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The IR spectra due to  hydrogen cyanide adsorbed by montmorillonite, montmorillonite 
pillared by the oxides of aluminum, zirconium, iron, titanium and chromium, montmorillonite 
pillared by mixed oxides of aluminudzirconium, chromiudzirconium, irodzirconium, and 
chromiudirodzirconium, acid washed montmorillonite, and acid-washed montmorillonite 
pillared by oxides of aluminum and zirconium have been recorded a t  various temperatures 
of thermal pretreatment of the pillared clays. Similar measurements have been made on 
hectorite and hectorite pillared by the oxides of aluminum and zirconium. Substantial 
binding of hydrogen cyanide by Lewis acid sites on the oxide pillars of the clays has been 
shown to take place after heating the pillared clays to 673 K. The formation of such centres 
on the oxide pillared montmorillonite falls in the order A1 > Ti > Zr >> Fe, being undetectable 
for chromium. The effect of the oxide pillar on the sheet structure of the clay is the production 
of binding sites on montmorillonite or hectorite similar to  those observed in zeolite Y and, 
additionally, a distinctive site characterized by an IR spectral band in the 2140 cm-l region 
which is thought to be formed by disruption of the sheet structure with participation of the 
pillar material. The extent of formation of this site on the sheet structure of montmorillonite 
increases in the order of the oxides of A1 < Fe < Zr < Ti < Cr and again for hectorite its 
formation is small for pillaring by aluminum oxide and extensive for pillaring by zirconium 
oxide. 

Introduction 

Smectite clays have provided the starting material for 
the creation of microporous molecular sieves by the 
introduction of cationic hydrolytic polynuclear species 
into the laminated structure of the c1ay.l When the 
separation of the layered structure involves polynuclear 
hydroxy cationic species, introduced by an ion-exchange 
process onto the negatively charged silicate sheets, 
subsequent heat treatment of the clay material results 
in a permanent separation of the sheet structure by 
metallo-oxide pillars anchored to the silicate sheet by 
chemical bonding. Such materials have come to be 
known as pillared inorganic layered compounds (PILC) 
or cross-linked smectites. Their microporosity arises 
from the voids between a regular array of metallo-oxidic 
pillars and metallo-silicate sheets. Early work along 
with more recent developments in the understanding 
of pillared clays have been while their 
roles as catalysts6 and other uses' have been outlined. 

Due to the very different chemical composition of the 
two components of the pillared clays a rational explana- 
tion of their chemical behavior is necessarily complex. 
This is particularly true in considerations of their 
acidity, which plays an important role in their use as 
catalysts.* Recently, the FTIR spectra due t o  hydrogen 
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cyanide adsorbed by the protonic forms of zeolites 
proved useful in identifying the various Br~nsted acid 
sites which engage the hydrogen cyanide by hydrogen 
bonding resulting in a marked enhancement of the 
intensity of the IR spectral band due to C=N stretch 
(VI) along with a shift to higher wavenumber compared 
with the free gas value.g In the gaseous phase, cancel- 
lation of large C-H and CzN bond derivatives in the 
VI mode of hydrogen cyanide causes this fundamental 
to be very weak.1° The increases in IR spectral band 
intensity, which occur on hydrogen bonding of hydrogen 
cyanide, have been attributed to dynamic charge trans- 
fer and polarization effects accompanying the proton 
movement in the hydrogen bonded complex.ll On the 
other hand, hydrogen bonding of hydrogen cyanide to  
ammonia results in an increase in the intensity of the 
v1 band with a wavenumber shift to lower values than 
that of the free gas.12 This IR spectral shift t o  lower 
wavenumbers has been used to discern basic sites 
responsible for the adsorption of hydrogen cyanide by 
the heavier alkali metal ion exchanged near-faujasite 
zeolites. l3 

The present investigation deals with FTIR spectral 
measurements of hydrogen cyanide adsorbed by pillared 
clays where both the composition of the metallo-oxide 
pillar and the sheet structure determine the existence 
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of hydrogen cyanide receptor sites on the pillar and 
sheet materials. 
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Table 1. Powder XRD Data for the Clays and Pillared 
ClaysQ 

Experimental Section 

The Clays. Wyoming montmorillonite and hectorite (N.L. 
Chemicals) were of 200 mesh ('75 pm) particle size fraction. 
Acid-treated montmorillonite was prepared as described in the 
literature,14 starting with sodium-exchanged m~ntmorillonitel~ 
and sulfuric acid such that the acid concentration during 
activation was 1.6 mol L-l. 

Pillaring Solutions. Aluminum. An aqueous solution of 
sodium hydroxide (AJAX Chemicals, laboratory reagent, 0.2 
mol L-l) was added dropwise (0.05 mL s-l) to an aqueous 
solution of aluminum trichloride (Aldrich, 99%, 0.1 mol L-l) 
at  room temperature (293 K) until an OWAl ratio of 2.2 was 
reached. The solution was aged at room temperature for 20 
h before use. 

Zirconium. An aqueous solution of zirconyl chloride (Ald- 
rich, 98%, 0 .1  mol L-l) was aged at 368 K for 8 h before use. 

Titanium. Titanium tetrachloride (Aldrich, 99.9%) was 
added to hydrochloric acid (MAX Chemicals, analytical re- 
agent, 32%) and diluted by the slow addition of distilled water 
to  reach a titanium concentration of about 0.1 mol L-l. This 
solution was then aged at  room temperature for 3 h before 
use. 

Iron. Crystalline p3-oxotriaquohexakis(acetate)triiron(III) 
chloride was prepared from aqueous solutions containing ferric 
chloride (AJAX Chemicals, laboratory reagent) and sodium 
acetate (AJAX Chemicals, laboratory reagent) as described in 
the literature,16 and used as an aqueous solution (0.05 mol 
L-1). 

Chromium. (a) An aqueous solution of chromic nitrate 
(Aldrich, 99%, 0.1 mol L-l) was adjusted to pH 13 by the slow 
addition of aqueous sodium hydroxide (1.0 mol L-l) with 
continuous stirring at room temperature which rapidly gener- 
ates polynuclear anionic Cr(II1) species.17 The solution was 
then acidified (pH 2.0) by addition of perchloric acid (BDH 
Chemicals, AR, 70%, 2.0 mol L-I). This procedure converts 
these anionic species into the corresponding cationic poly- 
nuclear species and has previously been used to generate good 
yields of Cr(II1) hydrolytic 01igomers.l~ A further solution was 
prepared after aging of the solution at  pH 13 for 5 h with 
subsequent acidification. 

(b) Crystalline p3-oxotriaquohexakis(acetate)trichromium- 
(111) chloride and p3-oxotriaquohexakis(formate)trichromium- 
(111) formate were prepared as described in the literature16 and 
used as aqueous solutions (0.05 mol L-l). Pillaring of mont- 
morillonite and hectorite with the chromium(II1) formate 
compound was successful, however, the chromium(II1) acetato 
compound did not exchange into the clays. 

(c) The Cr(II1) hydrolytic dimer was prepared as described 
in the literature,18 and used as an aqueous solution (0.05 mol 
L-1). 

Aluminum /Zirconium. Rezal-67 (Reheis Chemical Co.), an 
aqueous solution which contains randomly polymerized hy- 
drolytic species of aluminum (2.40 mol L-l) and zirconium 
(0.355 mol L-l) was used. 

Iron / Zirconium. An aqueous solution of sodium hydroxide 
(1.0 mol L-l) was added dropwise with rapid stirring to an 
aqueous solution (100 mL) containing ferric nitrate (AJAX 
Chemicals, laboratory reagent, 0.1 mol L-l) and zirconyl 
chloride (0.1 mol L-I) until an OWmetal ion ratio of 0.5 was 
reached. The final solution was aged for 2 h with stirring at  
363 K before use. 

(14) Mokaya, R.; Jones, W. J. Chem. SOC., Chem. Commun. 1994, 
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basal fwhmhof 
heat treatment dool peak 

clay material (K) (2 h in air) (:::I??& (deg) 
sodium-mont R.T. 12.5 0.70 
acid treated-mont R.T. 12.7 0.93 
hectorite R.T. 12.1 2.0 
Zr pil-mont 473 16.2 0.92 
AI pil-mont 473 17.4 1.1 
Ti pil-mont 473 27.8 1.4 
Fe pil-mon 473 17.2 1.0 
Cr dimer pil-mont 473 13.3 0.75 
Cr unaged pil-mont 473 15.2 1.1 
Cr aged pil-mont 473 15.6 1.5 
Cr formate pil-mont 473 15.0 1.2 
AI pi1 acid-treated-mont 473 15.7 1.6 
Zr pi1 acid-treated-mont 473 17.0 0.86 
A V Z r  pil-mont 473 17.7 1.0 
FeEr pil-mont 473 19.9 0.65 

773 18.1 0.75 
Cr/Zr pil-mont 473 19.4 0.76 

773 18.2 0.80 
Cr/Fe/Zr pil-mont 473 19.6 0.80 

773 18.7 0.82 
Al pil-hectorite 473 18.3 1.3 
Zr pil-hectorite 473 17.3 1.3 

montmorillonite, pi1 = pillared, fwhmh 
= full width at half-maximum height of do01 basal spacing peak 
on the 28 scale. 

a Abbreviations: mont 

Chromium lzirconium. An aqueous solution of sodium 
hydroxide (1.0 mol L-I) was added dropwise to an aqueous 
solution (100 mL) containing chromic nitrate (0.1 mol L-l) and 
zirconyl chloride (0.1 mol L-l) until an OWmetal ion ratio of 
1.0 was reached. The final solution was aged for 5 h with 
stirring at 363 K before use. 

Iron / Chromium /Zirconium. An aqueous solution of sodium 
hydroxide (1.0 mol L-I) was added dropwise to an aqueous 
solution (100 mL) containing ferric nitrate (0.1 mol L-l), 
chromic nitrate (0.1 mol L-l) and zirconyl chloride (0.16 mol 
L-I) until an OWmetal ratio of 2.0 was reached. The final 
solution was aged for 2 h with stirring at 363 K before use. 

The Pillared Clays. Samples (1.0 g) of either sodium 
montmorillonite or hectorite were dispersed in water (100 mL) 
and treated with the pillaring solution such that the final 
metal ion content of the slurry solution was 10 times the cation 
exchange capacity of the clay. The reaction mixture was 
stirred for 3 h, and the clay material separated by centrifuga- 
tion and washed with distilled water until the electrical 
conductivity of the washings was reduced to less than 5 mS/ 
m. 

Powder X-ray Diffraction (XRD) and Surface Area 
Measurements. Dispersions of the wet clays were spread on 
glass slides and air dried to form a film which could be heated 
and kept at  the desired temperature (473 or 773 K) for 2 h. 
The XRD patterns were recorded on a Scintag Pad 5 X-ray 
diffractometer. The radiation used was a nickel filtered Cu 
Kal of wavelength 1.540 59 A. The instrument was calibrated 
with a reference silicon powder (National Bureau of Stan- 
dards). The XRD data were collected on clay samples heated 
to 473 K. Raising the temperature to 773 K, as shown by 
selected results in Table 1, caused reductions in the basal 
spacings. 

B.E.T. suface areas of the pillared clays were determined 
from dinitrogen adsorption isotherms (77 K) using a Carlo- 
Erba Sorptomatic (Model 1800) apparatus after outgassing 
(623 K for 16 h) to a residual pressure of 1.0 x Torr ( 1  
Torr = 101325/760 Pa). 
FTIR Measurements. Infrared spectra were measured 

using a Perkin-Elmer 1600 spectrometer with 2 cm-' resolu- 
tion and a 400-4500 cm-l range. Four scans (16 s) of 
hydrogen cyanide adsorbed by self-supporting wafers of the 
clays and pillared clays were recorded as described previouslyP 
The wafers (15 mg, 15 mm diameter, 0.05 mm thick, com- 
pressed by 1500 psi for 15 min and a further 3000 psi for 15 
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Table 2. B.E.T. Surface Area Measurements for the 
Pillared Class 

Jamis et al. 

pillared clays B.E.T. surface areas (m2 g-') 
Ai pil-hectorite 230 
Zr pil-hectorite 280 
AI pi1 acid-treated-mont 260 
Zr pi1 acid treated-mont 279 
Zr pil-mont 225 
Fe pil-mont 280 

Ti pil-mont 320 
Cr unaged pil-mont 316 

MZr pil-mont 240 
Cr/Zr pil-mont 254 
Fe/Zr pil-mont 300 
Cr/Fe/Zr pil-mont 260 

Al pil-mont 200 

Cr aged pil-mont 347 

min) were situated in a cell which allowed control of temper- 
ature, gas pressure, and gaseous environment. Deconvolution, 
derivatization and measurements of area under the curve of 
the IR spectral bands of interest were carried out using the 
instrument computer and software. Infrared spectral band 
areas taken from absorbance measurements (absorbance, 
which is unitless, multiplied by the wavenumber scale) and 
normalized to unit mass are expressed as cm-' mg-'. The 
preparation and purification of hydrogen cyanide were carried 
out as described previo~sly.~ Bearing in mind the highly toxic 
properties of hydrogen cyanide all operations and final disposal 
of materials were carried out with due care. 

Results 

The basal spacings, obtained from the powder XRD 
data of the clays and pillared clays are shown in Table 
1 while measurements of the B.E.T. surface areas of the 
pillared clays are summarized by Table 2. The FTIR 
spectra due to hydrogen cyanide adsorbed by wafers of 
sodium montmorillonite and montmorillonite pillared 
by various metal oxides (the wafers being initially 
heated to 473 K before hydrogen cyanide adsorption) 
were recorded at  room temperature over the wavenum- 
ber range 2180-2080 cm-l and are shown in Figure 1. 
In addition, a relatively broad band centered at  about 
2220 cm-l is observed in the case of the pillared clays. 
The FTIR spectra due to hydrogen cyanide adsorbed by 
wafers of acid washed montmorillonite and this form 
of the clay pillared by oxidic species of aluminum and 
zirconium are shown in Figure 2, while similar observa- 
tions made on montmillonite pillared by the mixed oxide 
combinations aluminudzirconium, chromiudzirco- 
nium, irodzirconium, and chromiudirodzirconium are 
depicted in Figure 3. The FTIR spectral responses of 
hydrogen cyanide adsorbed by hectorite and hectorite 
pillared by oxidic species of aluminum or zirconium are 
shown in Figure 4A. 

Increases in the temperature of the initial heat 
treatment of wafers of the clays and pillared clays leads 
to decline in the intensity of the IR bands in the 2180- 
2080 cm-l region but increases in the intensities of the 
single bands observed in the 2220 cm-l region. These 
changes in IR spectral intensity of bands due to ad- 
sorbed hydrogen cyanide are summarized by Table 3, 
which deals with the decreasing areas of the bands 
observed in the 2180-2080 cm-l spectral region, and 
Table 4, which describes increases in areas which occur 
for the bands observed in the 2220 cm-' region. 

The IR spectral bands due to adsorbed hydrogen 
cyanide by the pillared clays show changes in shape 

2150 2100 
Wavenumba (cm-1) 

Figure 1. Infrared spectra due to hydrogen cyanide adsorbed 
by preheated (473 K) wafers of (a) montmorillonite; and 
montmorillonite pillared by oxides of (b) aluminum; (c) zirco- 
nium; (d) titanium; (e) iron (from basic acetate); (0 chromium 
(dimer hydrolytic form); (g) chromium (basic formate); (h) 
chromium (unaged); (i) chromium (aged). 

2150 2100 

Wave numba (cm-9 

Figure 2. Infrared spectra due to hydrogen cyanide adsorbed 
by preheated (473 K) wafers of (a) acid-washed montmorillo- 
nite; and acid-washed montmorillonite pillared by oxides of 
(b) aluminum and (c) zirconium. 

which are indicative of several spectral components 
which are easier to observe in the fourth derivative of 
the spectra. A typical example of such derivatization 
is depicted by Figure 4B where curvatures are trans- 
lated into resolved bands. 
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2150 2100 

Wave numkr (cm-1) 

Figure 3. Infrared spectra due to hydrogen cyanide adsorbed 
by preheated (473 K) wafers of montmorillonite pillared by 
the mixed oxide combinations (a) aluminudzirconium; (b) 
chromiudzirconium; (c) irodzirconium; (d) irodchromiud 
zirconium. 

The band positions of the spectral components ob- 
tained from derivatization of the IR spectra due to 
adsorbed hydrogen cyanide on the clays and the various 
pillared clays are summarized in Table 5. After adsorp- 
tion of hydrogen cyanide by wafers of the clays and 
pillared clays, partial removal of the hydrogen cyanide 
by evacuation leads to a reduction in the intensity of 
the IR spectral responses in the region 2180-2080 cm-l 
leading to a simplification of their composite nature. 
Those components of the IR spectra in this region which 
survive diminished pressure pumping for 2 min are 
listed in Table 5. Under the same conditions of dimin- 
ished pressure desorption of hydrogen cyanide from the 
pillared clays, very little change in intensity of the band 
in the 2220 cm-' region occurs. 

Losses of hydrogen cyanide from wafers of the clays 
and pillared clays occur as a result of increasing the 
temperature of the wafer after exposure to  hydrogen 
cyanide. The results of such thermal desorptions of 
hydrogen cyanide from wafers initially heated to 473 K 
are shown in Figure 5 for montmorillonite in the sodium 
ion and oxidic pillared forms. The wafers were initially 
heated to 473 K prior t o  hydrogen cyanide adsorption 
and then evacuated. Similar results obtained for acid 
washed and pillared montmorillonite as well as hec- 
torite and pillared hectorite are shown by Figure 6. 

Measurements of thermal desorption designed to 
show the diminished intensity of the bands due to 
adsorbed hydrogen cyanide on pillared clays in the 2220 
cm-l region were made on wafers of the pillared clays 
initially heated to  673 K. This procedure revealed large 
peak intensities for this spectral region. The results 
showed that subsequent heating of the wafers to 573 K 
was required to remove most of the adsorbed hydrogen 
cyanide. 

To strengthen the view that the IR spectral band in 
the 2220 cm-l region is due to hydrogen cyanide ad- 
sorbed by oxidic material, the IR spectrum due to 
hydrogen cyanide adsorbed by the protonic form of 
zeolite Y, steam treated to generate extraframework 

I 
I I 

2150 2100 
Wave n u m k  (cm-1) 

Figure 4. (A, top) Infrared spectra due to hydrogen cyanide 
adsorbed by preheated (473 K) wafers of (a) hectorite and 
hectorite pillared by the oxides of (b) aluminum and (c) 
zirconium. (B, bottom) Infrared spectra due to hydrogen 
cyanide adsorbed by a preheated (473 K) wafer of (a) hectorite 
pillared by zirconium oxide; (b) fourth derivative of spectrum 
(a). 

a l ~ m i n a , ~  was recorded and compared with the IR 
spectrum due to hydrogen cyanide adsorbed by heat 
treated alumina. The results, obtained after removing 
the less tenaciously held hydrogen cyanide by partial 
evacuation, are illustrated by Figure 7 and show the 
presence of the IR spectral band in the 2220 cm-l region 
for both adsorbents. 

Discussion 

An increased separation of silicate layers of the 
smectite clays is achieved as a result of an ion-exchange 
process involving their heterogeneous cation ~itesl9,~O 
and polynuclear hydrolytic species of the multivalent 
cations. Studies of the hydrolysis of cations of alumi- 
num,21 z i r ~ o n i u m , ~ ~ , ~ ~  titanium,24 and chromium1' have 

(19) Stul, M. S.; Mortier, W. J. Clays Clay Minerals 1974,22, 391. 
(20) Peigneur, P.; Maes, A,; Creners, A. Clays Clay Minerals 1975, 

(21) Akitt, J. W.; Elders, J. M. J .  Chem. SOC., Dalton Trans. 1988, 

(22) Lister, B. A. J.; McDonald, L. A. J.  Chem. SOC. 1952, 4315. 

23, 71. 

1347. 
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to the tetrahedral components of the clay sheet by 
covalent  bond^.^^,^^ Linking of alumina and zirconia in 
pillared montmorillonite has been concluded to involve 
the aluminum and magnesium atoms in the octahedral 
components of montmorillonite layer after calcination 
a t  high  temperature^,^^ and heat treatment at  lower 
temperatures may result in a less defined linkage of 
pillar to the clay layer.35 In the case of clearly defined 
Cr(II1) oligomers (dimer-hexamer) evidence for the 
covalent attachment of the polyoxocation to the clay 
layers has also been observed.31 The calcined materials, 
though poorly ~ rys t a l l i ne ,~~  may be considered to  be a 
two-dimensional zeolite.32 The salient features in terms 
of basal spacings, cation-exchange capacity, surface 
areas and conditions of syntheses of the pillared clays 
which are of interest here have been described in the 
literature for montmorillonite pillared by aluminum 
o ~ i d e , ~ ~ - ~ ~  zirconium ~ x i d e , ~ ~ , ~ ~  titanium oxide,41 iron 
o ~ i d e , ~ ~ , ~ ~  chromium oxide,15,44,45 irodaluminum mixed 
oxide,46 and saponite pillared by aluminum oxide.47 In 
considerations of the acidic properties of pillared clays 
the important contribution of the pillars to Lewis acidity 
has been r e c ~ g n i z e d . ~ ~  A thorough water washing of 
the pillared clays prior to calcination is an essential 
prerequisite to obtaining materials characterized by 
well-defined powder XRD bands whose sharpness is 
specified here by small values of the full width at half 
maximum height in units of 28 (Table 1). The basal 
spacings data obtained in this work (Table 1) is in good 
agreement with literature data. The B.E.T. surface area 
measurements on the metal oxide pillared clays (Table 
2) are comparable to  those reported in the literature for 
some of these materials. 

The overall IR spectral features of hydrogen cyanide 
adsorbed by the pillared clays initially heated to 473 K 
are two bands in the 2180-2080 cm-l region and a 
much smaller band at  about 2220 cm-l. Within the 
region 2180-2080 cm-', a band occurs over the range 
2150-2134 cm-l while the broad band in the 2125- 
2080 cm-l region is a combination of three component 
bands centered a t  2114,2108, and 2099 cm-l. The band 

Table 3. Decreasing Total Areas of the IR Spectral 
Bands in the Region 2180-2080 em-' Due to Hydrogen 
Cyanide Adsorbed by Wafers of the Clays and Pillared 

Clays Preheated to Various Temperatures 
hydrogen cyanide peak areas 
(cm-l mg-') at different temp 

clays and pillared clays 473 K 533 K 603 K 673 K 

hectorite 0.29 0.24 0.22 0.21 
Al pil-hectorite 0.74 0.58 0.48 0.28 
Zr pil-hectorite 1.81 1.73 1.12 1.04 
acid-treated-mont 0.39 0.32 0.29 0.24 
Al pi1 acid-treated-mont 0.79 0.70 0.61 0.45 
Zr pi1 acid-treated-mont 1.07 0.91 0.61 0.47 
sodium-mont 0.33 0.28 0.25 0.23 
Zr pil-mont 0.82 0.67 0.57 0.43 
Fe pil-mont 1.01 0.86 0.75 0.64 
Al pil-mont 1.06 0.93 0.80 0.65 
Ti pil-mont 1.08 1.00 0.89 0.80 
Cr-aged pil-mont 1.21 1.06 0.92 0.80 
AVZr pil-mont 1.20 1.14 0.92 0.71 
Cr/Zr pil-mont 1.30 1.23 1.18 1.06 
Cr/Fe/Zr pil-mont 1.49 1.24 1.05 0.71 
Fe/Zr pil-mont 1.60 1.56 1.53 1.46 

Table 4. Increasing Peak Areas of the IR Spectral Band 
in the Region 2220 cm-I Due to Hydrogen Cyanide 

Adsorbed by Wafers of the Pillared Clays Preheated to 
Various Temperatures 

hvdrorren cyanide peak areas 
" I  

wavenumber (cm-l mg-i) a t  different temp 
pillared clays (cm-') 473K 533K 603K 673K 

Al pil-hezorite 
Zr pil-hectorite 
AI pi1 acid- 

treated-mont 
Zr pi1 acid- 

treated-mont 
Zr pil-mont 
Fe pil-mont 
Al pil-mont 
Ti pil-mont 
AVZr pil-mont 
Cr/Zr pil-mont 
Cr/Fe/Zrpil-mont 
Fe/Zr pil-mont 

2217 0.29 0.40 0.51 0.79 
2220 0.08 0.26 0.49 0.56 
2220 0.03 0.09 0.22 0.31 

2219 0.03 0.22 0.25 0.35 

2220 0.03 0.11 0.22 0.23 
2220 0.07 0.03 0.08 0.09 
2218 0.09 0.16 0.51 0.67 
2216 0.17 0.17 0.18 0.29 
2217 0.16 0.33 0.60 0.72 
2219 0.14 0.20 0.37 0.58 
2220 0.02 0.07 0.12 
2220 0.02 0.07 0.17 0.22 

shown the existence of a distribution of hydrolytic 
species. Where evidence has been presented for the 
existence of clearly defined hydrolytic products such as 
[A104,AldOH)24(0H2)1217+,25-27 [Zr4(OH)s(OHz)d8+,28,29 
or more recently [Z~lg84(oHH)36(OHz)~6128+,30 [(TiOIg- 
( O H ) I ~ I ~ + , ~ ~  [(H20)4CrCu-OH)zCr(OH2)414+,18,31 and [Crg- 
(P-OH)~( OH2)9]5+,17,31 these species have been thought 
to play an important role in the exchange process. 
Subsequent heat treatment results in dehydration of the 
metal hydroxide pillars which hold the clay layers in 
place to form slitlike micropores whose pore volume 
depends on the space between the pillars and their 
height. Additionally, there is a reduction in the charge 
of the pillar material with a compensatory transfer of 
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Table 5. Wavenumbers of the Spectral Components of the IR Spectral Bands in the Region 2080-2180 cm-l 
constituent peaks (cm-l) constituent peaks (cm-l) after pumping clay material 

sodium-mont 
Zr pil-mont 
Al pil-mont 
Ti pil-mont 
Fe pil-mont 
Cr dimer pil-mont 
Cr formate pil-mont 
Cr unaged pil-mont 
Cr aged pil-mont 
acid treated-mont 
Al pi1 acid-treated-mont 
Zr pi1 acid-treated-mont 
MZr pil-mont 
Cr/Zr pi1 mont 
Fe/Zr pil-mont 
Cr/Fe/Zr pil-mont 
hectorite 
Al pil-hectorite 
Zr pil-hectorite 
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Figure 6. Decreasing areas of the infrared spectral peaks in the 2180-2080 cm-’ region, which survive diminished pressure 
pumping, due to hydrogen cyanide adsorbed by preheated (473 K) wafers of (a) montmorillonite (A), and montmorillonite pillared 
by the oxides of (b) zirconium (0) (c) aluminum (W (d) aluminudzirconium (O), (e) chromiudzirconium (A), (f irodchromiud 
zirconium (01, (g) irodzirconium (01, (h) titanium (v), (i) iron (acetate) (+), (i) chromium (aged) (v). 
a t  2108 cm-l is often accompanied by a band at  2104 
cm-l. 

The band centered close to 2220 cm-l grows in 
intensity with increasing temperature of thermal treat- 
ment of the pillared clay prior to hydrogen cyanide 
adsorption (Table 4). This mode is absent for sodium 
montmorillonite and chromium oxide pillared montmo- 
rillonite. Its intensity is little affected by evacuation 
and requires a relatively high temperature to reduce 
its intensity. These distinctive properties of wavenum- 
ber and tenacious binding of hydrogen cyanide are 
attributable to the existence of Lewis acid centers on 
the oxidic pillar materials which form chemical coordi- 
nate bonds to the nitrogen atoms of the hydrogen 
cyanide resulting in wavenumber shifts due to its v1 
vibration from the free gas value. These sites are 
formed in significant amounts at  673 K which may be 
compared with the binding of hydrogen cyanide by 
steamed alumina and the extraframework material 

formed in steamed Y ze01ite.~ For pillared montmoril- 
lonite the extent of formation of such centers falls in 
the order of Al > Ti > Zr  >> Fe being undetectable for 
pillaring by chromium oxide. However, the formation 
of Lewis acid sites on the oxidic pillar is more than 
halved for alumina but somewhat increased for zirco- 
nium oxide pillars when using acid washed montmoril- 
lonite. Again, the oxidic pillar material containing 
aluminum or zirconium develops more Lewis acidity 
over the whole temperature range when distributed 
between the clay sheets of hectorite compared with 
montmorillonite. An enhancement in the formation of 
Lewis acid sites is attributable to the presence of 
zirconium oxide in the mixed alumindzirconium oxide 
pillar material. This improvement in Lewis site forma- 
tion is also observed when a mixed chromiudzirconium 
oxide pillar is used rather than a zirconium oxide pillar. 
However, the introduction of iron oxide in the zirconiud 
chromiudiron oxide pillar combination causes a sig- 
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Figure 6. Decreasing areas of the infrared spectral peaks in the 2180-2080 cm-I region, which survive diminished pressure 
pumping, due to hydrogen cyanide adsorbed by preheated (473 K) wafers of (a) hectorite (A), hectorite pillared by the oxides of 
(b) aluminum (01, (c) zirconium (W), (d) acid-washed montmorillonite (01, and acid-washed montmorillonite pillared by the oxides 
of (e) aluminum (a), (f) zirconium (0). 
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Figure 7. Infrared spectra due to hydrogen cyanide adsorbed 
by preheated (673 K) wafers of (a) steam treated (873 K) zeolite 
Y (b) preheated (673 K) chromatographic grade neutral 
alumina. Both spectra were recorded after partial removal of 
hydrogen cyanide by pressure desorption for 2 min at 0.001 
Torr. 

nificant reduction in Lewis site formation, which may 
arise from structural defects in the oxide structure. 

In the case of the adsorption of hydrogen cyanide by 
zeolites, the appearance of the IR bands due to adsorbed 
hydrogen cyanide is accompanied by the progressive 
disappearance or shift of bands in the hydroxyl region. 
Similarly, for the pillared clays their bands in the 
hydroxyl region are affected by the presence of hydrogen 
cyanide. The reduction of the intensity of bands in the 

2180-2080 cm-l region (due to adsorbed hydrogen 
cyanide, after short periods of evacuation) and the 
relatively low temperatures of thermal desorption ( to  
remove the remaining hydrogen cyanide) along with the 
wavenumbers of the IR bands indicate binding of 
hydrogen cyanide by Brmsted acid sites. Thermal 
desorption, which removes the tightly bound hydrogen 
cyanide represented by bands in the 2108 and 2140 cm-' 
regions, distinguishes the strength of binding of hydro- 
gen cyanide as indicated by Figures 5 and 6. The 
steeper parts of the thermal desorption curves involve 
mostly reductions in the intensity of IR bands in the 
2108 cm-l region while the less steep portion of the 
curves results from loss in intensity of the IR bands in 
the 2140 cm-l region which represents the tightly bound 
hydrogen cyanide. The bonding of hydrogen cyanide by 
the Brmsted acidity of the pillared clays may be divided 
into weak (2098,2114 cm-l), intermediate (2108 cm-l), 
and strong (2140 cm-'1. The weak and intermediate 
strength of binding of hydrogen cyanide by the pillared 
clays resembles those observed in the zeolites, particu- 
larly the near-faujasite zeolites. However, these sites 
are present to  a limited extent on the parent clays. Acid 
treatment of montmorillonite enhances their presence 
and, very importantly, generates a new site to  a small 
extent represented by the band at 2136 cm-l as a result 
of some breakdown of the clay sheet structure. In terms 
of active sites for the adsorption of hydrogen cyanide 
what pillaring achieves is the distinctive formation of 
a strong binding site (2140 cm-l) which gives the 
distribution of acid sites a distinctive character. As 
indicated by Table 3, this achievement is greatly 
influenced by the nature of the metal oxide involved in 
the pillaring process and illustrated in Figure 1. The 
results shown in Figures 5 and 6 focus largely on the 
influence of the pillaring material on the increased 
binding of hydrogen cyanide by the stronger receptor 
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sites (2108, 2140 cm-l). For the chromium oxide 
pillared materials, the intensity of the band at  2148 
cm-l is strongly influenced by the hydrolytic processing 
conditions used to prepare the pillaring material. Fig- 
ure 1 shows that the band increases in the order 
chromium dimer, chromium unaged polymer, and chro- 
mium-aged polymer with chromium hydroxyformate 
resulting in a shift of the band to lower wavenumbers. 
In the case of uptake of hydrogen cyanide by mixed 
oxide pillared forms of montmorillonite the wavenumber 
and intensity of this peak is determined largely by the 
zirconium oxide content of the pillar material. X-ray 
crystallographic evidence has been presented for the 
formation of a Zr6Cr408(OH)8 unit in zirconiudchro- 
mium basic sulfates.49 

The adsorption of hydrogen cyanide by the clay sheet 
surface arises from its hydrogen bonding by the Bran- 
sted acid sites on the clay sheet. This results in an 
increase in the intensity of the v1 band and a shift to 
higher wavenumbers. The narrow spectral band widths 
enables the detection of various kinds of Bransted acid 
sites. Similarly coordinate bonding of hydrogen cyanide 
by Lewis acid centres on the oxidic pillar material is 
marked by a distinctive, relatively broader spectral band 
at  much higher wavenumbers compared with the free 
gas value. 

While most of the spectral bands due to adsorbed 
hydrogen cyanide on the clay sheet are similar to those 
encountered in studies of hydrogen cyanide adsorbed 
on  zeolite^,^ in the case of montmorillonite two distinc- 
tive bands in the 2080-2180 cm-l region (due to 
tenaciously held hydrogen cyanide) mark the formation 
of two new Bransted acid sites on the pillared clays 
which are not present on the unpillared material. Their 
occurrence is such that all the pillared montmorillonites 
have one or other of such new sites while some (for 
example, zirconium oxide pillared montmorillonite) have 
both. One of these bands which occurs at  about 2134 
cm-l is also generated by acid treatment of montmoril- 
lonite and marks the extra Bransted acidity which 
enhances the hydrocarbon activity of this material and 
indicates that the pillaring process is equivalent to acid 
washing though it is more successful in the generation 
of this site. 

Chem. Mater., Vol. 7, No. 11, 1995 2085 

It is proposed that the IR spectral band in the 2140 
cm-' region which arises from the hydrogen bonding of 
hydrogen cyanide by a new Bransted site and whose 
intensity may be taken as a guide to the characteristics 
of the pillaring process on the sheet structure of the clay, 
is due to a disruptive short-order structural change in 
the silicate sheet of the clay which serves as a receptor 
site for the hydrogen cyanide and increases in amount 
in the order of pillaring by the oxides of Al < Fe < Zr < 
Ti < Cr. The shift of this IR spectral band to higher 
wavenumbers in the case of the pillaring by chromium 
oxide suggests that the pillar material is part of the 
receptor site. While pillaring of montmorillonite by 
aluminum oxide has a minimal influence on its sheet 
structure as shown by Figure 1, the marked increase 
in the intensity of the IR band at 2148 cm-l indicates 
that acid washing of the montmorillonite results in the 
sheet structure becoming more susceptible to modifica- 
tion by the pillar material which itself, as shown by 
Table 3, is modified so as to  develop a reduced level of 
Lewis acidity at higher temperatures. That this site 
essentially belongs to the sheet structure of montmo- 
rillonite is further demonstrated by its absence in the 
pillaring of hectorite. The effect of the sheet structure 
of hectorite, the trioctahedral analogue of montmoril- 
lonite with principally octahedral substitutions of Li+ 
for Mg2+ ions, as indicated by Table 3, is t o  encourage 
the formation of Lewis acid sites at the higher temper- 
atures of thermal treatment. The effect of the oxide 
pillar on the sheet is minimal for aluminum oxide giving 
an IR spectral band of modest intensity at  2111 cm-l 
while for zirconium oxide, IR bands of much greater 
intensity are observed at 2125 and 2137 cm-l with the 
latter band being resolved into bands at 2141 and 2134 
cm-1. These observations once more point to  structural 
change in the silicate sheets with the production of a 
distinctive receptor site for hydrogen cyanide which 
involves the pillar component and disrupted silicate 
sheet material. 

(49) Gatehouse, B. M.; Platts, S. N. Aust. J. Chem. 1993, 46, 1. 
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