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Physicochemical Properties of a Delaminated Clay Cracking Catalyst
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A delaminated clay cracking r-aml\lct formed by reaction of Na* Laponite with an aluminum

chlorohydrate solution, has been exammed with regard to thermal stability, pore size distribution,
and other catalytically relevant properties. The previously proposed card house structure, wherein

adoa_faca lnvar noorasation comnetag favarably with faca_faca asarsontion i comnatahla with
SGge—iace 1ayer aggregalion compeles 1avorandly witn face-iace aggrégalion, is compatacie wiln

the observed physicochemical properties. Thermal analysis and N, adsorption measurements indi-
cate that the delaminated structure is retained up to ~600°C. Heating above 600°C results in the

naarly ~camunlata ocallanca of tha dalaminatad ctructure at 72000 the formation of enstatite
fncany COMP:IC Couapst Ol tne Geiaminaied Siruciure at /5v', e ormaticn Of enstatile

(MgSi0s), spinel, and quartz at 900°C, and the generation of more spinel (MgAl,O,) and crystobalite
near 1100°C. The N, and n-pentane adsorption isotherms (Type II) fit the BET equation, as ex-
pected for a macroporous structure. The pore size distributions derived from N, adsorption data,
along with pore distributions obtained by Hg intrusion, show that the delaminated clay does, in
fact, consist mainly of macroporosity, qualitatively similar to an amorphous aluminosilicate cata-
lyst containing 22 wt% ALO;. This result is in contrast to the regular microporosity typical of
alumina pillared clays with well-ordered face~face lamellar structures. Finally, temperature-depen-
det IR studies of chemisorbed pyridine on delaminated Laponite indicate that the surface acidity is

mainly of the Lewis type.

Pinnavaia et al. (1-3) have recently dem-
onstrated that the flocculation of smectite
clays by polyoxocations can lead to delami-
nated aggregates when the layer lateral di-
mensions are small (<0.05 um) or the layer
morphology is lathlike. Under these latter
conditions edge—face layer association
competes favorably with face—face associa-
tion. A ‘‘card house’’ structure has been
proposed for delaminated clays which dif-
fers dramatically from the well-ordered
face—face lamellar structures formed by pil-
lared clays when the layer size is large (=2
nm) and pancakelike in morphology (aspect
ratio ~103). Delaminated structures are fa-
vored by the small particle size fraction of
trioctahedral hectorite or, better, by the
synthetic hectorite analog Laponite. The
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more commonly observed lameliar struc-
tures are typified by pillared derivatives of
montmorillonite and beidellite.

Delaminated clays exchanged with po-
lyoxocations exhibit acid catalytic proper-
ties (4) comparable to those of pillared
clays. For instance, equivalent yields of
light cycle gas oil are obtained for the
cracking of gas oil by delaminated and pil-
lared clays at 515°C. Although the reactivi-
ties of delaminated and pillared clays are
similar, delaminated clays exhibit much
greater macroporosity than pillared clays.
Their improved carbon selectivity in crack-
ing, for example, is attributed to their mod-
erate acidity and their macroporosity which
favors desorption of high-molecular-weight
hydrocarbons which otherwise would be re-
tained as coke (5). Enhanced macroporos-
ity also could be an advantage in catalytic
reaction systems where mass transfer is an
important kinetic consideration.

In the present work we examine the po-
rosity and other catalytically related prop-
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erties of a delaminated clay formed by the
reaction of Na' Laponite with aluminum
chlorohydrate (ACH) in aqueous solution.
ACH solutions have been previously
shown (/-6) to contain Keggin-like polyox-
ocations of the type
A11304(OH)24+X(H20)572__§)+. These Al;; oli-
gomers bind readily to clay surfaces by ion
exchange (7-9) and impart catalytically
useful Brgnsted and Lewis acidity (¢, 5, 10-
13) when dehydrated at elevated tempera-
tures. The resuits reported here for delami-
nated Laponite are compared with those for
an ACH pillared montmorillonite and an
amorphous aluminosilicate cracking cata-
lyst, AAA-alumina.

EXPERIMENTAL

The delaminated clay catalyst used in
this work was prepared by reaction of a
synthetic hectorite, Laponite (Laporte In-
dustries, Ltd.), with an aluminum chloro-
hydrate solution (Chlorhydrol, Reheis
Chemical Co.) according to procedures de-
scribed elsewhere (1). The pillared clay cat-
alyst, an ACH pillared montmorillonite,
was prepared according to previously de-
scribed procedures (6). The amorphous sil-
ica—alumina catalyst (78% SiO,, 22%
ALQ;), designated AAA-alumina, was ob-
tained from American Cyanamid.

A Digisorb 2600 from Micromeritics In-
strument Corporation was used to measure
N, sorption, BET surface areas, and pore
size distributions. Mercury penetration
porosimetry measurements Wwere per-
formed using a Quantachrome porosimeter.
Differential thermal analyses (DTA) and
thermal gravimetric analyses (TGA) were
obtained with a DuPont 1090 thermogravi-
metric analyzer using heating rates of 20
and 10°C/min, respectively. Nitrogen (50
cm?/min) was used as a purge gas; the sam-
ple weight was ~10 mg. Infrared (IR) spec-
tra were obtained with a DuPont 1100 spec-
trometer. Self-supporting wafers were
prepared by pressing 8-mg samples on a die
10 mm in diameter for 1 min at ~10,000 Ib
under vacuum. Prior to pyridine sorption,
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the wafers were mounted in an optical cell
and degassed by heating at 400°C for 10 h at
10~% Torr. The pyridine-loaded wafers were
then heated in vacuo in the 25-500°C tem-
perature range for a period of 1 h and the
spectra recorded for each temperature.
Scanning electron micrographs (SEM) were
taken with a JEOL JSM-35 instrument.

RESULTS AND DISCUSSION

The thermal properties of an X-ray amor-
phous delaminated Laponite are shown by
the TGA, DTA, and N, BET surface area
(SA) curves shown in Fig. 1. A sample ini-
tially equilibrated in air under ambient con-
ditions exhibits a cumulative weight loss of
~16.0 wt% over the temperature range 25—
700°C. An additional 1.7 wt% is lost be-
tween 700 and 1100°C and an inflection point
is found between 700 and 800°C. The
weight loss below 700°C is attributed
mainly to the loss of residual pore water
and to the dehydration/dehyroxylation of
the surface-bound aluminum cations.
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F1G. 1. Thermal gravimetric analysis (TGA) and dif-
ferential thermal analysis (DTA) curves for delami-
nated Laponite. Also shown is the dependence of the
N BET surface areas (SA) on dehydration tempera-
ture (6 h heating time).
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F1G. 2. X-ray powder diffraction patterns (CuKa) of delaminated Laponite after calcination in air for

2 h at (a) 400°C, (b) 950°C, and (c) 1100°C.

The loss of water below 700°C is accompa-
nied by a very broad endotherm in the DTA
curve. Also, the inflection point which oc-
curs at 700-800°C in the TGA curve is ac-
companied by a relatively sharp endo-
therm. Two additional thermal processes
are revealed in the DTA curve near 900 and
1100°C.

The X-ray powder diffraction patterns
show that the initial delaminated La-
ponite is essentially X-ray amorphous. As
shown by the diffraction pattern in Fig. 2a,
heating to 400°C for 2 h results in the ap-
pearance of broad diffraction lines which
may reflect partial collapse of the delami-
nated structure and some face—face layer
ordering (de; = 9-10 A). That the delami-
nated structure is lost by 600°C is demon-
strated by the temperature dependence of
the N, BET surface area shown in Fig. 1. In
the range 300-600°C there is only a 10%
decrease in the surface area from the initial
value of 384 m?/g. Above 600°C, however,
the surface area decreases dramatically,
and collapse of the structure is essentially
complete by 730°C, where the surface area
is reduced to =25 m?/g.

The thermal transition which occurs at

700-800°C is not accompanied by the for-
mation of a new crystalline phase. Thus,
the latter transition may represent the de-
hydroxylation of the clay layer and/or the
reaction of the surface aluminum cations
with the silicate sheet of the 2:1 layer
structure. However, the exothermic tran-
sition near 900°C results in the formation of
enstatite (MgSiO;) along with some spinel
and high-temperature quartz, as repre-
sented by the powder diffraction pattern in
Fig. 2b. The more thermally complex reac-
tion near 1100°C affords more spinel
(MgALO,) and the transformation of some
quartz into cristobalite.

Figure 3 shows SEMs of delaminated La-
ponite before and after heating in air at 960
and 1100°C for 2 h. Before heating, the par-
ticles appear as glassy shards. After heat-
ing, the sharp edges are lost, apparently
due to incipient sintering.

Nitrogen and n-pentane adsorption iso-
therms for delaminated Laponite are com-
pared in Fig. 4 with those for an amorphous
aluminosilicate (AAA-alumina)and atypical
pillared montmorillonite. On the basis of
the shapes of the adsorption isotherms up
to intermediate partial pressures (Type II),
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F1G. 3. SEMs of delaminated Laponite after calcination at (a) 400°C, (b) 950°C, and (c) 1100°C.

the delaminated clay and AAA-alumina cat-
alyst exhibit multilayer adsorption behav-
ior. However, the pillared clay exhibits ze-
olite-like Type I behavior, as expected for a
regular, microporous material.

As shown in Figs. 5 and 6, the BET equa-
tion provides satisfactory linear fits of the
N, and n-pentane adsorption data for de-
laminated Laponite and AAA-alumina,
whereas the Langmuir equation does not.
For the pillared montmorillonite, however,
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the Langmuir equation provides a slightly
better fit of the adsorption data than the
BET equation, the correlation coefficients
lying in the range 0.997-0.999. Langmuir-
type isotherms also have been observed
previously for pillared montmorillonite (14,
15).

Incremental pore volume and pore area
distributions for delaminated Laponite, as
determined from the N, adsorption iso-
therms, are compared in Figs. 7 and 8 with
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Fi1G6. 4. A comparison of nitrogen adsorption isotherms (—196°C, left) and n-pentane adsorption
isotherms (25°C, right) for delaminated Laponite, pillared montmorillonite, and amorphous aluminosil-

icate (AAA-alumina).
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F16. 5. Nitrogen adsorption data plotted according to the Langmuir equation (X/V vs X) and BET
equation (X/[V(1 — X)] vs X), where X = P/P,. Values in parentheses are correlation coefficients

obtained by linear regression analysis.

those for the AAA-alumina and pillared
montmorillonite. The pore distributions of
the delaminated clay more nearly approxi-
mate those of the amorphous aluminosili-
cate than the pillared clay (I-3). The de-
laminated clay has 50% of the N, surface
area (384 m?/g) in pores >30 A diameter,
compared with 47% for the amorphous sil-
ica—aluminum. In contrast, only 20% of the
N; surface area of the pillared clay arises

from pores >30 A diameter. Thus, the de-
laminated clay possesses less microporos-
ity than the pillared clay. These results are
in agreement with the originally proposed
card house structures for a delaminated
clay and a face—face lamellar structure for a
well-ordered pillared clay.

The existence of macropores in delami-
nated Laponite is readily demonstrated by
high-pressure Hg intrusion measurements
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FI1G. 6. n-Pentane adsorption data plotted according to the BET and Langmuir adsorption isotherms.
Values in parentheses are correlation coefficients obtained by linear regression analysis.
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FiG. 7. Pore volume distributions determined from the N, adsorption data.

(60,000 psi). In order to obtain greater reso-
lution of the pore distribution in the macro-
porous range, we also have carried out low-
pressure Hg intrusion measurements
(0-1200 psi). The results of the low-pres-
sure measurement are summarized in Table
1. These data show that 50% of the Hg pore
volume (0.22 cm?/g) of the delaminated clay
results from pores =100,000 A. Pores
>15,000 A diameter account for 90% of the
void volume. The corresponding volume
fraction—-pore diameter relationships for

AAA-alumina, are 50% =3600 A and 90%
=950 A. Thus, the structure of the delami-
nated clay results in a much broader macro-
pore distribution than AAA-alumina. For
pillared montmorillonite, the macroporous
volume arises from pores which are inter-
mediate between the delaminated clay and
the amorphous silica~alumina. Macropo-
rosity in pillared clays may be formed by
layer folding and by the generation of void
volume between tactoid particles.

Table 2 compares the absolute values of
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F1G. 8, Pore area distributions determined from the N, adsorption data.
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TABLE 1

Pore Size Distributions Obtained from Low-Pressure
(0-1200 psia) Mercury Porosimetry Measurements

Volume % Pore radius (A)
in given pore
radius range  Delaminated  Pillared AAA-
clay bentonite  alumina
10 500,000 240,000 39,000
30 200,000 78,000 7,900
50 100,000 32,000 3,600
70 56,000 12,000 1,500
90 15,000 2,800 900

the pore volumes and pore areas obtained
by Hg intrusion at 1200 and 60,000 psi. For
the delaminated clay, the Hg pore volume
(0.20 cm?®/g) is lower than the N, pore vol-
ume (0.35 ¢cm3/g). The pore areas for the
delaminated clay and AAA-alumina in-
crease dramatically upon increasing the in-
trusion pressure, as expected for solids
with broad pore size distributions. In con-
trast, the pore area of a well-ordered
pillared clay is much less sensitive to Hg
pressure due to the inaccessibility of the
microporous structure at 60,000 psi.

Infrared studies of adsorbed pyridine
have been useful as a means of probing the
surface acidity of pillared clays (/6). Mont-
morillonites pillared by alumina typically
exhibit both Bronsted and Lewis acidity un-
der ambient conditions. However, at tem-
peratures which more nearly approximate
cracking conditions (400°C), the pyridine is
retained primarily on Lewis acid sites. The
presence of Lewis acidity suggests that the
high activity of pillared clays for gas oil
cracking may involve a hydride abstraction
mechanism, as suggested for other cracking
catalysts with Lewis acidity (7). Thus, it
was of interest in the present work to quali-
tatively compare the pyridine adsorption
properties of delaminated Laponite and pil-
lared montmorillonite.

Pyridine was adsorbed onto a pressed
wafer of delaminated Laponite which had
been previously calcined in air at 400° for 4
hr. Figure 9 illustrates the infrared absorp-
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TABLE 2

Pore Volumes (V) and Pore Surface Areas (&)
Obtained from Hg Intrusion Measurements at 1200

and 60,000 psi
Catalyst 1200 psia 60,000 psia
V (cm’/g) A (m%g) V (cm3/g) A (m¥g)

Delaminated 0.20 0.21 0.24 33.7

Laponite
Pillared 0.24 0.58 0.36 2.7

montmorillonite
AAA-alumina 0.21 1.3 0.55 190.0

tion spectra obtained after heating the pyri-
dine-loaded wafer at various temperatures
under vacuum (107® Torr). The spectrum at
28°C exhibits bands at 1450, 1492, 1579, and
1618 cm™! which are characteristic of pyri-
dine bound to Lewis acid sites. These latter
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F1G. 9. Infrared absorption spectra of (a) delami-
nated Laponite after having been heated under vac-
uum at 400° and of pyridine retained on this delami-
nated Laponite after heating in vacuum to (b) 28°C, (c)
200°C, (d) 300°C, (e) 400°C, and (f) 500°C for t h at
each temperature.
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sites are presumed to be coordinatively un-
saturated aluminum centers on the surface
bound alumina. The band at 1600 cm™! is
attributed to physically adsorbed pyridine.
Significantly, there is no clear evidence for
a 1540-cm~! band which would indicate the
presence of Brgnsted acidity. Thus the sur-
face acidity appears to be mainly of the
Lewis type.

Heating the pyridine-loaded delaminated
clay results in the loss of the physically ad-
sorbed species below 200°C. At 400°C,
most of the chemisorbed pyridine is lost.
Under comparable conditions, a well-or-
dered pillared montmorillonite would retain
significantly more pyridine. Thus the Lewis
acid strength of delaminated Laponite is
somewhat less than a compositionally anal-
ogous pillared montmorillonite. The origin
of the Lewis acidity differences between
delaminated and pillared clays remains to
be investigated.
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