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Abstract— Titanium was introduced into the montmorillonite structure by cation exchange with polymeric
Ti cations, formed by partial hydrolysis of TiCl, in HCL. On further hydrolysis and heating, TiO, pillars
in the form of anastase were formed between the montmorillonite layers. The resulting TiO,-cross-linked
montmorillonites possessed surface areas in the range 200-350 m?/g and pore volumes of about 0.2 cm?3/g
and were thermally and hydrothermally stable to 700°C. The basal spacing of products heated at tem-
peratures >200°C was about 28A, as determined by X-ray powder diffraction and by N,-desorption pore-
size analysis. The surface area increased and the pore volume decreased with increasing HCl-concentration
in the Ti-solution. The uptake of TiO, by the montmorillonite, the surface area, and the pore volume
increased with increasing amount of Ti added in the preparation, to about 10 mmoles of Ti/g of mont-
morillonite. A further increase in the amount of Ti added resulted in a decrease in surface area, but the
pore volume and the uptake of TiO, remained almost constant. The high porosity and the interlayer
spacing of the product are consistent with a structure similar to that previously proposed for smectites,
cross-linked with hydroxy-Al oligocations.

Key Words—Cross-linked smectite, Montmorillonite, Pillared interlayer complex, Porosity, Thermal

stability, Titanium oxide.

INTRODUCTION

A new class of porous, high surface area materials
of potential interest as catalysts and adsorbents was
introduced by the synthesis of cross-linked (CLS) or
pillared smectites (Brindley and Sempels, 1977,
Vaughan et al., 1979; Pinnavaia, 1983; Shabtai et al.,
1984b). Preparation of these CLSs usually involves an
exchange of the cations in the interlayer region of the
smectite by poly- or oligomeric hydroxy-metal cations.
On heating, these inorganic polycations or oligomers
form metal oxide pillars which permanently prop open
the smectite layers. The cavities so formed are easily
accessible for adsorption of gases and vapors.

Smectites cross-linked with oligomeric hydroxy-Al
(Brindley and Sempels, 1977; Lahav et al., 1978), hy-
droxy-Zr (Yamanaka and Brindley, 1979), and hy-
droxy-Cr cations (Brindley and Yamanaka, 1979) have
been prepared and are characterized by surface areas
of 200-500 m?/g, pore volumes of 0.15-0.20 cm?/g,
and interlayer spacings of 7-10 A

Because the number of metals which form poly- or
oligomeric cations upon hydrolysis is limited, an alter-
native method for preparing CLS materials that involves
hydrolysis of complex cations between the smectite
layers has also been used. For example, the prepara-
tion of SiO,-cross-linked smectites through interlayer
hydrolysis of Si(acac),* by Endo et al. (1980) demon-
strated the usefulness of this synthetic approach. In their
materials the layer separation was limited to one lay-
er of silicon atoms. Using a related method, Yama-
naka et al. (1984) prepared Fe,O;-cross-linked mont-
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morillonite by the hydrolysis of (Fe;(OCOCH,),OH)*
in the interlayer region of the clay. Recently, Lewis et
al. (1985) developed techniques for preparing smec-
tites cross-linked with three-dimensional SiO,-oligo-
mers. One metal cation, not previously investigated
for the preparation of cross-linked smectites but re-
ported to form polymeric cations upon hydrolysis, is
Ti** (Einaga, 1979; Nabivanets and Kudritskaya, 1967).
The present paper reports on the synthesis and char-
acterization of TiQ,-cross-linked montmorillonite by
cation exchange of montmorillonite with polymeric,
partially hydrolyzed, Ti-bearing cations.

EXPERIMENTAL
Montmorillonite

A Wyoming Na*-Ca?*-montmorillonite (commer-
cial designation, Volclay SPV 200) was obtained from
the American Colloid Company. Impurity quartz was
removed by fractionation using conventional sedi-
mentation techniques. The <2-um fraction, which was
practically free from impurities as determined by X-ray
powder diffraction (XRD) analysis, was used as starting
material in all preparations. The cation-exchange ca-
pacity of the montmorillonite was determined to be
89 meq/100 g; an elemental analysis of the clay is given
in Table 2.

Cross-linking agent

The cross-linking agent, consisting of a solution of
partially hydrolyzed Ti-polycations, was prepared by
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first adding TiCl, into 6.0 M HCl. This mixture was
then diluted by slow addition of distilled water with
stirring to reach a final Ti-concentration of 0.82 M.
HCI in amounts corresponding to final concentrations
in the range 0.11-1.0 M were used in the preparations.
The solutions were aged at room temperature for 3 hr
to 20 days prior to their use.

Preparation of cross-linked smectites

Two grams of montmorillonite was dispersed in 0.5
liters of distilled water by prolonged stirring (5 hr) with
a magnetic stirrer. The amount of cross-linking agent
required to obtain a Ti/montmorillonite ratio of 4-40
mmole Ti/g montmorillonite was then added to the
vortex of the vigorously stirred dispersion. The re-
sulting product was left in contact with the solution for
16 hr and then separated by centrifugation. pH values
were recorded directly after mixing and after the sam-
ples had stood for 16 hr; some values are given in Table
3. The product was then washed by redispersing it in
distilled water, followed by separation by centrifuga-
tion. This procedure was repeated until the supernatant
was free of chloride ions as determined by AgNO;. The
conditions used for the preparations discussed in this
presentation are specified in Table 1.

Because an acidic environment during the cross-
linking procedure may affect the properties of the
montmorillonite, a reference sample was prepared us-
ing the same procedure and adding 100 ml of 1.0 M
HCI to the montmorillonite dispersion. This amount
corresponds to the highest amount of HCI used in the
TiO,-cross-linked montmorillonite preparations and
resulted in a final pH of 0.8 in the dispersion.

Characterization of TiO,-cross-linked
montmorillonite (TiO,-CLM)

N,-adsorption-desorption isotherms were deter-
mined using a Digisorb 2600 surface-area, pore-vol-
ume analyzer (Micromeretics Instrument Corpora-
tion). The samples were first outgassed at 200°C for 3
hr, and the isotherms were recorded at liquid nitrogen
temperature. Surface areas were calculated using the
BET equation, and pore volumes were estimated to be
the liquid volume adsorbed at a relative pressure of
0.995. Pore-size distributions were calculated from the
desorption branches of the isotherms using parallel
plates as a geometrical model (Thomas and Thomas,
1967). The Halsey equation (Halsey, 1948) was used
to calculate the nitrogen monolayer thickness at a par-
ticular relative pressure.

XRD analyses of CLMs were performed on samples
prepared by spreading about 0.5 ml of a water suspen-
sion of the sample on a glass slide and drying the slide
at room temperature. By using this method of prepa-
ration, the platelike particles presumably oriented
themselves so that the 001 reflection was amplified
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Table 1. Conditions used for preparation of TiO,-cross-linked

montmorillonites.
Sample Aging time Cua!

designation ¢hr) ™) mmole Ti/g clay?

TiAl 3 1.0 40
TiA2 24 1.0 40
TiA3 96 1.0 40
TiA4 240 1.0 40
TiAS 480 1.0 40
TiB1 3 1.0 40
TiB2 3 1.0 30
TiB3 3 1.0 20
TiB4 3 1.0 10
TiB5 3 1.0 4
TiCl 3 1.0 10
TiC2 3 0.62 10
TiC3 3 0.34 10
TiC4 3 0.16 10
TiCs 3 0.11 10

! Concentration of HCI in cross-linking solution. Ti-con-
centration = 0.82 M in all preparations.

2 Amount of Ti added per gram of montmorillonite in the
cross-linking procedure.

compared with a powder sample. The XRD patterns
were obtained on a Philips powder diffractometer using
Ni-filtered, fine-focus CuKa radiation.

Elemental analysis of TiO,-CLMs was carried out
by atomic absorption spectroscopy (AAS) employing
LiBO, fusion (Medlin ez al., 1969). SiO, was separately
determined colorimetrically using the beta silicomo-
lybdate method (Iler, 1979). Analysis of calcium in
magnesium chloride extracts of calcium-saturated
samples by AAS was used to determine cation-ex-
change capacities (CEC).

Thermal stability was investigated by exposing sep-
arate samples to temperatures in the range 100°-800°C
for 3 hr in air. Hydrothermal stability was also inves-
tigated by subjecting separate samples to temperatures
in the range 400°-800°C in the presence of steam. Ther-
mogravimetric analyses were made with a Mettler
Thermoanalyzer. The weight loss was recorded in the
range 25°-1000°C at a heating rate of 10°C/min.

RESULTS AND DISCUSSION

Dependence of properties on amount of Ti
added in the cross-linking procedure

The elemental compositions of TiO,-montmorillon-
ite samples prepared using 4, 10, 20, and 40 mmole
Ti/g montmorillonite are given in Table 2, together
with the data for the Na*-Ca?*-montmorillonite and
the HCl-treated montmorillonite. In Table 3, the pHs
of the product solutions, measured directly after prep-
aration (<10 min) and after 16 hr are given. The HCl
concentration of the cross-linking solution used in these
preparations was 1.0 M; the solution was aged for 3 hr
prior to its use (see preparations TiB1, TiB3, TiB4, and
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Table 2. Elemental analysis of Na*-Ca?*-montmorillonite, HCl-treated montmorillonite, and TiO,-cross-linked montmo-

rillonites.

Metal oxide! Na*-Ca?*-mont- TiB5 TiB4 TiB3 TiB1
(%) morillonite? H*-montmorillonite? (4 mmole/g)* {10 mmole/g)* (20 mmole/g)* (40 mmole/g)*
SiO, 60.9 59.8 45.2 33.3 31.3 33.8
TiO, — - 25.0 39.8 44.5 39.8
Al O, 21.1 20.3 14.5 10.8 10.3 11.4
Fe,O, 4.13 411 3.19 2.61 2.15 2.60
MgO 3.25 2.70 1.96 1.48 1.27 1.52
CaO 0.84 0.14 0.15 0.08 0.08 0.06
K,0 0.42 0.34 0.26 0.14 0.14 0.14
Na,O 2.08 0.23 0.19 0.17 0.11 0.18
H,0® 6.6 11.0 9.2 9.7 9.3 9.6
Total 99.9 98.6 99.6 98.1 99.1 99.1

! All samples were dried at 110°C overnight, prior to analysis.

2 Na*-Caz*-montmorillonite, Volclay SPV 200, used as starting material in all preparations.

3 Na*-Ca?*-montmorillonite treated with 0.17 M HCI for 16 hr.

4 Amount of Ti/g of montmorillonite used in the cross-linking procedure. Conditions used for preparations TiB1-TiB5 are

given in Table 1.
5 Ignition loss between 110° and 1000°C.

TiB5 in Table 1). The uptake of Ti in the montmoril-
lonite first increased with increasing amount added but
then reached a constant value, corresponding to about
40% TiO, in the products, indicating saturation of the
montmorillonite with respect to polymeric Ti-cations.
The pH of each product solution was constant during
the 16 hr the product was left in contact with the so-
lution. Inasmuch as further hydrolysis of the excessive
Ti-polycations probably involved the release of pro-
tons, this reaction did not appear to proceed at a sig-
nificant rate in the product solution. A minor leaching
of Al from the montmorillonite, due to the acidity of
the product solutions, was detected by the elemental
analyses of the TiO,-cross-linked samples and the HCI-
treated montmorillonite.

N,-adsorption/desorption isotherms were measured
on all samples. A typical isotherm is shown in Figure
1. The adsorption isotherm is type II in the classifi-
cation of Brunauer, Deming, and Teller, whereas the
hysteresis loop is of type B in the classification of de
Boer (Thomas and Thomas, 1967). Among the ma-
terials showing this type of hysteresis are those in which
the pore structure is built up of parallel plates. The
difference between the type Il isotherm shown in Figure
1 for the TiO,-cross-linked montmorillonite and the
type I isotherms observed for AL,O;-cross-linked sam-
ples (Shabtai et al., 1984a) reflects the larger interlayer

Table 3. pH of product solutions, directly after mixing and
after 16 hr.

Amount of Ti added pH directly
{mmole/g) after mixing pH after 16 hr
4 1.5 1.5
10 1.1 1.1
20 0.8 0.9
40 0.6 0.7
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spacing in the former materials. In the Al,O;-cross-
linked smectites, the interlayer spacing (~10 A) ap-
proaches the size of two layers of nitrogen molecules
(~7 A). Multilayer adsorption of nitrogen is thus ster-
ically hindered, and a type I, or Langmuir-type, iso-
therm, characteristic of monolayer adsorption, is ob-
tained. In Figure 2, pore-volume and pore-area
distributions are shown, as calculated from the de-
sorption branch of the isotherm recorded for the sam-
ple treated with 40 mmole Ti/g montmorillonite. Most
of the pore volume and pore area appears to be in
pores of about 20 A. Here, the pore size is defined by
the distance between the montmorillonite layers in the
product.

In Figure 3, the surface areas and pore volumes of
the samples described above are plotted as a function
of mmoles of Ti added in the cross-linking procedure.
The surface area at first increased with increasing
amount of Ti added in the preparation. After reaching
a maximum at about 10 mmole Ti/g montmorillonite,
an amount slightly greater than that required for sat-
uration of the clay, the surface area gradually decreased
with further increase in amount of Ti added. The pore
volume first increased with increasing amount of Ti
added, but then reached a constant value of about 0.2
cm?3/g. The fact that the surface area decreased with
increasing amounts of Ti added in the cross-linking
procedure while the pore volume and the actual uptake
of Ti remained constant is reflected in an increase in
average pore size, with increasing amounts of Ti added.

The CEC of the TiO,-CLM sample prepared using
40 mmole Ti/g montmorillonite (TiB1) was deter-
mined to be 52 meq/100 g of TiO,-CLM, compared
to 89 meq/100 g of starting montmorillonite. Because
about 7 mmole Ti was taken up per gram of mont-
morillonite, 1 g TiO,-CLM contained about 0.65 g of
montmorillonite and 0.35 g of TiO,, indicating that
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Figure 1. Nitrogen adsorption-desorption isotherm for TiAl
(see Table 1). Sample prepared using 40 mmole Ti/g mont-
morillonite.

the montmorillonite retained most of its original CEC
in the TiO,-CLM structure.

Dependence of surface area upon
HCI concentration

A series of samples was prepared from solutions 0.82
M with respect to TiCl, and 0.11-1.0 M with respect
to HCl. Amounts corresponding to 10 mmole Ti/g
montmorillonite were used in all preparations, and all
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Figure 2. Pore-volume (left) and pore-area (right) distribu-
tions for TiA1 (see Table 1), calculated from the N,-desorp-
tion isotherm shown in Figure 1.
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Figure 3. Dependence of surface area (open circles) and pore

volume (solid circles) on amount of Ti added in the cross-
linking procedure.

solutions were used after standing for 3 hr at room
temperature (see preparations TiC1-TiC4 in Table 1).
Surface areas of these samples as a function of HCl
concentration of the cross-linking solution are shown
in Figure 4. The surface areas at first increased with a
decrease in HCI concentration of the solution, but then
reached a constant value of about 335 m?/g. Pore-size
distributions were calculated for some of the prepa-
rations in this investigation. A general decrease in av-
erage pore size with increasing surface area and de-
creasing HCI concentration was noted.

350 I T T I T ]
- 00— —_
o [
e
<
w
% 300 o
w
[&]
P
[r
pun ]
)
250 I} | 1 i 1
2 4 6 8 1
HCL CONCENTRATION {M)

Figure 4. Surface area of TiO,-cross-linked montmorillon-
ites vs. HCI concentration in cross-linking solution (see prep-
arations TiC1-TiC5 in Table 1).
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Figure 5. Dependence of surface area upon temperature of

heat treatment (open circles) and of steam treatment (solid
circles) and dependence of pore volume upon temperature of
heat treatment (open triangles) for preparation TiB3.

Dependence of surface area upon
aging time of solution

Surface areas were measured on samples prepared
from solutions aged 3, 24, 96, 240, and 480 hr at room
temperature. The Ti and HCl concentrations of the
solutions were 0.82 and 1.0 M, respectively, and
amounts of solution corresponding to 40 mmole Ti/g
montmorillonite were used in all preparations (see
preparations TiA1-TiAS in Table 1). A minor increase
in surface area from about 220 to 250 m?/g was ob-
served with an increase in aging time from 3 to 480
hr. All solutions used in this study were oversaturated
with respect to TiO,. Attempts to age less acidic so-
lutions resulted in the precipitation of TiO, in 24 to
360 hr depending on acidity of solution.

Thermal and hydrothermal stability of TiO,-CLM

The thermal stability of TiO,~-CLM was investigated
for a sample prepared using Ti and HCl concentrations
of 0.82 and 1.0 M, respectively, in the cross-linking
solutions. Ten millimoles of Ti per gram of mont-
morillonite was used in the preparation, and the so-
lution was aged for 3 hr before use (see preparation
TiB3 in Table 1). Surface areas and pore volumes of
heat- and steam-treated samples as a function of tem-
perature are shown in Figure 1. The material was stable
after being heat treated to 700°C, at which temperature
the surface area started to decrease. The steam-treated
samples, however, showed a more gradual decrease in
surface area with increasing temperature, and retained
a surface area of about 170 m?/g at 800°C. The pore
volume of the heat-treated sample remained constant
to about 700°C, but then decreased in the same manner
as the surface area. The TiO,-CLM showed a higher
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Figure 6. X-ray powder diffractograms (upper) and pore-

volume distribution (lower) for TiB3 (see Table 1) vs. tem-
perature of heat treatment (CuKa radiation).

hydrothermal than thermal stability at high tempera-
tures. In Figure 6, XRD patterns of samples treated in
air at 100°, 300°, 500°, and 700°C are shown together
with desorption pore-volume distributions for the same
samples. The d(001) peaks shown in these diffracto-
grams represent the distance between two montmoril-
lonite layers, including the thickness of one of the lay-
ers. By subtracting this thickness, 9.6 A (Grim, 1953),
from the recorded d(001) value, the pore size (or in-
terlayer distance) of the product can be estimated (giv-
en as Ad,, in Figure 6). The pore sizes determined as
Ady,,; values from the XRD patterns cprrespond well
with the maxima in the pore-size distributions calcu-
lated from the desorption branch of the N,-isotherms.
In the XRD pattern of the sample treated at 100°C, a
second peak is present at about 5.8°24, corresponding
to an interlayer distance of 5.7 A. With increasing tem-
perature, this peak turned into a shoulder and finally
disappeared in the diffractogram recorded for the sam-
ple treated at 500°C. This peak may have been due to
the presence of thermally less stable, microporous ma-
terial in the product. The collapse of the micropores
was also reflected in the pore volume distributions.
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Figure 7. X-ray powder diffraction patterns of TiO,-CLM
treated at 25°, 100°, and at 750°C, showing the development
of the 25.3°260 anastase peak (CuKa radiation).

In the XRD patterns of samples treated at 100°C and
above, weak reflections of anastase were noted that
became more intense with increasing temperature. The
particle size of the TiO, was estimated from the broad-
ening of the 25.3°26 peak of anastase to be about 50
A, using the full width of the peak at half maximum.
XRD patterns, showing this peak for the air-dried sam-
ple and for samples treated at 100° and 750°C are shown
in Figure 7. Because the thickness of the TiO, particles
between the montmorillonite layers was limited to about
20 A, according to the XRD patterns, the presence of
flat TiO, particles with a side length considerably larger
than the thickness is indicated.

A thermogravimetric analysis of the TiO,-CLM
sample and the starting montmorillonite is shown in
Figure 8. For both materials, the weight loss occurred
in two steps. After losing the physically adsorbed water
at a temperature of less than about 100°C, the weight
of the montmorillonite remained nearly constant to
about 500°C, where weight loss due to dehydroxylation
of the structure began. The TiO,-CLM sample, how-
ever, showed a more continous loss of weight to about
500°C, probably due to dehydroxylation of OH groups
associated with interlayer titania. Between this tem-
perature and 700°C, a small step loss occurred, after
which the weight remained constant.

Structure of TiO,-CLM

The data presented here indicate that the TiO,-CLM
phase has a structure consisting of montmorillonite
sheets separated by very small particles of TiO,, leaving
part of the interlayer spacing open for adsorption of
gases and vapors. The material was obtained by ion
exchange of the montmorillonite with polymeric Ti-
cations, produced by partial hydrolysis of TiCl, in HCL.
The literature on Ti**-hydrolysis was reviewed by Baes
and Mesmer (1976). The degree of polymerization of
Ti-cations by partial hydrolysis of TiCl, in HCI solu-
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Figure 8. Thermogravimetric analysis of TiB3 (see Table 1)
and of starting montmorillonite.

tions was found by Nabivanets and Kudritskaya (1967)
to depend on both the Cl and Ti concentrations. They
concluded that the polymeric species most likely are
linked together by Cl-bridges, i.e. (TiO-Cl. . .TiO-
Cl...),. Einaga (1979) suggested from potentiometric
measurements of Ti*" in aqueous hydrochloric acid
solution the existence of the polynuclear cationic species
((TiO)s(OH),,)**, but gave no structure of the complex.

After being introduced into the montmorillonite
structure, the polymeric Ti-cations most likely under-
went further hydrolysis to TiO,. The formation of TiO,-
CLM can be described by the reaction sequence shown
in Figure 9. The Ti is fixed in the final product as TiO,.
In the idealized representation of TiO,—~CLM in Figure
9, the pores have a rectangular shape. Although the
distance between the montmorillonite layers in the
structure can be measured by both XRD and desorp-
tion pore-size analysis, the distance between the pillars
is more difficult to obtain, and no direct measurement
of this distance has been found. A lower limit to this
“interpillar” distance is set by the N,-desorption anal-
ysis, because the pore size measured by this technique
represents the shortest distance between two walls in
the pores. Thus, the lateral pore size is larger than the
distance between the montmorillonite layers in the
structure of TiO,-CLM.

Assuming a surface area of 800 m?/g for the mont-
morillonite sheets (Iler, 1955) and using parallel plates
as a geometrical model, a value of the pore volume
can be calculated from the measured interlayer distance
and the elemental analysis of the product. Using prep-
aration TiB4 as an example, the average interlayer dis-
tance, calculated from the N,-desorption isotherm, is
13 A. From the elemental analysis, 1 g of TiB4 consists
of about 0.58 g of montmorillonite and 0.42 g of T10,.
The pore volume is thus (800-0.5-10%)-(13-107%)-
0.58(0.42/3.84) = 0.19 cm?/g, where 3.84 g/cm? is the
density of TiO, in the form of anastase. The good
correspondence between this value of the pore volume
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Figure 9. Suggested reaction sequence describing the for-
mation of TiO,-cross-linked montmorillonite.

and that measured by N,-adsorption (0.19 cm?/g) sup-
ports the choice of geometrical model. Similar calcu-
lations for other samples give values of pore volumes
that deviated by less than 50% from the measured ones.

CONCLUSIONS

The most important difference between TiO,-cross-
linked montmorillonite and other cross-linked smec-
tites is the considerably larger interlayer spacing of this
material. The interlayer spacing of TiO,-CLM is ap-
proximately 18 A compared with about 10 A for smec-
tites cross-linked with hydroxy-Al (Lahav ez al., 1978)
or hydroxy-Zr (Yamanaka and Brindley, 1979) oligo-
meric cations. The larger interlayer distance is accom-
panied by a thermal and hydrothermal stability
comparable with that of hydroxy-Al and hydroxy-Zr
cross-linked smectites in various forms (Vaughan et
al., 1981). Due to the larger pore size of TiO,-CLM,
cracking of heavy oil fractions and biomass oils are
two of the most interesting catalytic applications of
this material. Catalytic activity for cracking of heavy
oil fractions, using a micro-activity test (ASTM meth-
od D 3907-80) is now being investigated.
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