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Abstract-Two samples, obtained by pillaring a Wyoming montmorillonite with hydroxy aluminium and 
oligosilsesquioxane cations, were studied by stepwise thermal desorption of ammonia and by highly 
sensitive diffuse reflectance IR-spectroscopy. For both clays, the adsorption of ammonia shows a total 
number of acid sites equal to 0.35 meq/g, with acid strengths comparable to that of RY zeolites. By IR 
reflectance spectroscopy, Bronsted acid sites with an acid strength comparable to that of bridging hydroxyls 
in zeolites were found in AI samples but not on Si-montmorillonites. These sites were characterized by 
an overtone band at 7100 cm- ' and an activity for ethylene oligomerization at 300 K. 
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INTRODUCTION 

Pillared interlayered clays (PILC) have now become 
an important family of shape-selective catalysts (Kiku
chi and Matsuda, 1988). These solids combine a tun
able acidity, regular porosity and relatively high ther
mal stability that makes them similar to zeolite-like 
materials. The synthesis of different PILes and their 
catalytic properties in a variety of chemical reactions 
have been investigated in detail and reviewed by sev
eral authors (Kikuchi and Matsuda, 1988; Thomas, 
1988; Figueras, 1988; He Ming-Yuan et al., 1988; 
Schoonheydt, 1991); however, much less information 
is available concerning the nature of their acid sites. 

The family of montmorillonite, hectorite, and bei
dellite pillared by AIl3 hydroxy cations has been most 
studied. The adsorption of such gaseous bases as pyr
idine or ammonia revealed the presence of strong 
Bronsted and Lewis acid sites (Tichit et al., 1988a; 
Figueras, 1988), but their nature, localization, and par
ticular properties are not yet well understood, except 
for the case of pillared beidellite for which high-reso
lution solid state NMR has provided a reasonable de
scription of the formation of acid sites (Plee et al., 
1985). 

Tennakoon et al. (1987) proposed that the protons 
of pillared montmorillonite are locked within the clay 
sheet and are, thus, unavailable for catalysis in the 
interlamellar region, hence explaining the poor activity 
at low temperature. If the clay sheet is involved in 
acidity, montmorillonites pillared by silicon cationic 
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species, which show good thermal stability (Lewis et 
al. , 1985), could exhibit properties similar to those of 
AI-PILe. 

In connection to this, it should be noted that the 
study of Bronsted sites in PILes encounters many 
problems because water interacts strongly with the clay 
and a considerable part of hydroxyl groups are hydro
gen-bonded. Therefore, isolated OH-groups that are 
considered as active sites in catalysis are hardly visu
alized in the fundamental region of the IR-spectra due 
to the background of H-bonded hydroxyls. 

The use of the very sensitive diffuse reflectance IR
spectroscopy teChnique and the expansion of the spec
tral range to the near IR-region (4000-10,000 cm- ') 
where the overtones and combination stretching plus 
bending bands of hydroxyl groups are placed enable 
one to obtain more profound information on the nature 
and properties of Bronsted sites in different catalysts 
and adsorbents (Kustov et al., 1981 ; Kazansky et al., 
1984). 

It can be pointed out that the catalytic properties of 
pillared clays for the cracking of gas oils can be appre
ciably affected by the method of preparation. The Al-
PILes used in this present work show high activities 
(80% conversion at 530°C), comparable to those of rare 
earth exchanged zeolites, for the cracking of a heavy 
fuel that is difficult to convert (Tichit et aI., 1988). The 
main difference between pillared clays and zeolites lies 
in a higher coke selectivity for clays, which can be 
accounted for partly by their Fe content (Lussier et aI., 
1980) and partly by the presence of strong Lewis sites 
(Occelli and Finseth, 1986). By contrast, clays pillared 
by oligosilsesquioxane cations exhibited lower activi
ties for the cracking of a light gas oil, much easier to 
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Table I. Chemical compositions in moles of oxides (dry 
basis) of the parent clay and of the two samples pillared with 
aluminium or silicon cationic species. 

Sample SiO, Al20 j Fe20 ) MgO Na,O TiO, K,O CaO 

Parent 
Clay 58.6 20.5 3.35 1.9 3.1 0.3 0.2 0.02 

AI-PILC 58.6 43.4 
Si-PILC 68.4 20.5 3.37 3.01 0.2 

convert (Lewis et al., 1985). These differences in cat
alytic properties should be related to differences in 
acidity, and it appeared then of interest to apply diffuse 
reflectance spectrometry to the investigation of the 
acidic properties of the montmorillonites pillared by 
aluminium or silicon containing complex cations. 

EXPERIMENTAL METHODS 

A Wyoming montmorillonite was pillared by 
Al IJO.(OH}2iH20}'27 + polyoxocations in an aqueous 
suspension (AI/clay = 5 mmoles/g, 20 g clay/ liter) in 
the presence ofNH. + ions (NH. + / AI = 10) using pro
cedures described previously as effective for obtaining 
a homogeneous solid showing good thermal stability 
and high acidity (Figueras et al., 1990). The prepara
tion of Si-pillared clays has been described by Lewis 
et at. (1985) and extended to synthetic magadiite by 
Sprung et at. (1990). The sample characterized here 
was prepared by intercalation of the starting Wyoming 
montmorillonite by a solution of 2,2-trichlorosilyl
ethylpyridine aged three days at room temperature, 
following the procedure described by Fetter et at. (1990). 

The chemical compositiohs of the samples studied 
are presented in Table 1. The values of their basal 
spacings (obtained from the X-Ray powder diffraction 
patterns) and of the specific surface areas at various 
pretreatment temperatures are given in Table 2. Si
PILCs develop a high surface area and rhicropore vol
ume only after calcination above 800 K, which is re
quired to burn the organic moiety of the pillars. The 
samples were heated from 300 K to 800 K in a flow 
of air. The temperature was increased at a rate of 0.6 
Klmin arid maintained for 5 h at the final value. 

The total acidity of these PILCs was determined by 
stepwise thermal desorption of ammonia. The solid 
was first saturated with ammonia at 373 K, weakly 
adsorbed NHJ was eliminated by evacuation under dry 
nitrogen at the same temperature., and the temperature 
subsequently raised to 800 K in steps of 50 K while 
the cell was swept by a stream of dry nitrogen. The N2 
carrier gas was bubbled through a titrated acid solution 
and the amount ofNHJ evolved from the solid deter
mined by conductimetry. 

The diffuse reflectance Infrared spectra in the region 
of the fundamental stretching vibrations of OH-groups 
(2000-4000 cm - ') or in the region of the overtones 
(6000-8000 cm-I) were measured using a Perkin-EI
mer 580 B or Acta M-VII Beckman spectrophotom-

Table 2. Evolution of basal spacings, surface area, and mi
cropore volumes in function of the temperature of calcination, 
for the two pillared clays. 

Sample 
Pretreatment 

Specific 
Basal spacing surface Micropore 

temp(K) (nm) area (m'/g) volume (mllg) 

AI-PILC 300 1.91 
773 1.72 175 0.08 
973 1.68 184 0.08 

1073 1.59 50 
Si-PILC 300 2.24 19 0.01 

973 1.80 222 0.10 
1073 1.60 

cter, supplied with DR-attachments (Kustov et al. , 
1981). The adsorption of benzene, acetonitrile, or eth
ylene was carried out at 300 K and pressures of 1-20 
Tort. Before the spectroscopic measurements, the sam
ples were pretreated by heating under vacuum for 5 h 
at 800, 900 or 1000 K. 

RESULTS AND DISCUSSION 

The total acidity values, as determined by the amount 
of ammonia desorbed from the Si- arid AI-PILCs pre
treated at 773 K are represented in Figures I band lc, 
together with a reference Linde LZ62 Y zeolite (Figure 
la). The Al-pillared sample retains NHJ up to 773 K. 
The total number of acid sites (0.35 meq/g) is lower 
than that determined for HY zeolites (about 1.2 meq/ 
g), and the acid strength, evaluated from the position 
of the temperatutes at which maximal amourits of am
mortia are desorbed, increases from the Si-PILC (T max: 
473 K) to AI-PILC (Tmax: 523 K) and Y zeolite (Tmax: 
573 K). However, the differences cortcerning relatively 
strong acid sites (desorbing ammonia between 623 arid 
77 3 K), which are responsible for cracking of paraffins, 
are not very large. 

For the Si-pillared ciay, the distribution of acid sites 
was determined after calcination at different temper
atures. Strong acid sites ate created after calcination at 
873 and 973 K. The total number of acid sites goes 
through a maximum at 873 K, the temperature at which 
the surface area is also greatest. The number of acid 
sites is then 0.33 meq/g, close to the number of sites 
measured on the AI-PILe. Thus, the overall properties 
of the two pillared clays are rather similar, and de
sorption of ammonia cannot clearly discriminate be
tween these two samples. 

The IR spectra of these two PILCs in the funda
mental OH stretching region are presented in Figures 
2 and 3. For both samples, the similar broad unre
solved bands with the maxima near 3650 cm-I are 
evident. In agreement with He Ming-Yuan et al. (1988), 
these bands should be assigned to the hydrogen bonded 
hydroxyl groups predominantly localized inside the tri
ple T -0-T sheets of the parent clay structure. The re
sidual OH- groups bonded to the pillars should also 
contribute to the absorbance. 

https://doi.org/10.1346/CCMN.1994.0420407 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1994.0420407


Vol. 42, No. 4, 1994 Montmorillonite acid sites 423 

.. 
£> z 

t 
!. 
1 
-e 
0 : ... .., 
'" Z 

~ .. 
'" z 

t .s 
1 ;; 
~ .., 
'" z 

'" ... 
" z 

t 
!. 
1 
-e . 
~ .., 
" z 

0.4.---------------------, 

0.3 

0.2 

0.1 

0.0 

0,10 

0,08 

0.06 

0.04 

0,02 

0.00 

0.10 

0.08 

0.06 

0.04 

0,02 

0.00 
.73 523 573 823 

NH3 d •• orptJon temperature (K) 

673 

II!3 Y 

10 AJ.pl.4n3 

~ Vl 

iI Si-P1.4 773 

E<I Si-P1.4873 

723 773 

1 

Figure 1. Stepwise thermal desorption spectra of a) HY zeo
lite, b) AI-montmorillonite pretreated at 773 K, and c) Si
montmorillonite pretreated at several temperatures. 

The most obvious difference between the spectra of 
AI- and Si- pillared samples is the appearance in the 
latter case of a narrow band at 3745 cm -I , which should 
be attributed to silanol groups because the position of 
its maximum is close to that earlier reported for silica 
gel or zeolites (Ward, 1976). This assignment is also 
in line with the higher intensity of this band for Si
PILe as compared with AI-PILe. However, it is im
possible to discriminate from these results whether these 
silanol groups are mainly connected with silicon-con
taining pillars or with impurities of amorphous silica 
gel. 

The acidity of OH- groups can be estimated by the 
strength of their interaction with weak bases, such as 
benzene and acetonitrile, which induces a shift of the 
OH vibration frequency. For a given adsorbate, this 
shift is a measure of the acid strength, which has been 
related to the rate of cracking of cumene on a series of 
zeolites (Hedge et al., 1988). 
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Figure 2. IR-spectra of AI-pillared montmorillonite pre
treated at 770 K (--) and after adsorption of benzene (- - -) 
and CD3CN (-'-'-). 

After adsorption of benzene on the Si-PILe (Figure 
3), this silanol band disappears and the band at 3600 
cm -I is reinforced. Since the vibration of sHanols is 
shifted by about 150 cm-I upon benzene adsorption 
(Kazansky et aI., 1983), this shifted band coincides 
then with the AI-OH vibrations, and the intensity is, 
therefore, increased in this region. By adsofption of 
acetonitrile, more basic than benzene, the shift is higher 
and the band is displaced to 3400 cm -I and broadened 
as expected for a stronger interaction. 

In the case of the AI-PILe (Figure 4), the general 
situation after benzene adsorption is the same, with im 
increased absorbance in the region of AI-OH vibra
tions, but a broad band, which was not observed on 
the Si-PILe, appears at 3400 cm-I. The shift from 
3745 to 3400 cm-I is too high to be ascribed to sHanol 
groups. Such a large shift, confirmed by the appearance 
of a broad band at 3200 cm-I upon acetonitrile ad
sorption, thus corresponds to acid hydroxyls, invisible 
in the initial spectrum since their IR band is hidden 
under the background of the hydrogen bonded OH 
groups and is, therefore, unresolved in the initial spec
trum. 

On the basis of the position of these bands shifted 
upon adsorption of benzene and acetonitrile, it is pos
sible to deduce that these hydroxyls, invisible in the 
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Figure 3. IR-spectra ofSi·pillared montmorillonite pretreat
ed at 770 K (-- -) and after adsorption of benzene (- - -) and 
CD3CN (-'-'-). 

7100 cm-1 

fundamental region, exhibit strong acidic properties 
comparable with those ofzeolitic OH-groups. Indeed, 
for HZSM-5, HX, and HY zeolites the bands at 3610-
3660 cm-I, attributed to the bridged OH-groups, are 
shifted after benzene adsorption to 3400-3250 cm-I 
(Kazansky et al., 1983). 

The conclusion about the existence in AI-pillared 
samples of Broensted sites similar to those in zeolites 
finds a further much clearer support in the IR spectra 
recorded in the overtone region of OH stretching vi
brations. Previously we have shown (Kustov et al., 
1981) that the investigation of the overtones of the 
stretching vibrations may give more profound or com
plementary information on the nature, localization, and 
properties of OH-groups in catalysts and adsorbents. 
The following characteristic features established earlier 
should be taken into account when the spectra in the 
region of the overtones are considered (Kustov et al., 
1981 ): 

1) For different kinds of isolated OH-groups (terminal 
or bridged) in various oxides including zeolites, the 
fundamental (V(}"I) and overtone (V(}"2) frequencies 
are connected by the equation derived from the 
theory of an anharmonic oscillator, where the an
harmonicity parameter Xe is equal to about 2.1' 
10-2 : 

V(}"I = V(}"2 (l - 2Xe)/(2 - 6Xe) (1) 

Therefore the separation of the bands in the over
tone region and their resolution is about twice as 
good as it is in the fundamental region. 

2) In the overtone region the bands of the hydrogen 

7125 cm-1 

7320 cm-1 

7320 cm-1 

6970 cm-1 _. -._. " 
"'---" 

" 

7325 cm-1 

after adsorption of benzene 

a) b) 
c) 

Figure 4. IR-spectra in overtone region: a) AI-pillared montmorillonite before and after adsorption of benzene; b) Si-pillared 
montmorillonite; and c) HY zeolite. 
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bonded hydroxyls are much broader. Therefore they 
cannot always be resolved from the background in 
the overtone region. 

As one can see from the spectra represented in Figure 
4, this is just the case of the overtone spectra of Al (a) 
and Si (b) pillared samples. (For the comparison spec
trum (c) represents the overtone OH stretching region 
for LZ62-HY zeolite). Since the broad band from the 
hydrogen bonded hydroxyls is invisible, for the silicon 
pillared sample only a single band from terminal sil
anol groups at 7320 cm-I is observed (Figure 4b) that 
is practically identical to the similar band for HY ze
olite at 7325 cm-I (Figure 4c). For the Al-pillared sam
ple the intensity of this band is much weaker and it 
appears as an unresolved shoulder (Figure 4a). 

Unlike the sample pillared by silicon, the overtone 
spectrum of AI-PILC (Figure 4a) contains another much 
stronger band with the maximum at 7100 cm -I, which 
should also be ascribed to isolated hydroxyls. Its po
sition is close to that of the most intensive overtone 
band of HY zeolite at 7125 cm-I (Figure 4c). Thus, 
pillaring with Al apparently results in hydroxyl groups 
nearly as acidic as those in HY, whereas pillaring with 
Si results only in silanol groups. 

This conclusion is also confirmed by adsorption of 
benzene resulting in the case of Al-pillared sample in 
the immediate disappearance of the overtone band at 
7100 cm -I. Simultaneously, as already discussed above, 
a weak band at 3300-3400 cm-I appears in the fun
damental region of the spectrum, which corresponds 
to H-bonded complexes with benzene molecules (Fig
ure 2). Taking into account the Eq. (I), one may derive 
from the overtone frequency the value of VO-I = 3640 
cm-I , close to the value of 3630 cm - I reported by 
Tennakoon et al. (1987). Therefore, the positions of 
the maxima of the corresponding narrow band and the 
broad line from hydrogen bonded hydroxyls in the 
fundamental region coincide, and the former is not 
resolved, being superimposed on the broad bands of 
the hydrogen-bonded hydroxyls (v = 3600-3660 cm-I). 
From the calculated 1'0-1 frequency, it becomes possible 
to evaluate the fundamental frequency shift due to in
teraction with benzene for which Ilv = 250-300 cm-I. 
This is close to the corresponding values reported ear
lier for zeolites. For example, the shift resulting from 
benzene adsorption on H-forms of X, Y, and ZSM-5 
zeolites is equal to 240-350 cm-I (Kazansky et aI., 
1983). Thus, pillaring of montmorillonite by 
AI I30 4(OHh4(H20)I27+ polyoxocations results in the 
appearance of isolated hydroxyl groups with the over
tone band position as well as with the estimated fun
damental frequency close to the corresponding values 
obtained for zeolites. The frequency shift arising after 
adsorption of benzene on these sites also seems to be 
close to the one reported earlier for zeolites. 

Another argument confirming the appearance in AI-

pillared samples of strongly acidic hydroxyl groups 
stems from the spectroscopic investigation of ethylene 
adsorption on the Al-pillared samples. The interaction 
ofC2 H4 with the strongly acidic bridged OH-groups of 
HZSM-5 type zeolites is known to result in olefin olig
omerization, which proceeds even at room tempera
ture (Van Hooff, 1980; Kustov et al., 1984). Unlike 
high-silica containing zeolites, OH-groups offaujasites 
exhibiting a lower acidity are unable to catalyze this 
reaction at 300 K. Such an approach has been realized 
in the case of AI-PILC in order to evaluate the reac
tivity of the isolated acidic hydroxyl groups and to 
compare their properties with those of zeolitic OH
groups. 

In Figure 5, the spectra of AI-PILC are presented in 
the region of the fundamental stretching vibrations of 
C-H bonds just after admission of ethylene and after 
contacting the sample with ethylene for 24 h. As seen 
from the figure, in addition to the vas(C-H) and vs(C
H) lines of ads or bed C2H4 (3100 and 2990 cm- I) new 
bands at 2970, 2930, 2870 cm- I appear immediately 
after contact ofthe AI-PILC with ethylene. The inten
si ties of the lines at 2970 cm- I show a tendency to 
increase with the contact time. Evacuation of the 
preadsorbed olefin at 300 K leads to the disappearance 
of the lines at 3100 and 2990 cm- L

, whereas the bands 
at2970, 2930, and 2870 cm-I remain unchanged. They 
start to decrease in intensities only after heating the 
AI-PILC in vacuum up to 400-500 K. 

According to Kustov et al. (1984) the bands at 2970, 
2930 and 2870 cm-I which appeared after adsorption 
of ethylene onto H-forms ofzeolites should be assigned 
to the resulting oligomers containing both CH (vas = 

2970 cm -I , Vs = 2870 cm -I) and CH2-fragments (vas = 

2930 cm- I, v. = 2860 cm-I). Thus, we may conclude 
that acidic OH-groups of AI-PILC are able to catalyze 
the oligomerization of ethylene. 

Since the intensities of the bands at V < 2970 cm-I 
increased rather slowly with contact time, the reactivity 
of the acidic hydroxyl groups of AI-PILC could be 
estimated as intermediate between that of HZSM-5, 
which catalyzes ethylene oligomerization very quickly, 
and HY, which is inactive. Furthermore, whereas on 
HZSM-5 oligomerization is known to proceed shape
selectively resulting in preferential formation of linear 
polymer chains, AI-PILC, which is characterized by 
larger pores, catalyzes the formation of branched oligo
mers containing a high concentration of CH3 frag
ments. A similar pattern was observed earlier (Telbiz 
et al., 1986) for ethylene oligomerization on strongly 
acidic OH-groups of partially dealuminated faujasites, 
which are also large-pore systems as compared with 
ZSM-5 zeolites. 

Thus, the data obtained show that pillaring mont
morillonites by aluminium hydroxy polycations results 
in the appearance of strongly acidic Bronsted sites ca
pable of ethylene oligomerization. These protons are 
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Figure 5. IR-spectra of AI-pillared montmorillonite pretreated at 770 K (--), just after (- - -), and after 24 h of ethylene 
adsorption (-'-'-). 

not observed when the clay is pillared by silicon com
pounds and should then be associated with the AI pil
lars rather than the clay sheet. In their work, Lewis et 
al. (1985) also reported that, in spite of their good 
thermal stability, Si-pillared clays exhibited only poor 
performances for the cracking of gas oil with a high 
selectivity for coke. This behavior is also consistent 
with the results of the preseht study. These strong acid 
sites cannot be bridged due to the structure of the pil
lared clay, but could bear some analogy with those 
corresponding to extra framework aluminium species 
in zeolites as recently suggested by Bodoardo et al. 
(1994). This extra framework aluminium, the structure 
of which is not known, induces a high acidity in mildly 
steamed zeolites. 
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