pyridine was introduced in contact to the activated sample. Transmission IR spectra of 

samples desorbed at increasing temperatures were then recorded at RT with Vector 22 

(Bruker) spectrometer equipped with DTGS detector. The bands at 1446 and 1575 cm-1 were 

chosen for quantification of Lewis and Brønsted acid sites densities using extinction 

coefficient values of 1.50 and 1.67 cm.µmol-1, respectively [25-27]. 

Finally, in situ-FTIR acidity measurements under NH3 and/or water vapor flow (PNH3 

0-1%,PH2O 0-3%) were achieved with Nicolet 6700 (ThermoScientific) spectrometer in a IR 

cell reactor specially designed to limit the gas phase contribution [28]. Indeed, its optical path 

of only 2.2 mm allowed relevant data to be obtained in the temperature range 293-800 K 

under water vapor [29].  

2.3 Catalytic testing 
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Catalytic measurements were conducted at atmospheric pressure between 200 °C and 

300 °C after pretreatment at 450 °C for 2 h under synthetic air flow (70 mL.min-1). Reaction 

parameters such as the temperature, the contact time, the time on stream and feed water 

addition were investigated. For that purpose, pure isobutanol or 7% H2O in isobutanol was 

sent with HPLC pump to a home-made vaporizer heated at 130 °C and then diluted with a 

CH4-N2 mixture. CH4 which was inert at the reaction temperatures was used as internal 

standard. The vaporization temperatures were previously determined for the H2O-iC4H9OH 

phase diagram simulated with ProSim software. The reaction mixture was kept at 130 °C to 

avoid condensation and sent to a straight fixed bed reactor heated by a tubular furnace. After 

the reactor, unreacted isobutanol, H2O and casual heavy products were condensed in trap 

containing ethanol cooled at 10 °C. A given mass of 1-propanol was added to the solution and 

used as an external standard. The overall solution was then analyzed off-line with GC-FID 

chromatograph (Shimadzu GC-2014) equipped with a Supelco column (30 m x 0.32 mm x 

0.25 µm). C4 olefins (trans 2-butene, cis 2-butene, 1-butene and isobutene) which were not 

trapped were analyzed on line with GC-FID chromatograph (Shimadzu GC-2014) equipped 

with an Agilent HP-AL/KCL column (30 m x 0,535 mm x 15 µm). The GC also allowed 

analysis of C1 to C5 hydrocarbons when present in the outlet gas mixture. TiO2/SiO2 

catalysts were also evaluated for conversion of isobutene. The same set up was used except 

that isobutene was directly diluted with a CH4-N2 mixture using flowmeters. The feed 

composition was iC4H8/inert: 16/84 or iC4H8/H2O/inert: 16/10/74, 1/WHSV value ?? 

g.h.mol-1 and the reaction temperature was varied from 300 to 450  °C. The formulas used to 

calculate the conversions, selectivity sets and the carbon balance were the following: 

Conversion (%) = 100 × moles of reactant in−moles of reactant out
moles of reactant in

  

Yproduct (%) = 100×K× moles of product
moles of reactant in

   with K = number of carbons in product
4

 

Carbon balance (%) = �Yield + 100 − Conversion 

Carbon balance values between 95 and 105% were obtained for the catalytic 

measurements reported in the following which ensured high quality of the GC analyses. 

Furthermore, as only butenes were detected by GC (no dialkyl ether, no cracking and 

condensation product), the selectivity values were normalized using the formula: 

Sproduct (%) = 100× 
moles of product
∑moles of butenes
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Finally, the isomerization activity was related to the linear butenes selectivity defined 

by: 

SLinBut (%) = ∑(Strans 2 butene + Scis 2 butene+ S1 butene) 

3. Results 

  3.1 Characterization of the catalysts 

A first goal of the study was to maximize the TiO2 loading on SiO2 while keeping 

amorphous and well dispersed titania. Figure 1 compares the XRD patterns of prepared 

compounds. For SiO2-G support, only a very broad band around 22.5° (2θ) appeared up to a 

TiO2 loading of 20.4% which indicated that the various solids were amorphous. For SiO2-A 

support, a weak broad band around 25.2° was observed and indexed as the (101) plane of 

anatase TiO2 [30,31]. Raman spectra of these compounds (Figure S1 in the Supporting 

Information) which contained bands around 151, 202 (shoulder), 401, 493, 510 and 640 cm-1 

clearly evidenced the presence of anatase nanocrystallites in these samples [32,33]. The very 

broad features around 460 and 810 cm-1 corresponded respectively to δ(Si-O-Si) and ν(Si-O-

Si) of SiO2 support whereas the remaining band at 607 cm-1 was attributed to D2 defects (3-

membered rings) [34]. The significant blue-shift and broadening of the Eg band at 151 cm-1 

compared to single crystal of anatase was due to phonon confinement in TiO2 

nanocrystallites. [35]. Its wavenumber and its bandwidth (28-35 cm-1) suggested a crystallite 

size of ca 3-4 nm [36-38]. Furthermore, the BE values of the Ti 2p3/2 peak of TiO2/SiO2 

solids were close to the one of TiO2-P25 (Table S1) which indicated that they contained 

mainly Ti4+ cations with similar environment. The small blue-shift suggested the existence of 

Ti-O-Si bonds since Si has higher electronegativity than Ti [39,40]. Comparison of TEM 

images of 20.4%TiO2/SiO2-G and 19.5%TiO2/SiO2-A showed high dispersion of TiO2 

domains which were amorphous for the most part while some of them were nanocrystallized 

(Figure 2). For 19.5%TiO2/SiO2-A, the bigger crystallites size (Fig.2c and d) was explained 

by a higher Ti surface density (Table 1).  

Concerning textural properties, the distribution of pores diameter was centered near 

6.5 nm for the SiO2-G support (Figure S2). Both the pores volume and diameter decreased 

increasing the TiO2 amount (Table 1, Fig. S2) which revealed that TiO2 was well deposited 

into the mesoporous pores which highlighted the interest of this grafting preparation method.  

3.2 Characterization of OH groups and acidity 
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The IR spectra of SiO2 and TiO2/SiO2 compounds treated at 450 °C under air flow are 

plotted in Figure S3. Besides the overtones network bands at 1636, 1866 and 1986 cm-1 of 

SiO2 [34], the one observed near 3740 cm-1 was attributed to stretching vibrations of terminal 

OH groups which was probably mainly due to silanols [34]. However, stretching vibrations of 

TiV–μ1-OH entities located on the (001) surface of anatase crystallite could be superimposed 

in the case of the TiO2/SiO2 compounds [41]. The asymmetric to lower wavenumber of the 

band at 3740 cm-1 was due to hydrogen bonding and possibly to the presence of terminal 

TiOH groups located on other planes than (001) [41]. The diffusion background was too 

much high for 20.4%TiO2/SiO2-G leading to poor signal and limiting comparison of the 

number of OH groups with the bare support.  

Acidity of TiO2/SiO2 compounds was characterized in details from FTIR spectra of 

absorbed CO, acetonitrile, pyridine and NH3. IR spectra of CO adsorbed on 20.4%TiO2/SiO2-

G were recorded at 77 K increasing doses after pre-treatment. The evolution plotted in Figure 

3 evidenced only one ν(C≡O) band at 2189 cm-1 for low CO amount which was attributed to 

β’ five-coordinated Ti4+ sites located on 100 (isostructural with 010) and 101 (isostructural 

with 011) [42]. Hence, only moderated Lewis acid sites were present on 20.4%TiO2/SiO2-G. 

The band shift to 2178 cm-1 increasing the coverage was explained by the probing of β” sites 

and dipole-dipole interactions [42,43]. Additionally, the raise of the band at 2157 cm-1 

associated to a shift of the bands at 3740-3720 cm-1 to 3650 cm-1 was attributed to hydrogen 

bonding of CO with hydroxyl groups [19,20,43]. At high coverage, the band at 2140 cm-1 was 

attributed to physisorbed CO.  The presence of moderated Lewis sites was confirmed by 

adsorption of CD3CN (Figure S4) through the shift of 41 cm-1 (2304 cm-1 instead of 2264 cm-

1 for free molecule) of the ν(C≡N) band [44,45]. The other ν(C≡N) band slightly shifted to 

2272 cm-1 was due to interaction with OH groups [46,47]. 

The IR spectra of pyridine adsorbed on 20.4%TiO2/SiO2-G plotted in Figure 4a 

contained both bands of pyridine coordinated to Lewis sites (1608, 1489 and 1446 cm-1) and 

pyridinium cations formed by reaction of pyridine with Brønsted sites (1640, 1547 and 1489 

cm-1). The density of Brønsted sites was much smaller than the one of Lewis sites (Figure 1b) 

so that the compounds could be considered as mostly of Lewis type for this probe. 

Furthermore, it was null after desorption at 300 °C indicating their strength was weak. The 

moderated polarizing power of Ti4+ Lewis sites was shown from the slope of the density value 

versus the desorption temperature (Figure 4b) and the intermediate shift of the 8a mode of 
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adsorbed pyridine. Indeed, this latter one was only 25 cm-1 (from 1583 to 1608 cm-1) 

compared to 44 cm-1 for strong Lewis sites such as tetrahedral Al3+ [48,49]. 

As for pyridine, the spectra of adsorbed NH3 (Figure 5) revealed the presence of both 

Lewis (δasym(NH3) band at 1607 cm-1) and Brønsted ( δasym(NH4
+) band at 1425-1440 cm-1) 

sites [48,50,51]. Using an extinction coefficient value of 8 cm.mol-1 [51], the density of 

Brønsted sites probed at 150 °C was ca 15-20? µmol.g-1 which is much higher than the values 

obtained for pyridine (4 µmol.g-1). It showed that most of the Brønsted sites were weak since 

NH3 which is a strong base was able to react with them to form ammonium cations contrarily 

to pyridine. Anyway, they were much less numerous than the Lewis sites confirming 

TiO2/SiO2 compounds could be considered as Lewis type. Finally, acidity of bare SiO2-G 

was evaluated under identical experiments (Figure S5). No band of adsorbed NH3 nor NH4
+ 

formed by reaction with Brønsted sites was detected showing the uncovered SiO2 did not 

contribute to the overall acidity.    

3.4 Isobutanol conversion 

TiO2/SiO2 catalysts was inactive in the conversion of isobutene at temperature as high 

as 450 °C. On the opposite, they were active and very selective for the dehydration of 

isobutanol to butenes from 200 °C. The main product was isobutene but the selectivity value 

to linear butenes SLinBut was significant (ca 30%) which indicated isomerization step took 

place. Interestingly, very low conversions were measured for blank testing, SiO2-G and TiO2-

P25 (Table 2) which evidenced the presence of specific sites in TiO2/SiO2 catalysts. 

Selectivity-conversion curves plotted in Figure 6 clearly showed that the selectivity set was 

almost constant. The SLinBut value increased from 29 to 33% at the expense of Sisobut raising 

the temperature from 250 to 300 °C (Figure 7). This slight evolution of selectivity was 

attributed to the temperature dependence of the thermodynamic equilibria between the 

different butyl carbenium cations leading to butenes [53-56]. An activation energy of 143 

kJ.mol-1 was calculated from the conversions which was higher than the values reported in the 

literature for alumina, silica-aluminas and silica-beryllium oxide (Table 3). It suggests that 

weaker active sites were present in the TiO2/SiO2 catalysts. Finally, their slight deactivation 

with time on stream (Figure S6) cannot be due the very limited structural and textural 

evolutions observed by XRD (very weak band around 25°, Figure 1) and N2 isotherms 

measurements (small decrease in the Dpores and Vpores values, Table 1). However, it was 

explained from TGA/TDA measurements achieved under air flow after 24 h of testing that 
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revealed weight loss of ca 4% associated with exothermic peaks at 253 and 342 °C (Figure 

S7) attributed to the presence of soft coke [57-59].  

The effect of water on catalytic properties was investigated varying the contact time at 

250 °C for feed containing 10% of water or not. Addition of water significantly improved the 

conversion whereas the SLinearButenes value was unchanged (Figure 8). This latter remained also 

constant with time on stream upon slow deactivation of the catalyst (Figure S6). It suggested 

that the number of active sites was increased without changing their type and strength which 

was confirmed by comparison of the apparent activation energies for the two feeds (Table 3). 

One can notice that if thermodynamic equilibrium was reached, the conversion should 

decrease adding water to the feed. Finally, the data obtained both at the beginning and at the 

end of the testing were quite close (Figure 8) which showed both a good reproducibility of 

measurements and reversibility of the water effect which was explained by in situ acidity 

measurements in the following part. 

3.3 In situ acidity measurements  

In situ FTIR acidity measurements were preliminary achieved over SiO2-G support 

flowing NH3 and H2O mixtures from room temperature to 450 °C. The spectra plotted in 

Figure S9 for PNH3 1 kPa and PH2O 3 kPa contained the bending mode of adsorbed water at 

1632-1624 cm-1 which disappeared above 200 °C and a small δasym(NH4
+) band around 1460 

cm-1 which disappeared above 140 °C. IR observation of NH4
+ cations could be explained 

both by the presence of very weak Brønsted sites on the SiO2 support and by the dissolution 

of NH3 in condensed water followed by the spontaneous reaction [60]:  

NH3 + H2O  NH4
+ + OH- 

To avoid such contributions, the effect of water on acidity of TiO2/SiO2 catalysts was 

investigated above 140 °C and more precisely in the reaction temperature range (200-300 °C). 

In situ spectra of 20.4%TiO2/SiO2-G catalyst recorded at 200 °C flowing 0.2 kPa of NH3 and 

different H2O partial pressures are plotted in Figure 9. They revealed that the number of 

Brønsted acid sites (band near 1425 cm-1) was strongly increased. The same water effect was 

observed during the temperature raise and the cooling down (Figure S9) which evidenced that 

the phenomenon was reversible. At 200 °C, an enhancement factor of 2.5 was determined 

adding only 0.2% H2O and of 4 adding 3% H2O. This phenomenon was even stronger at 300 

°C since the band at 1425 cm-1 was quite low under 0.2%NH3-He flow and strongly enhanced 

adding H2O (Figure S10). In parallel, the Lewis sites (band at 1606 cm-1) remained 

Commentaire [sl1]: voir les vitesses de 
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unchanged which clearly showed that the improvement of catalytic activity does not arise 

from conversion of Lewis acid sites into Brønsted acid sites which hence corresponded to 

water tolerant sites [17-21]. Furthermore, the bending mode of adsorbed H2O (band at 1620 

cm-1) was not observed (Figure 9) indicating the absence of adsorption competition with the 

NH3 probe that would hinder the in situ acidity measurements. 

The evolution of OH groups under the different flows was limited to TiO2/SiO2-A 

compounds because of strong diffusion background at high wavenumbers for the TiO2/SiO2-

G series (Figure S3). The IR spectrum of 19.5%TiO2/SiO2-A recorded at 250 °C under 3% 

H2O-He flow and plotted in Figure 10 revealed the presence of adsorbed water (bending 

mode at 1604 cm-1 and stretching broad band around 3500 cm-1) [61,62] interacting by 

hydrogen bonds with terminal OH groups (negative band at 3742 cm-1) or by coulombic 

interaction with Lewis sites. Furthermore, an additional band appeared at 3664 cm-1 whose 

attribution was hard from the literature data since it could correspond either to bridging OH 

groups [62,63] or to hydrogen bonded OH groups [62,63b] or to TiVI–OH2 located on the 

(101) surface of anatase crystallites [41]. 

Under 1% NH3-He, the negative band at 3742 cm-1 indicated H-bonding of terminal 

OH with NH3. Furthermore, the observation of νas(NH3), νs(NH3) and δ(NH3) bands at 

3378-3336, 3251 and 1604 cm-1 respectively revealed that NH3 was mainly bonded to Lewis 

sites as well as interacting with OH groups [49,64,65]. The weak band at 1424 cm-1 was 

attributed to δasym(NH4
+) due to weak Brønsted acidity in agreement with the data obtained 

for 20.4%TiO2/SiO2-G (Figure 5). Note that similar Brønsted to Lewis bands ratios were 

obtained for 19.5%TiO2/SiO2-A and 20.4%TiO2/SiO2-G. Finally, the negative band at 3708 

cm-1 was assigned to acidic OH groups leading to NH4
+ formation and the one at 3162 cm-1 

was assigned to νasym(NH4
+) stretching vibrations [66].  

Finally, under 3% H2O+1% NH3 flow, the strong enhancement of the band at 1424 

cm-1 was associated to a strong decrease of the band at 3664 cm-1 (and to a lesser extent of the 

one at 3708 cm-1) and revealed that NH4
+ groups were formed by reaction of NH3 and H+ 

arising from the corresponding OH groups formed under water vapor.  

4. Discussion 

Titania-silica materials have been extensively used as catalysts and supports for a wide 

variety of reactions since the interaction of TiO2 with SiO2 generates new catalytic active 

sites [67]. In this work, TiO2/SiO2 compounds prepared by a grafting method were shown to 
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be much more active in the dehydration of isobutanol than the corresponding simple oxides. 

These catalysts contained mainly TiO2 amorphous clusters and few TiO2 nanocrystallites 

bridged with the SiO2 via Ti-O-Si bonds. Such bonds were formed during the Ti grafting step 

and their existence was suggested by the shift of the Ti 2p3/2 XPS band. 

The acidic properties of TiO2/SiO2 compounds were quite different from TiO2 since 

they owned both moderated Lewis and weak Brønsted acidity whereas strong and moderated 

Lewis sites are present in bulk titania [20,62,64,68-70]. As TiO2-P25 was much less active in 

the dehydration of isobutanol than TiO2/SiO2 catalysts, it showed that if Lewis sites were 

active, their contribution was much smaller than the weak Brønsted sites that were associated 

to Ti-O-Si bonds [67]. Considering the Tanabe [71] and Dumesic [70] models, the Brønsted 

acidity of Ti-O-Si bonds is generated by a charge unbalance between tetrahedral Si4+ and 

octahedral or pentahedral Ti4+ cations. Note that tetrahedral Ti4+ cations unable to generate 

Brønsted acidity [67] were not present in the TiO2 clusters anchored on the SiO2 supports (no 

strong Lewis sites). 

As TiO2/SiO2 catalysts were inactive for isomerization of isobutene and as their 

selectivity of linear butenes was almost constant with the contact time in the conversion of 

isobutanol and was close to values reported in the literature (31-33%) for different catalysts, it 

was concluded that the linear butenes were not formed by successive isomerization of 

isobutene but thermodynamic equilibrium between the four carbocations [53]. Hence, the acid 

sites located at the Ti-O-Si bonds did not participate to the isomerization step.  

Additionally, the water effects on TiO2/SiO2 acidic catalysts were investigated for the 

dehydration of isobutanol. Water was produced by the reaction itself and added or not to the 

reaction feed. While only very limited structural and textural evolutions were observed after 

29 h on stream, a significant increase in the catalytic activity was evidenced adding water. 

The use of in situ acidity measurements achieved under flows containing water vapor at the 

reaction temperatures has shown that the density of Brønsted acid sites increased in the 

presence of water while the Lewis sites remained unchanged. Hence, this latter ones seemed 

to be unable to dissociate water because not strong enough whereas the increase in Brønsted 

acidity under water vapor was related to formation of acidic OH groups by hydrolysis of Ti-

O-Si bonds. Even if hydrolysis of bridging bonds is more favorable for tetrahedral cations, 

only pentahedral and octahedral Ti cations are able to generate Brønsted acidity. Furthermore, 

the location at 3664 cm-1 of the ν(O-H) vibrations corresponded to bridging OH groups. 

Considering the absence of Lewis to Brønsted conversion, pseudo bridging OH groups 

interacting cations were assumed to be formed under water vapor according to the scheme 

Commentaire [sl2]: voir refs biblio 

Commentaire [sl3]: voir bilbio 
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plotted in Figure 11. These Brønsted sites reacted with NH3 to form NH4
+ cations observed 

under water containing flows at the reaction temperatures and corresponded to the active sites 

leading to activity enhancement in the dehydration of isobutanol. 

5. Conclusions  

 In this work, the water effects on TiO2/SiO2 acid catalysts used for the gas phase 

conversion of isobutanol into linear olefins have been investigated. Such compounds 

synthesized by grafting corresponded to TiO2 amorphous clusters over mesoporous SiO2 

containing after activation at 450°C under dry oxygen mostly moderated Lewis and few weak 

Brønsted acid sites. They were shown to be much more active than separated TiO2 and SiO2 

and provided only dehydration products among which 30% of linear butenes.  

 Furthermore, the catalytic activity was significantly enhanced by addition of water 

into the feed whereas the selectivity to linear butenes was unchanged. This phenomenon was 

not due to any change in the structural or textural properties of the solid. Activation energy 

measurements indicated that the nature and strength of active sites was similar. In situ FTIR 

acidity measurements achieved flowing NH3 and H2O at the reaction temperatures have 

showed that the amount of Lewis sites remained constant under water vapor. However, a large 

increase in the density of Brønsted acid sites was evidenced which explained the activity 

improvement.  Hence, in spite of a limited number after activation at 450°C, the weak 

Brønsted acid sites of TiO2/SiO2 catalysts appeared as the active sites contrarily to the Lewis 

ones. They could be partly generated by the dehydration reaction itself and furthermore, 

adding water to the feed. Hydrolysis of Ti-O-Si bonds specifically present in TiO2/SiO2 

compounds would generate OH pseudo bridging groups at the origin of Brønsted acidity. 

Finally, the methodology used in this work to unravel the water effects on acid 

catalysts can be transposed to others catalysts and reactions. In particular, in situ acidity 

measurements achieved under water vapor appeared as very powerful and should be 

generalized.  
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Table 1. Chemical compositions and textural parameters of TiO2/SiO2 compounds and of the corresponding supports. 

Compound Theo. Ti 

weight % 

ICP Ti 

weight % 

Ti/Si 

(mol/mol) 

Surface density 

(at Ti.nm²) 

SBET 

(m².g-1) 

Dpores 

(nm) 

Vpores  

(cm3.g-1) 

SiO2-G         0 - - - 557   6.5 0.85 

14.2%TiO2/SiO2-G 10.7   8.5 0.12   3.2 387   5.4 0.62 

18.7%TiO2/SiO2-G 12.2 11.2 0.17   4.5 385   4.9 0.53 

20.4%TiO2/SiO2-G 13.5 12.2 0.19   5.0 381   4.8 0.52 

20.4%TiO2/SiO2-G used 13.5 12.2 0.19   5.0 403   4.1 0.43 

SiO2-A         0 - - - 215 16.1 0.68 

11.8%TiO2/SiO2-A    7.1     7.1 0.10   5.5 186 11.2 0.44 

19.5%TiO2/SiO2-A 12.5 11.7 0.18   9.7 189 12.8 0.50 
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Table 2. Comparison of catalytic properties of SiO2, TiO2/SiO2 and TiO2. Feed composition (iC4OH/inert 30/70), Temperature 275 °C, 

1/WHSV 7-8 h.g.mol-1 except for TiO2-P25: 17 h.g.mol-1. 

Catalyst Conversion 

(%) 

Reaction rate 

(µmol.s-1.g-1) 

Sisobutene 

(%) 

S1-butene 

(%) 

Strans 2-

butene (%) 

Scis 2-butene 

(%) 

Empty reactor < 2 % <0.0? - - - - 

SiO2-G < 2 % <0.0? - - - - 

20.4%TiO2/ SiO2-G 38 ?? 69 10 10 11 

19.5 %TiO2/ SiO2-A 37 ?? 71   9 10 10 

TiO2-P25   2 0.0? 78   8   7   7 
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Table 3. Activation energy values in the catalytic dehydration of isobutanol. 

Catalyst T ( °C) Feed composition 
(iC4OH/H2O/inert) 

Ea  
(kJ.mol-1) 

 Reference  

20.4%TiO2/SiO2-G 250-300 35/0/65 143  This study  

20.4%TiO2/ SiO2-G 250-300 36/14/50 147  This study  

94.3%SiO2-5.7%Al2O3 275-300 3/0/97 100  [53]  

97.2%SiO2-2.8%Al2O3 275-300 3/0/97   92  [53]  

62.5%SiO2-37.5%BeO 275-300 3/0/97   88  [53]  

γ-Al2O3 275-300 3/0/97 117  [53]  
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FIGURES CAPTIONS 

Figure 1: XRD patterns of TiO2/SiO2 catalysts. 

Figure 2: TEM images of (a,b) 20.4%TiO2/SiO2-G and (c,d) 19.5%TiO2/SiO2-A catalysts. 
Red curves were added around TiO2 nanoparticles for easier visualization. 

Figure 3: Evolution of IR spectra of 20.4%TiO2/SiO2 catalysts recorded after pretreatment, 
adsorption of different doses of CO at 77 K and evacuation. The background corresponded to 
the spectrum recorded under dry air flow after pretreatment, mass of the pellet 25 mg. 

Figure 4: Evolution of IR spectra of 20.4%TiO2/SiO2 catalysts recorded after pretreatment, 
adsorption of pyridine at RT and evacuation at increasing temperature. The backgrounds 
corresponded to the spectra recorded under dry air flow after pretreatment, mass of the pellet 
19 mg.  

Figure 5: Evolution of IR spectra of 20.4%TiO2/SiO2-G catalysts recorded after pretreatment 
under 0.2%NH3-He flow at different temperatures. The backgrounds corresponded to the 
spectra recorded under He flow after pretreatment, mass of the pellet 24 mg. 

Figure 6: Conversion-Selectivity curves obtained for 20.4%TiO2/SiO2-G catalyst. Feed 
composition iC4OH/N2 30/70, 1/WHSV 7.7-21.7 h.g.mol-1, temperature 250 °C. 

Figure 7: Evolution of conversion and SLinrBut value with the reaction temperature. Feed 
composition iC4OH/N2 : 35/65, 1/WHSV 7.5 h.g.mol-1.  

Figure 8: Evolution of conversion and SLinrBut value with the 1/WHSV parameter. Feed 
composition: iC4OH/inert: 31/69 (black curves) iC4OH/H2O/inert: 31/10/59 (red curves), 
Temperature 250 °C. The up and down triangles correspond to the conversions and SLinBut 
values respectively measured at the end of the catalytic testings for the two feeds. 

Figure 9: Evolution with the H2O partial pressure of the IR spectra of 20.4%TiO2/SiO2-G 
recorded under different NH3/H2O/He flows at 200 °C. The background corresponded to the 
spectrum recorded under He flow at 200 °C, mass of the pellet 30 mg. 

Figure 10: IR spectra of 19.5%TiO2/SiO2-A recorded under 3% H2O, 1% NH3, 3% 
H2O+1% NH3 at 250 °C. The background corresponded to the spectrum recorded under He 
flow at 250 °C, mass of the pellet 14 mg. 

Figure 11: Hydrolysis scheme of Ti-O-Si bonds located at the interface between TiO2 
amorphous clusters and SiO2 support. The pseudo bridging OH bonds corresponded to 
Brønsted acid sites leading to activity enhancement by addition of water vapor to the feed.  
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Figure 1: XRD patterns of TiO2/SiO2 compounds. 
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Figure 2: TEM images of (a,b) 20.4%TiO2/SiO2-G and (c,d) 19.5%TiO2/SiO2-A catalysts. For easier visualization, red curves were added 
around few TiO2 nanocristallites present among amorphous TiO2 clusters. 
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Figure 3: Evolution of IR spectrum of 20.4%TiO2/SiO2 catalyst recorded after pretreatment, adsorption of different doses of CO at 77 K and 
evacuation. The background corresponded to the spectrum recorded at 77 K after pretreatment, mass of the pellet 25 mg. 
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Figure 4: Evolution of IR spectrum of 20.4%TiO2/SiO2 catalyst recorded after pretreatment, adsorption of pyridine at RT and evacuation at 
increasing temperature. The background corresponded to the spectrum recorded at RT under dry air flow after pretreatment, mass of the pellet 19 
mg.  
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Figure 5: Evolution of IR spectrum of 20.4%TiO2/SiO2-G catalyst recorded under 0.2%NH3-He flow at different temperatures after 
pretreatment. The backgrounds corresponded to the spectra recorded under He flow at the same temperatures after pretreatment, mass of the 
pellet 24 mg.   
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Figure 6: Conversion-Selectivity curves obtained for 20.4%TiO2/SiO2-G catalyst. Feed composition iC4OH/N2 31/69, 1/WHSV 7.7-21.7 
h.g.mol-1, temperature 250 °C. 
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Figure 7: Evolution of the conversion and SLinrBut values with the reaction temperature. Feed composition iC4OH/N2 : 35/65, 1/WHSV 7.5 
h.g.mol-1.  
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Figure 8: Evolution of the conversion and SLinrBut values with the 1/WHSV parameter. Feed composition: iC4OH/inert: 31/69 (black curves) 
iC4OH/H2O/inert: 31/10/59 (red curves), Temperature 250 °C. The up and down triangles correspond to the conversions and SLinrBut values 
respectively measured at the end of the catalytic testings for the two feeds. 
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Figure 9: Evolution with the H2O partial pressure of the IR spectrum of 20.4%TiO2/SiO2-G recorded under different NH3/H2O/He flows at 200 
°C after pre-treatment. The background corresponded to the spectrum recorded under He flow at 200 °C, mass of the pellet 30 mg.   
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Figure 10: IR spectra of 19.5%TiO2/SiO2-A recorded under 3% H2O, 1% NH3, 3% H2O+1% NH3 at 250 °C after pre-treatment. The 
background corresponded to the spectrum recorded under He flow at 250 °C, mass of the pellet 14 mg. 
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Figure 11: Hydrolysis scheme of Ti-O-Si bonds located at the interface between TiO2 amorphous clusters and SiO2 support. The pseudo 
bridging OH bonds corresponded to Brønsted acid sites leading to activity enhancement by addition of water vapor to the feed.    
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