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Preparation and characterization of sulfated titanium-modified
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Sulfated titanium-modified pillared montmorillonites using(NHy),SO4 and H,SO4 have been prepared. The influence of the
method of sulfation and of the SO}~/ Ti mole ratio was studied. An important effect in both the basal spacings and the acidic proper-
ties was observed when (NHy),SO4 or H,SOy4 is present in the solution of intercalation. When titanium pillared clays (Ti-PILCs) are
sulfated by impregnation, their acidity initially increases, irrespective of the sulfate source, whereas their basal spacings are not
modified. A loss of specific surface area is observed when the temperature of calcination or the SG~/Timole ratio is increased.
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1. Introduction

In the last years, several types of solids with strong
acidity have been developed and applied to catalytic
reactions. The routes conducting these solids have fol-
lowed several approaches. In particular, the promotion
of oxides, such as ZrO,, TiO, and Fe,O3, with sulfate
gives strong acidic solids. When pillared clays are con-
sidered, the first reports on sulfation have been made by
Farfan et al. [1], Khalfallah Boudali et al. [2], Clearfield
etal.[3]and Bouchet et al. [4].

Since the first works of intercalation of inorganic
molecules in smectite by Barrer and McLeod [5] and
inorganic molecules by Vaughan [6], a broad variety of
inorganic hydroxycations have been successfully inter-
calated in smectites. The inorganic hydroxycations are
obtained by hydrolysis of metal oxides or salts, which
upon dehydration and dehydroxylation thermal condi-
tions give stable metal oxide clusters which act as pillars
keeping the silicate layers separated. Organometallic
compounds, which upon hydrolysis and calcination give
metallic oxides, are also used in the intercalation of
clays. These pillared intercalated clays (PILCs) combine
acidity, regular porosity and relatively high thermal sta-
bility, making them similar to zeolite-like materials. The
main early interest in PILC was in the possibility of
replacing zeolites as catalyst for fluidized catalytic
cracking [7]. However, this possibility has been hindered
and other potential uses for these materials, such as cat-
alysts, catalyst supports, molecular sieves and adsor-
bents, have been considered.

Polymeric compounds of Al, Cr and Zr are among
the principal pillaring species quoted in the literature. In
spite of the interesting catalytic properties of TiOy, Ti-
PILCs have received considerably less attention than
other oxide pillared clays. Consequently, only a few

©1J.C. Baltzer AG, Science Publishers

preparation methods for titanium pillared clays have
been reported [2,8-13]. These studies indicate that the
preparation conditions are critical due to the diversity of
titanium species formed in aqueous solutions.

Acidity (Brgnsted or Lewis) is an important property
of the PILCs. It was shown that on heating above 773 K
the Brgnsted acid sites are destroyed and the resulting
pillared clays have mainly Lewis acid sites [14-16]. Thus,
there is a need to increase the Bmwnsted acidity for reac-
tions to be carried out at temperatures lower than those
required for catalytic cracking. A general procedure is
the addition of sulfate or phosphate ions to the pillared
clays [1-4,17]. A variety of techniques have thus been
reported in the literature with the aim of introducing
SO7~ ions on the surfaces of metal oxides. Among them
are impregnation with a (NHy),SO4 or H,SOj4 solution,
as well as treatment with SOz, SO, or H,S followed by
oxidation [18]. These treatments modify the properties
of the PILCs and it is necessary to check if these treat-
ments affect the clays sheet and/or the pillars. In this
way, it is known that the acid activation of clays affects
the structure of the clay by leaching out AP+, Mg>*,
Fe’* and other cations that are present in both octahe-
dral and tetrahedral layers, and also the lattice silicon,
which can be converted to a more amorphous phase [19—
21]. The nature of the resulting acid-treated clays is
determined by the properties of the original clay (the
degree of isomorphous substitution, the nature of
exchangeable cations present, the nature and the
amounts of impurities which are present) [21-23] as well
as the activation conditions (type and amount of acid,
temperature, time of activation) [23-26]. These treat-
ments also affect the pillars of PILCs by leaching out
cations as a function of the chemical nature of the
pillars.

The nature and properties of the acid sites of PILCs
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are still not well known [15,16,27,28]. The acidity and
acid site types (Lewis and Brgnsted) depend on the
exchanged cations [27], the preparation method
[16,27,29,30], and the nature of the starting clay [31]. Itis
well known that Lewis acidity in alumina pillared mont-
morillonites is due to two types of sites, both ascribable
to aluminium centers [32] which are related to alumi-
nium sites in the tetrahedral layer of the clay and with
aluminium sites on pillars. This last one is currently
related to the Lewis type [16,30,33,34]. On the other
hand, the origin of Brgnsted acid sites in pillared clays is
still not clear. Several sources for Brgnsted acidity have
been discussed in the literature: (i) the structural hydrox-
yl groups in the clay layer from the initial sites of ion
exchange [16,31,35,36]. The most likely proton site for
some smectites is located at the Al(VI)-O-Mg linkage
[35]. For other clays, the proton sites are located at the
Si—~O-AIOH groups resulting from isomorphous substi-
tution of Si by Al in the tetrahedral layer [31,36]; (ii) the
protons derived from the cationic oligomers which, upon
heating, decompose into metal oxide pillars and liberate
protons [2,27,29]; (iii) a synergy phenomenon between
the siliceous clay sheet and the pillar [15,32,37].

In the present work, the preparation and characteri-
zation of two series of sulfated titanium-modified pil-
lared montmorillonites have been studied. The sulfation
of the pillared clays has been carried out by impregna-
tion of a Ti-PILC and by intercalation in presence of
(NH4),SO4 or HySOy4 in the solution. In order to charac-
terize the samples, the evolution with the SO}~ /Ti mole
ratio of the basal spacings, specific surface areas and
total acidity (amount of NH; desorbed) have been con-
sidered.

2. Experimental

The starting material used was montmorillonite
(Kunipia F), kindly supplied by Kunimine Co. This
montmorillonite was dispersed in water and aged for at
least two months. The suspension was then washed by
dialysis and the solid content of the dialyzed clay disper-
sionwas 10 g/~ !,

The preparation of the intercalating solution of tita-
nium involved the slow addition of titanium tetraethox-
ide to a 5 M HCl solution under vigorous stirring, so that
the H/Timole ratio was equal to 2 [8]. This solution was
used for intercalation without prior ageing. The titanium
solution was added to the aqueous montmorillonite sus-
pension (pH = 1.4) at a ratio of 10 mmol Ti (g of clay) .
The solid was kept in contact with the solution at room
temperature for 3 h, washed by centrifugation, dried at
393 K and then calcined at 673 K.

In order to prepare the sulfated titanium-modified
pillared clays, the above titanium pillared montmorillo-
nite before the calcination at 673 K was treated with a
0.1 N (NH4),SO4 (SN(Ti-PILC)) or a 0.1 N H,SO4
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(SH(Ti-PILC)) solution. In both cases, the SO}~ /Ti
molar ratios were 0.025, 0.075, 0.25 and 0.75. These
solids were washed by centrifugation, dried at 393 K and
calcined at 673 K for 8 h. A similar procedure was used
to prepare sulfated titanium-modified pillared clays.
0.1 N (NH,4),80;4 (SNTi-PILC) or 0.1 N H,SO, (SHTi-
PILC) solutions were added to the titanium solution
used for intercalation. In both solutions, the SO}~ /Ti
molar ratios were also 0.025, 0.075, 0.25 and 0.75. After
3 h of reaction, the solids were washed by centrifugation,
dried and calcined as previously reported.

The basal spacing of the samples was measured by
X-ray diffraction (XRD) on a thin layer of the clay
deposited on glass slides using a Kristalloflex 805
— Siemens diffractometer with Ni filtered Cu K,
(A = 1.5418 A) radiation.

Nitrogen adsorption experiments were performed at
77 K using a static volumetric apparatus (Micromeritics
ASAP 2000 adsorption analyzer). The samples were pre-
viously degassed at 393 K for 8 h. Specific surface areas
were calculated by the BET method.

Temperature-programmed ammonia desorption
(TPD) experiments were performed to characterize the
acidic properties of the pillared clays. In each TPD
experiment, a sample weighing about 0.1 g was placed in
the cell, which was evacuated at 673 K for 150 min and
then cooled to 373 K. Ammonia gas of 65 Torr
(1 Torr=133.3 N m~2) was adsorbed at 373 K for
15 min. After removing the weakly adsorbed ammonia
by helium flow at 373 K for 1 h, the samples were heated
at 10 K/min and the desorbed ammonia was recorded by
a thermal conductivity detector (Intersmat IGC
120ML) and, in addition, was determined by the
Kjeldhal method.

3. Results

XRD patterns of the sulfated titanium-modified pil-
lared clays (SNTi-PILC and SHTi-PILC) dried at 523 K
are presented in fig. 1. Each pattern exhibits two max-
ima. The first one is attributed to the layers intercalated
by titanium polycations and the latter is due to layers not
yet exchanged. The relative intensities of these lines are
affected by both the SO;~/Ti mole ratio and the sulfa-
tion procedure (NH4),SO4 or H,SO4). Similar XRD
pattern of the titanium pillared clay with respect to the
sulfated titanium-modified pillared clays has been
observed. Basal spacings corresponding to the first max-
imum are presented in table 1. As the SO;~/ Ti mole ratio
increases, the lines corresponding to the pillared clays
become less intense and the interlayer distances are
reduced by more than 2 A compared to the non-sulfated
sample. As can be seen in table 1, the sulfation of Ti-
PILC does not modify the X-ray pattern with respect to
Ti-PILC.

The specific surface areas (4ggt) of the sulfated tita-
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Fig. 1. X-ray diffraction patterns of the samples ((A) SNTi-PILC;
(B) SHTi-PILC) as a function of the SOj~/Ti mole ratio: (a) 0.025,
(b)0.075,(c)0.25and (d) 0.75.

nium-modified pillared clays (SNTi-PILC and SHTi-
PILC) for a SO~ /Ti = 0.025 mole ratio as a function of
the temperature of calcination are presented in table 2.
The specific surface areas for the Ti-PILC are also pre-
sented for comparison. The initial increase of specific
surface area of the clay up to 336 m?> g~ ! in Ti-PILC is
essentially related to the pillaring process. Increasing the
temperature of calcination to 473 K increases the speci-
fic surface areas, but a further increase in the tempera-
ture of calcination causes a decrease in the specific
surface area. This behaviour is related to an initial dehy-
dration of both clays without loss of surface OH groups

Table 1
Basal spacings [d(001)] for the samples indicated (in A)
Sample SOZ%~/Timole ratio

0 0.025 0.075 0.25 0.75
SNTi-PILC 22.0 21.4 20.0 19.0
SN(Ti-PILC) 22.5 22.4 22.2 22.1 22.0
SHTi-PILC 20.0 19.0 18.1 17.1
SH(Ti-PILC) 22.5 22.2 22.1 22.0 22.0
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Table 2

Specific surface areas (BET method, in n? g~!) as a function of the cal-
cination temperature. Sulfated titanium-modified pillared clays with a
SO?~/Ti = 0.025 mole ratio

Sample Calcination temperature (K)

373 473 673 873 973
Ti-PILC 336 344 336 303 227
SNTi-PILC 294 305 294 240 214
SHTi-PILC 241 246 231 221 200

and a dehydroxylation of the clay and the titanium pil-
lars along with the sintering of the titanium pillars. The
three titanium pillared clays show the same behaviour
and the specific surface areas decrease from Ti-PILC to
SHTi-PILC.

The specific surface areas (4ggt) of the sulfated tita-
nium-modified pillared clays as a function of the method
of preparation, the temperature of calcination and the
SO3~/Timole ratio are presented in table 3. All the sam-
ples show a similar evolution. Thus, the specific surface
areas of the SN(Ti-PILC) and SH(Ti-PILC) samples
decrease as the SO}~ /Ti molar ratio or the temperature
of calcination are increased. Therefore, SNTi-PILC and
SHTi-PILC samples show higher specific surface areas
than SN(Ti-PILC) and SH(Ti-PILC) samples, respec-
tively.

The amount of NH; desorbed at 673 K as a function
of the SO~ /Timole ratio for the sulfated titanium-mod-
ified pillared clays are presented in table 4. The two series
of sulfated titanium-modified pillared clays show a simi-
lar behaviour with the preparation method and the

Table 3
Specific surface areas (BET method, in n? g~!) as a function of the cal-
cination temperature, SO;~/Ti mole ratio and the preparation
method

Temperature SO}~ /Timole ratio
(K)

0.025 0.075 0.25 0.75
SNTi-PILC
473 305 286 175 148
873 240 232 98 71
973 214 177 45 36
SN(Ti-PILC)
473 244 229 89 123
873 214 195 65 48
973 173 136 32 18
SHTi-PILC
473 246 227 191 160
873 221 209 87 64
973 200 164 44 32
SH(Ti-PILC)
473 256 237 127 118
873 213 182 55 43
973 164 112 27 18
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Table4
Amount of NH; (umolyy, m~2) desorbed at 673 K as a function of
the SO3~ /Timole ratio for the samples indicated

Sample SO%~/Timole ratio

0 0.025 0.075 0.25 0.75
Ti-PILC 1.48
SNTi-PILC 2.09 2.17 4.54 5.58
SN(Ti-PILC) 2.69 2.76 3.10 2.55
SHTi-PILC 2.42 2.65 3.07 4.07
SH(Ti-PILC) 2.46 2.52 2.20 2.32

SO3~/Ti mole ratio. For the two initial SO}~ /Ti mole
ratios (0.025 and 0.075), the Ti-PILC sulfated samples
(SN(Ti-PILC) and SNTi-PILC) present higher or simi-
lar (SH(Ti-PILC) and SHTi-PILC) amounts of NH; de-
sorbed with respect of the titanium pillared clays
intercalated with presence of SO} . As the SO3~ /Timole
ratio increases (0.25 and 0.75), the titanium pillared
clays synthesized in presence of SOj~ desorb a higher
amount of NHj3 than the sulfated Ti-PILCs.

4. Discussion

When clays are intercalated with hydroxycations
derived from a previous hydrolysis of metallic oxides or
salts, these factors which can affect either the hydrolysis
itself or the degree of polymerization are of major impor-
tance. For a given set of hydrolysis conditions, the poly-
merization of titanium depends on the nature of the
anion in solution [2,38]. Therefore, in the hydrolysis of
TiCly with HCI, the presence of SO?“ can affect the aver-
age charge and size of the titanium polycation. In the
same way, the competition of the polycation in the
cation-exchange of the clay with NH], from
(NH4),SO4, should be important during the process of
intercalation. The evolution of the basal spacings of
SNTi-PILC and SHTi-PILC with the SO;~/Ti mole
ratio (see table 1) can be related with the above cited phe-
nomena. Our results also indicate that the presence of
H,SO0y in the intercalation solution plays a more impor-
tant role than the presence of (NH4),SO;. Farfan et al.
[1] also used (NHy4),SO4 to obtain sulfated Zr-PILC. It
was shown that the influence of the SO}~ /Zr mole ratio
on the basal spacings is very important, this being also
related with the polymeric species formed. These results
were in agreement with the CEC values presented by
these authors [1]. The differences in basal spacings
observed in this work when Ti-PILC is obtained by
hydrolysis of TiCly; with HCl or H,SO4 can also be
related with the nature of the polymeric species [2].

Clearfield et al. [3] and Molinard et al. [39] observed
that the treatment with various concentrations of HCl
and NaOH modify the textural properties of an Al-
PILC. An increase of the specific surface area was
observed when the AI-PILC is treated with HCI [39].
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These authors explained this behaviour by the partial
dissolution of the pillars by HCI. In the case of the
NaOH treatment, the opposite behaviour was observed,
and a small partial breakdown of the structure and/or
some pore blocking due to the formation of AJOH),
was proposed. Taking into account that our conditions
of sulfation do not affect the structure of the clay
[24,26,34], a partial dissolution of the titanium poly-
cations, before calcination, could explain the gradual
reduction of the basal spacing in SN(Ti-PILC) and
SH(Ti-PILC) as the SO}(/Ti mole ratio increases. This
sulfation procedure also affects the textural properties.
The decrease in basal spacings obtained for SNTi-PILC
and SHTi-PILC (SO~ /Ti = 0.025 mole ratio, table 1)
are also confirmed by a decrease in the specific surface
area (table 2) with respect to Ti-PILC. In the light of the
present results, it is possible to indicate that the presence
of (NH4),SO4 and H,SOy in the intercalation solution
affects the pillaring process. The resulting properties can
also be affected by a partial pore blocking due to the
presence of sulfated groups in the pores. The evolution
of the specific surface areas with the calcination tem-
perature (table 2) indicates that the textural properties
remain stable at high temperature treatment, 200 n? g~!
for the three samples.

The evolution of the specific surface area with the
SO3~/Ti mole ratio and the temperature of calcination
for the two series of samples (table 3) also gives evidence
for the competition of the polycation with NH; in the
cation-exchange of the clay, as well as for the influence
of SO3~ on the size of the titanium polycation and its
partial dissolution. These results (table 3) also indicate
that upon sulfation, the surface of the montmorillonite
was not affected. Modifications in the textural proper-
ties by acid treatments of various silicates have been
reported in the literature [21,40]. Studies with montmor-
illonites have shown that this silicate is only affected
when it is treated under aggressive conditions [24,40],
giving rise to an increase of the specific surface areas,
which was explained by the presence of amorphous
silica.

Finally, as can be seen in table 4, an initial increase
of the acidity for the SO}~ /Ti = 0.025 mole ratio can be
observed for the sulfated titanium-modified pillared
clays, when compared with the non sulfated pillared clay
[41]. The total acidity only increases with the SO;~/Ti
mole ratio when (NH,4),SO4 or H,SOy4 are present in the
solution of intercalation (SNTi-PILC and SHTi-PILC).
Therefore, the most important acidity sites do not result
from the post-treatment of the Ti-PILC by impregna-
tion.

For titanium pillared clays, an initial increase of the
Lewis acidity can be related to the interaction between
the titanium oxide pillar and the silicate layer [8]. This
hypothesis seems likely since bulk TiO, does not evi-
dence this acid character. The structure of the catalyti-
cally active species responsible for giving highly acidic
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properties has been related with an organic sulfate struc-
ture [42]. This sulfite-like structure shows two covalent
S=0 bonds and the highly acidic properties are related
with the dynamic transformation of the structure. In the
same way, Khalfallah Boudali et al. [2] observed, with a
similar procedure of preparation, that the sulfation of
Ti-PILC enhances the Brgnsted acidity. These new acid
centers were also evidenced by catalytic tests [40].
Nevertheless, the presence of (NHy4),SO4 or H,SOy in
the solution of intercalation makes that the sulfate ions
should issue from the titanium polymers and remain in
the pillared clay. This also suggests that they are initially
enclosed in the structure of the polymers thus explaining
the enhancement of acidity.

5. Conclusions

The results presented in this work show that sulfated
titanium-modified pillared clays can be obtained with
high surface areas and acidity. These results also indi-
cated that the agents of sulfation and the methods affect
the properties of the final titanium-modified pillared
clay. The presence of (NH4),SO4 or H>SOy in the solu-
tion of intercalation reduces the interlayer distances,
with respect to the non-sulfated sample. Nevertheless,
the specific surface areas remain high and an important
enhancement of acidity is obtained. These properties
have been related with the presence of the sulfate ions in
the structure of the titanium polymers.
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