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Evidence of correlation between electronic density and surface
acidity of sulfated TiQ
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Correlation between the electronic structure and surface acidity qf—BOf‘_ with different SCZ‘ amounts has been investigated by
means of NH-TPD, NH3-FT-IR and XPS. With the increase of sulfate loadings, the shift of binding energies of O 1s in hydroxyl and Ti
2py/3 increases and is proportional to total acidity. A linear relation is obtained between Ti 2p binding energy shift and Lewis acid sites,
while the shift in O 1s binding energy is attributed both to the generation af INldrogen bond and of Brgnsted acid sites. Accordingly,
the results obtained from XPS measurements provide evidence that the ammonia adsorption sites are attributed to the decrease of electron
density of O 1s in hydroxyl (Bransted type and H bonded) and Zj2(i ewis type) by inductive effect of the neighboring sulfate ion.
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1. Introduction To obtain the sulfated catalystpBO4 was used as an ini-
tial precursor of sulfate in the catalyst preparation. Titanium
It is known that TiQ surface acidity is modified either hydroxide obtained through precipitation of TiGas dried
by using different preparation methods or in the presenaé100°C for 24 h. The calculated 460, solution (0.1 N)
of surface impurities [1,2]. In particular, the addition of avas added to the titanium hydroxide. The solids were then
small amount of sulfate ions leads to the generation of neltied for 12 h at 100C and calcined for 5 h at 50C. The
strong acidity [3,4]. It has been reported that not only strorigal loading amounts of sulfate after calcination were veri-
Bransted acid sites but also Lewis acid sites are generatediggl by ICP analysis. The surface area and sulfur loadings of
the presence of sulfate impurities. So far, many results hes@mples are shown in table 1. The detailed characteristics of
been published with respect to the mechanism of the acid&gmples have been documented in a previous paper [5].
generation and the type of sulfate [5-7].
However, compared with mixed metal oxides and ze@-2. Characterization
lites [1,8], no detailed correlation between the modification
of surface acidity and the electronic density was found in X-ray photoelectron spectra were obtained with a Sur-
sulfated titanium. In fact, in the characterization of F#O face Science Instruments SSX-100 model 206 spectrometer
SOE( by XPS, Chen and Yang reported no shift in binding/ith & monochromatised Al & source, operating at 10 kV
energy between unsulfated and sulfated samples [9].  and 12 mA. Samples were compressed in a small cup un-
In the present report, we attempt to characterize the eléter a 5 kg/cr pressure for 30 s and supported on a holding
tronic density of TiQ—SOff by a systematic XPS study ascarousel. The positive charge, developed on the samples due
a function of sulfate loading. Furthermore, we also propoé@ the photoejection process, was compensated by a charge
correlations with acid properties. neutralizer. A low energy flood gun whose energy was ad-
justed at 8 eV with a Ni grid placed 3 mm above the samples
was used to control charging on the sample surface. The

2. Experimental charge compensation stability as a function of time was con-
. Table 1
2.1. Preparation of catalysts Structure and textural data.

) L . Weight ~ BET surface Pore volume Pore diameter Detected phase
Ti(OH)4 was prepared by precipitation of a titanium jpading area (cr¥g) ) (XRD)

tetrachloride solution. The precipitate obtained by addingsc,-)  (m%qg)
25 wt% ammonia solution was washed with hot distilled wa-

. . . . 0 40 0.06 61 Anatase
ter until no chloride ion was detected and dried at 4gor 15 58 0.09 65 Anatase
12 h, then calcined at 50@ for 5 h. 3.0 84 0.14 68 Anatase

6.6 104 0.16 63 Anatase

* To whom correspondence should be addressed.
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trolled by recording the C 1s line at the beginning and tHe32 eV, the ordinate for pure TigOhas been attributed to
end of the analysis of each sample. The residual presstite contribution of the oxygen in carboxylate and/or other
inside the analysis chamber was below 30-° Torr. The oxygen-bonded carbon species [10]. Accordingly, it is evi-
binding energies of O 1s, Ti 2p and S 2p were referenceddenced that the loaded sulfuric acid in the preparation con-
the C 1s band at 284.8 eV. verts to the sulfate type during the calcination.

Atomic concentration ratios were calculated by correct- Figure 2 shows the binding energy of the sulfur and oxy-
ing the measured intensity ratios with the theoretical sengien at 532 eV bonded to the sulfate. The results show that
tivity factor. the binding energy of sulfur atoms is not affected by the sul-

An NH3-TPD (temperature-programmed desorptiorfate contents. The shift of oxygen binding energy in pure
spectrum was obtained by monitoring the desorbed amnGO, could be explained by a single contribution through the
nia, after ammonia adsorption on the catalyst atfD@s- oxygen in carboxylate and/or other oxygen-bonded carbon
ing pure ammonia, while increasing the temperature of tlspecies. In other words, the peak shift in sulfated samples
sample at a constant rate (A0/min) and maintaining the as compared with pure TiQis due to the increased contri-
carrier gas at a flow rate of 60 éntle/min. The outlet gas bution of oxygen in sulfate. Thus, it can be suggested that
was passed through a 20 wt%B{O3 solution in order to the increase of sulfate contents does not modify the binding
check the amount of N energy of oxygen-bonded sulfur atoms.

FT-IR spectra were recorded using a Brucker FT 88 spec- The binding energy of Ti and oxygen bonded to FiO
trometer. The samples were pressed into self-supportisigifts to higher binding energy as shown in figure 3. In pure
discs, placed in an IR cell, and treated under vacuumiO,, the peaks due to Ti 2p and O 1s corresponded to
(107 Torr) at 400°C for 2 h. To obtain the spectra of NH 458.6 and 529.9 eV, respectively. After sulfation, the binding
adsorbed on the surface, after cooling to room temperatugeergy of Ti 2p,3 and O 1s bonded to Tiat the 6.6 wt%

the samples were exposed to ammonia for 3 min. Thero,-SG~ is 459.1 and 530.3 eV, which is higher than the
spectra were recorded after evacuatiorx(30~° Torr) for

30 min. 170 533
- 3

3. Resultsand discussion d B
g “—

Figure 1 shows the variation of atomic % of the peak%':i.1 169 - 1 532 E

around 169 and 532 eV with different sulfate loadings. Th§ - : u E

sulfate ion consists of one sulfur and four oxygen iong ./. I_, %

bonded to the central sulfur ion. In XPS, the central atorft )

of sulfate, S(&-) is identified around 169 eV, while the oxy-

gen bonded to the central atoms of sulfur is shown around 1es ‘ ‘ 531

532 eV as a shoulder of a main peak around 530 eV dueto © 1 2 3

the oxygen bonded to the Ti atoms [8]. The results obtained Sulfur contents(wt%)

V.VIth the different .Su”ate Ipadmgs ShQW that. the atomic r%_igure 2. Correlation between the binding energy of S 2p and O 1s in sulfate
tio of both peaks linearly increases with the increase of sul- and carbon species as a function of sulfate contents.
fate contents and the ratio of slope between sulfuj(@nd
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Figure 1. Variation of XPS atomic % of S 2} and O 1s ¢) in sulfate
and carbon species as a function of sulfur contents measured by chemigglre 3. Correlation between the binding energy of Tj2pand O 1s in
analysis. bulk TiO, as a function of sulfate contents.
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Figure 4. Correlation of the binding energy of TiZp and O 1s with
acidity.

value for unsulfated Ti@ This upward shift of binding en- Figure 5. Correlation of the binding energy of TiZp with area of the
ergy in XPS could be explained by the increase of effective peak at 1600 cml.
positive charge. Accordingly, these results clearly suggest
that the addition of sulfate ions on the surface Fi€@uses 500
a delocalization of electrons from bulk TiOFurthermore, ‘g, | ®
alinear relation between the binding energy and sulfate con- 2
tents is also found in our samples. Since the differences in'g *
binding energies between the sulfated samples are very smalf sso |
and because of the error range in XPS, a repeated measuréug
ment was carried out. Thus, based on the difference betweeng
unsulfated and sulfated samples, we could propose that the§ 250
sulfation of TiG, leads to the electron transfer from bulk 52200,
TiO» to sulfate ions and causes the new distribution of elec- 8 5
trons on the surface of Ti®
In order to elucidate the correlation between the charge o 100
redistribution due to sulfation and acid properties, total acid- §
ity and the distribution of Brgnsted and Lewis acid sites were &
measured by NEtTPD and FT-IR. The Nglamounts meas- @ ' ‘ ‘
. . . 529.90 530.00 530.10 530.20 530.30 530.40
ured in TPD experiment are normalized by surface area and o
the calculated values are correlated with the Ti 2p and O 1s O Is Binding Energy (¢V)
binding energies obtained. As shown in figure 4, the amoqﬂﬁure 6. Correlation of the binding energy of O 1s with area of the peak at
of ammonia adsorbed on unit area is directly proportional to 1425 cnrl,
the upward shift of Ti 2p and O 1s binding energies. Based
on these results, it is suggested that the upward shift of bimmbrresponding to Lewis and Brgnsted acid sites and the Ti 2p
ing energy of TiQ in Ti and oxygen evidences the electrorand O 1s binding energies. As shown in figure 5, the increase
transfer to sulfate ions, and that the deficient electron in @f Ti 2p binding energy is proportional to that of the peak
and oxygen in the hydroxyl group on the BiGurface be- area observed at 1600 crhassigned to Lewis acid sites.
comes a driving force to generate acid sites, as suggestedts correlation is in agreement with that of Ti 2p binding
Connell and Dumesic [11]. Especially, it can be proposeazhergy with total amount of ammonia. As shown in figure 6,
that Ti be responsible for Lewis acid sites, while Brgnstetie peak area at 1425 cthobtained from 1.5 wt% Ti@-
acid sites could be attributed to the OH on the F8Drface. SOE( can be neglected as compared with 3.0 and 6.6 wt%,
In order to obtain the specific relation of the shift in Ti 2pwhile the linear correlation between the shift in binding en-
and O 1s binding energy with Brgnsted and Lewis acid siteargy and the peak area at 1425 chappears in the sample
the FT-IR spectra were measured in all samples after evaeuith sulfate above 1.5 wt%. To explain this result, it should
ation at room temperature followed by ammonia adsorptiobe considered that the ammonia adsorbed on OH bonds is at-
It is known that Lewis and Brgnsted acid sites are assigntibuted to hydrogen-bonded ammonia and the ammonia ad-
around 1425 and 1600 crh, respectively. For comparison,sorbed on Brgnsted acid sites. When the electron in O is not
the area of peaks observed at 1425 and 1600'onere in-  strongly attracted by a sulfate ion, hydrogen-bonded ammo-
tegrated and were also normalized by surface area. Figureg®is mainly formed. It is known that this ammonia is very
and 6 show the relation between the normalized peak areasakly attached to the surface and does not show arfi¥NH
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