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Reaction of natural hectorite with Al, ZrAl, and Zr polyoxycations generate pillared hectorites
which after heating in air at 400°C/4 h have Langmuir surface areas of 260—300 m?/g thermally stable
to 600-700°C. Spectroscopic studies of sorbed pyridine indicate that these pillared hectorites (like
pillared bentonites) contain both Lewis and Brgnsted acid sites distributed as in the parent (acid-
washed) hectorite. Above 300°C, in vacuo, pyridine is sorbed mainly on Lewis sites. Pillared
hectorites are not as active as the corresponding pillared bentonites in cracking 260-426°C boiling
range gas oils but exhibit greater gasoline selectivity and minimize light gases (C,-C,) generation.
Cracking activity depends mostly on the surface area generated by pillaring and the parent hec-

torite low iron content did not affect the catalyst’s carbon selectivity.

INTRODUCTION

Because pillared clays could be used in
conventional petrochemical processes
(such as fluid catalytic cracking and hydro-
treating), these materials have been receiv-
ing a great deal of attention from the petro-
leum engineer. This new class of catalysts
has been reviewed recently by Pinnavaia
(7). Of particular interest are the properties
of clays pillared with oxide clusters since
these microporous structures have the high
thermal stability necessary in most petro-
chemical applications. Only pillared mont-
morrillonites have been reported to have
useful cracking activity in such important
applications as gas oil cracking, the major
process for gasoline production (2). How-
ever, hydrothermal stability (necessary for
catalyst regeneration) will have to be im-
proved before commercial use in fluid
cracking applications can occur (3).

Pillaring of hectorite with heat-stable in-
organic oxide clusters has been accom-
plished by Endo et al. (4) by hydrolyzing a
silicon acetylacetonate complex in the in-
terlamellar region of the mineral. Shabtai et
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al. (5) reported that by reacting La’**- and
Ce’*-exchanged hectorites with oligomeric
hydroxyaluminum cations, pillared mate-
rials stable to 500°C are obtained. Recently
Pinnavaia and his co-workers (6) discov-
ered that the same hydroxyaluminum oligo-
mer used in pillaring montmorillonites and
hectorites can be used to delaminate clays.
A delaminated (DL) synthetic hectorite was
found to have: (1) gasoline selectivity (in
cracking gas oil) similar to commercial fluid
cracking catalysts containing zeolites; and
(2) light cycle gas oil (LCGO used as fur-
nace oil) selectivity typical of pillared clays
(7). Both clay catalysts have limited hy-
drothermal stability.

This paper explores the properties of
hectorite pillared with ALO;, ZrO,-ALOs,
and ZrO, clusters and presents the physico-
chemical and cracking activity of these
novel materials.

EXPERIMENTAL

Surface Properties

A DIGISORB 2600 from Micromeritics
Instrument Corporation was used to mea-
sure N, sorption, Langmuir and BET sur-
face arca, and pore size distributions.
Mercury penetration porosimetry
measurements were performed using a
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Quantachrome porosimeter. Differential
thermal analysis (DTA) and thermal gravi-
metric analysis (TGA) were obtained with a
DuPont 1090 thermogravimetric analyzer
using heating rates of 20 and 10°C/min, re-
spectively. Air (50 cm?/min) was used as a
purge gas; the sample weight was ~35 mg.
Infrared spectra (IR) were obtained with a
Perkin—Elmer PE-180 spectrometer. Self-
supporting wafers were prepared by press-
ing 15-mg samples on a 13-mm-diameter die
for 1 min at ~8000 b under vacuum. Prior
to pyridine sorption, the wafers were
mounted in an optical cell and degassed by
heating at 300°C for 10 h at 1079 Torr. The
pyridine-loaded wafers were then heated
(in vacuo) in the 200-500°C temperature
range (at 100°C intervals) for periods of 1 h
and the spectra recorded for each tempera-
ture. X-Ray powder patterns were recorded
using a Rigaku computer-controlled diffrac-
tometer equipped with a receiving graphite
monochromator to obtain monochromatic
CuKe radiation and a scintillation detector.

Pillared Hectorites Preparation

ACH-Hectorite. The natural hectorite
used was supplied in spray-dried form by
the Industrial Chemicals Division of NL In-
dustries. It contained calcite and dolomite
impurities and had BET surface area of ~75
m?'g; chemical composition is shown in Ta-
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ble 1. The pH of a slurry, formed by adding
50 g of clay to 10 liters distilled water, was
reduced to 4.3 with 20% HCl. An excess
(150 g) of aluminum chlorohydroxide
(ACH) solution (chlorhydrol from the Re-
heis Chemical Co.) was added dropwise
and the slurry stirred vigorously for 1 h at
50°C. After filtration (under vacuum) and
washing with 6 liters of hot (50°C) distilled
water, the wet cake was reslurried in 10
liters of distilled water and stirred for 1 h.
The slurry was again filtered and the pillared
hectorite washed and air-dried to a consis-
tency which allowed forming into 1/16-in.
extrudates with a bench-scale 2-in. Bonnot
extruder. The air-dried extrudates could
then be crushed with ease and sized into
100 x 325 mesh granules for evaluation and
catalytic testing.

ZCH-Hectorite. Aqueous zirconyl chlo-
ride (ZCH) was prepared by diluting 483 g
of 20% ZrOCl, solution (from Magnesium
Elektron, Inc.) to 3 liters with distilled wa-
ter and then by aging at 60°C for 48 h. This
solution was added (dropwise) to a slurry
containing 50 g hectorite in 10 liters distilled
water titrated to pH 4.0 with 20% HCI; the
final pH of the slurry was 1.9. After stirring
for 0.5 h at 20°C, the pillared clay was
washed by twice repeating the washing
steps described above in preparing ACH-
hectorite. The wet clay was formed into 1/

TABLE 1

Chemical Analysis before and after Pillaring (wt% on Dry Basis)*

Hectorite ACH- ZACH- ZCH- DL-
Hectorite Hectorite Hectorite Hectorite

SiO, 58.20 55.30 55.06 47.73 51.15
Al O, 0.97 14.50 8.76 0.73 21.02
MgO 26,25 23.30 22,25 18.98 24.08
Ca0 4.87 0.10 0.05 0.05 0.04
Na,0 2.62 0.28 0.24 0.17 0.14
K;O 0.22 0.17 0.12 0.09 0.06
Li,O 0.51 0.50 0.48 0.48 0.29
Fe,0; 0.26 0.28 0.29 0.22 0.07
10, il el 8.37 26.80 =
93.39 93.93 95.62 95.25 96.85

4 The difference from 100 is due to residual H,O.
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F1G. 1. Nitrogen sorption isotherms for: (A) ACH-, (B} ZACH-, and (C) ZCH-hectorite after drying

at 400°C/4 h in air.

16-in. extrudates, air-dried, and crushed to
the desired size.

ZACH-Hectorite. This pillared clay was
prepared using the procedure employed in
forming ACH-hectorite. The interlayering
cation was prepared by diluting 73 g of
REZAL 67 (Reheis) to 2 liters with distilled
water and by aging the solution for 48 h at
60°C.

Reheis REZAL-67 is a solution, thought
to contain randomly polymerized polynu-
clear cations with an approximate Al/Zr ra-
tio of 6.7; the metals/Cl ratio is ~1.0. These
solutions are stable to pH values up to 4.0
whereas zirconium chlorhydrate salts pre-
cipitate at pH values between 2.0 and 2.5.
Synthesis of a Zr, Al chlorhydrated
(ZACH) complex with the empirical for-
mula [ZrOCl, - Alg(OH)»]** has been de-
scribed by Beckman (§).

Synthesis and characterization of the de-
laminated (DL) hectorite catalyst used in
this work has been described in detail in the
literature (6, 7).

Cracking Activity

The catalyst’s cracking activity was eval-
nated with a flow system similar to that de-
scribed by Ciapetta and Henderson (9).
Feedstock was a gas oil (260-426°C boiling
range) containing 23.0 wt% furnace oil
(221-343°C) and 74.3 wt% slurry oil (343-

426°C). The charge consisted of 2.5 g of 100
X 325 mesh granules calcined in dry air in
the 300-800°C temperature range. Typical
test conditions were: 515°C reactor temper-
ature, 80-s contact time, and 15 WHSV.
Percentage conversion is defined as: (V;-
V,) 100/V; where Vi is the volume of fresh
feed (FF) cracked and V, is the volume of
product boiling above 204°C.

RESULTS AND DISCUSSION
Surface Area and Stability

As previously reported, the Langmuir
equation best represents nitrogen as well as
nCs—nCyy sorption isotherms in bentonites
pillared with ZrO, and Al,Os clusters since
multimolecular sorption in these clays is
limited by pillar height (/0-12). Figure 1
shows that similar results are obtained with
pillared hectorites (5). In all cases, the BET
equation gives curves concave upward and
only the Langmuir equation gives straight
lines for P/P, values between 0.05 and 0.80.
The change in slope in Fig. 1 is attributed to
a variation in the isosteric heat of sorption
due to variable microporosity resulting
from inhomogeneities in pillars distribution
and in clay platelets stacking. Similar iso-
therms have been reported for the sorption
of n-hexane and benzene in mordenite (/3);
this zeolite has two volumes available for
sorption characterized by (elliptical) open-
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TABLE 2

Pillared Hectorites Thermal Stability
(4 h at Temperature in Air)

Calcination % Retention surface area

temperature
°C) ACH ZACH ZCH
300 100.0 100.0 100.0
400 99.0 91.0 95.4
500 95.0 91.0 96.4
600 81.0 89.5 95.3
700 44.7 44.2 77.0

ings of 6.7 X 7.0 and 2.9 x 5.7 A, respec-
tively (/4).

The reaction of commercial hectorite
with Al, Al-Zr, and Zr polyoxycations
forms pillared clays with Langmuir surface
areas of 260-300 m?/g (stable in air to
~600°C, see Table 2) which after calcina-
tion have variable d(001) spacing of 16.4,
16.0, and 15.1 A, respectively. ZCH-hec-
torite appears to be the most stable struc-
ture (Table 2). X-Ray diffractograms show-
ing the clay d(001) peak before and after
pillaring are shown in Fig. 2. Composition
data are shown in Table 1; N, pore volume
is between 0.14 and 0.18 cm?¥/g. If air is re-
placed by a 95% steam—5% N, mixture, be-
tween 600 and 650°C the pillared hectorites
collapse and the first-order reflection disap-
pears.

The clay catalysts’ macroporosity was
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FiG. 2. X-Ray diffractograms of hectorite (A) before
and after pillaring with: (B) ACH, (C) ZACH, and (D)
ZCH solutions. Samples were heated in air for 4 h at
400°C.

investigated with Hg intrusion runs at low
(0-1200 psig) and high (0-60,000 psig) pres-
sure. Results in Table 3 show that as the
pressure increases, Hg intrudes into
smaller pores and Hg surface area values in
the 25-50 m?/g range are obtained. In pil-
lared hectorites (and in the parent hec-
torite) the observed macroporosity is due

TABLE 3

Mercury Porosimetry Data

P = 1200 psig P = 60,000 psig
Surface area, Pore volume, Surface area, Pore volume,
m?/g cm?/g m/g cmg
Hectorite® 0.51 0.16 29.4 0.24
ACH-Hectorite 0.34 0.11 39.4 0.17
ZACH-Hectorite 1.85 0.14 36.7 0.25
ZCH-Hectorite 0.39 0.15 49.4 0.21
DL-Hectorite® 0.21 0.20 33.7 0.24

4 Spray-dried sample.
» Laponite from Laport Industries.
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TABLE 4

Low-Pressure (0-1200 psig) Mercury Porosimetry Measurements

Pore radii (A)

Volume %

in given pore

ACH- ZACH- ZCH- Hectorite® DL- radius range
Hectorite Hectorite Hectorite Hectorite
84,000 95,000 120,000 110,500 500,000 10
38,000 31,500 58,000 68,100 200,000 30
18,300 9,200 27,000 17,000 100,000 50
7,000 19,800 10,500 6,600 56,000 70
2,200 — 2,770 1,850 15,000 90

¢ Spray-dried sample.

mainly to interstices between particles gen-
erated by the forming procedure used in
preparing the catalysts. In fact, a well-or-
dered ACH-bentonite catalyst prepared di-
rectly from the air-dried clay had a Hg sur-
face area of only ~5 m%g at 60,000 psi. In
contrast, delaminated clay macroporosity
results from edge-to-edge and edge-to-base
connections between the synthetic-hec-
torite (Laponite from Laport Industries)
platelets (15); 50% of the Hg pore volume
thus generated is in pores with radii greater
than 100,000 A (Table 4).
Thermogravimetric (TGA) curves in Fig.
3 show weight losses as a function of tem-
perature. After losing 9% surface water, the
natural hectorite weight remains essentially
constant up to 550°C. Between 550 and
1100°C dehydroxylation causes an addi-

WEIGHT (%)

100 200 300 400 500 600 700 800 900 1000 1100
TEMPERATURE (°C)

F1G. 3. Thermograms of hectorite (A) before and
after pillaring with (B) ACH, (C) ZACH, and (D) ZCH
solutions.

tional 8% weight loss. In contrast, the pil-
lared hectorites weight decreases monoton-
ically with temperature due to losses of
water sorbed on the external surface and in
the microspace generated by pillaring (Fig.
3). Between 550 and 1100°C there is a 3-5%
weight change attributed to removal of wa-
ter resulting from the crystal lattice dehy-
droxylation.

After an endotherm between 100 and
200°C (representing water losses), differen-
tial thermal analysis (DTA) curves are es-
sentially featureless up to 700°C. Then in
the 700-1100°C temperature range, phase
transformation occurs (Fig. 4). The major

i"\/\/\(m

0.4°C
\/\w)
\/\/\/\ (B)
| Il —L | L i
600 800 1000
TEMPERATURE (°C)

Fi1G. 4. DTA profiles of hectorite (A) before and af-

TEMPERATURE DIFFERENCE (°C)

ter pillaring with (B) ACH, (C) ZACH, and (D) ZCH

solutions.
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Fic. 5. X-Ray diffractograms of calcined (950°C/h) hectorite before pillaring (A) and after pillaring

with (B) ACH, (C) ZACH, and (D) ZCH solutions.

phases formed are identified in Fig. 5. The
endotherm at 730°C and the exotherm at
760°C (Fig. 4A) represent the collapse and
recrystallization of the parent clay into en-
statite (MgSiO;); some quartz is also
formed. The broad exotherm at 880°C is at-
tributed to clinoenstatite formation (Fig,
4a). In Fig. SA, the reflection at 26 = 10.60°
is attributed to unreacted dehydrated hec-
torite. Enstatite (and smaller amounts of
clinoenstatite) are also formed by calcining
ACH-hectorite at ~800 and 833°C (Figs. 4B
and 5B); exotherms between ~970 and
980°C are attributed to magnesium alumi-
num silicate (MgO - AlLO; - 3Si0,) forma-
tion. Between 750 and 850°C (Fig. 4C)
ZACH-hectorite forms enstatite and ZrO,;
a small amount of zircon (ZrSiQ,) is also
formed probably from the interaction of
SiO; and ZrO, (16). Zircon is the major
phase formed upon calcining ZCH-hec-
torite in air at 860°C (Fig. 5D); smaller
amounts of enstatite an ZrO, are also
present. The exotherm at ~940°C in Fig.
4D is attributed to a transition from tetrago-
nal to monoclinic ZrO,. Reference powder
data by Brown (/7) and the 1981 Powder

Diffraction File have been used to identify
these phases.

Surface Acidity

Spectra for the clay catalysts in the OH
stretching region show a prominent free
OH band centered between 3650 and 3680
cm~!; a weaker shoulder in the region
3590-3625 cm~! due to H-bonded hydrox-
yls is seen in all the samples studied (Fig.
6-8). Figure 6E represents the spectra of
the acid-washed hectorite before pillaring.
After pyridine sorption, only minor
changes are observed in the OH region indi-
cating little reaction of these hydroxyl
groups with pyridine.

Infrared spectra in the region 1200-1800
cm~! obtained by evacuating the pyridine-
containing pillared hectorites at different
temperatures are shown in Figs. 9-11. A
comparison of these results with those of
Parry (18) for pyridine on solids indicates
that these pillared hectorites, after degas-
sing in vacuo (~107% Torr) at 300°C, contain
both Brgnsted and Lewis acid sites. In
ACH-hectorite, the bands at 1638, 1547,
and 1490 cm™~!, indicative of pyridinium ion
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F1G. 6. Hydroxyl absorption bands for ACH-hec-
torite before (A) and after pyridine sorption and degas-
sing at (B) 200; (C) 300 and (D) 400°C; (E) is the spec-
trum of the acid-washed and dried-hectorite before pil-
laring.

formation, decrease in intensity with tem-
perature. At 300°C, the 1638-cm™! band al-
most disappears; between 300 and 400°C
the 1547- and 1490-cm™! bands’ intensities
are reduced significantly. In contrast,
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FiG. 7. Hydroxyl absorption bands for ZACH-hec-
torite before (A) and after pyridine sorption and degas-
sing at: (B) 200, (C) 300, and (D) 400°C.
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ZACH- and ZCH-hectorite retain pyridine
on Brgnsted sites even after degassing at
400°C in vacuo (Figs. 10C-11C). Bands in
the region 1540-1547 cm~! have been as-
signed to >N*—H groups, the band at
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Fi16. Y. IR spectra of pyridine sorbed on ACH-hec-
torite after degassing at: (A) 200, (B) 300, and (C)
400°C.
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FiG. 10. IR spectra of pyridine sorbed on ZACH-
hectorite after degassing at: (A) 200, (B) 300, and (C)
400°C.

1490 cm™!' to pyridine sorbed on both
Bronsted and Lewis acid sites (/8).

Intensities of bands assigned to pyridine
coordinated onto Lewis acid sites appear to
be almost temperature independent in the
100-400°C range. These are the bands at
1618 and 1450 cm™! in the ACH- and
ZACH-hectorite spectra; these bands are
shifted to 1608 and 1445 cm~! in ZCH-hec-
torite. In summary, like bentonites pillared
with ALLO; clusters, pillared hectorites (af-
ter drying at 300°C in vacuo) contain both
Brgnsted and Lewis acid sites. Above
300°C, in vacuo, pyridine is removed first
from Brgnsted sites and the intensities of its
bands at 1547 or 1540 cm~! (and 1490 cm™Y)
is reduced significantly. In contrast, the in-
tensities of bands assigned to pyridine on
Lewis acid sites seem to be temperature in-
dependent up to 400°C. The presence of zir-
conium seems to enhance the pillared hec-
torite Brgnsted acid strength.

After a mild acid-wash with 20% HCI to
remove an estimated 15-20% carbonate im-
purities, the natural hectorite used sorbs
pyridine on both Lewis and Brgnsted acid
sites as indicated by the bands at 1540,
1490, and 1448 cm™!. (In Fig. 12A, the band
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F1G. 11. IR spectra of pyridine sorbed on ZCH-hec-
torite after degassing at: (A) 200, (B) 300, and (C)
400°C; (D) is the spectra prior to pyridine sorption.

at 1420 cm™' is attributed to the presence of
residual carbonates.) The relative intensi-
ties of these bands do not appear to differ
significantly from those in Figs. 9-11 indi-
cating that pillaring had little effect on acid
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F1G. 12. IR spectra of the acid-washed hectorite be-
fore (A) and after pyridine sorption and the degassing
at: (B) 200, (C) 300, and (D) 400°C.
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sites distribution. As expected, the bands’
absolute intensities increase in the pillared
hectorites due to a near threefold increase
in surface area. The parent (acid-washed)
hectorite and the pillared materials have
similar acid sites strengths since in both
type of catalysts pyridine begins to desorb
at ~300°C.

Cracking Properties

Cracking activity for gas oil conversion
appears to depend mainly on the surface
area generated by ion exchange and dehy-
droxylation (400°C/4 h) of the polyoxy-
cations used to prop open the silicate
layers and not on the pillaring agent used:

Pillars
ZCH ACH ZACH
Conversion 62.7 64.4 65.2
(V% FF, + 1%)
Langmuir surface area
(m¥g, + 5%) 298.0  295.0 270.0
BET surface area
(m¥g, * 5%) 239.0  230.0 201.0
dwo1), A 15.4 16.4 16.0

Before pillaring, the clay had 74.6 m?/g
BET surface area and gave 25.2% conver-
sion. If a zirconyl chloride (ZCH) solution
prepared by dissolving 0.25 mol of ZrOCl, -
4H,0 in 1 liter of deionized water is used,
the pillared product has (after calcination at
400°C/4 h) basal spacing of 16.8 A and BET
surface area of 250 m%g. The greater pillar
height did not affect the catalyst cracking
activity nor product selectivities indicating
that cracking reactions also occur outside
the pillared structure, that is, in the macro-
pores generated by the forming method
used (see Table 3). The ZCH-hectorite with
a basal spacing of ~15.1 A has a Hg sur-
face area of 49.4 m%g and partial delamina-
tion may have occurred during pillaring.

Pillared hectorites are somewhat less ac-
tive than corresponding pillared bentonites
(11, 20). However, liquid products obtained
with these type of pillared clays contain
greater gasoline fractions. Selectivity does

OCCELLI AND FINSETH

not depend on the pillaring agent used in
expanding the silicate layers; the data in
Fig. 13 indicate that cut yields (i.e., gaso-
line; light cycle gas oil, LCGO; and slurry
oil, SO) resemble those obtained with a de-
laminated hectorite (7). Higher yields of the
valuable LCGO fraction (Fig. 13A) are ob-
tained by cracking more of the heavier
components without affecting gasoline pro-
duction (11, 19, 20).

At 67% conversion, the pillared hectori-
tes produced liquids containing 57% gaso-
line and generated 17% (C,-C,). Similarly
prepared pillared bentonites gave (at the
same conversion level) 49% gasoline and
23% (C,—C,). Transition metals impurities
are known to catalyze secondary cracking
reaction forming light gases (and coke) at
the expense of gasoline yields (21); the lack
of metal contaminants in the parent hec-
torite is believed responsible for the cata-
lyst’s low light gases generation (Figs. 13B
and C) and improved gasoline yields.

Carbon generation from these pillared
hectorites is similar to that of an iron-con-
taminated (3-4% Fe,0;) pillared bentonite
used in cracking gas oil at the same crack-
ing conditions (/1) (Fig. 13D). The parent
hectorite’s low iron content (0.3% Fe;0s)
did not improve the pillared clay’s carbon
selectivity, indicating that carbon deposits
from iron-catalyzed cracking reactions are
not the main cause of catalyst deactivation.
Hydrocarbon sorption and polycondensa-
tion reactions are believed responsible for
the pillared clay’s high carbonaceous de-
posits and deactivation (22).

CONCLUSION

Pillaring natural hectorite with ALO;,
ALO;-Zr0,, and ZrO, clusters generates
microporous structures stable in air to
600°C. Initially these clays contain both
Brgnsted and Lewis acid sites distributed in
a manner similar to that observed in the
parent (acid-washed) hectorite. Above
300°C in vacuo, pyridine is sorbed predomi-
nantly on Lewis acid sites. The presence of
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zirconium enhances the catalyst Brgnsted
acid strength.

Pillared hectorites exhibit greater gaso-
line and light gases selectivities but, be-
cause of lower surface area, are somewhat
less active than the corresponding pillared
bentonites in cracking a gas oil at 515°C.
Like pillared bentonites, these clay lack the
hydrothermal stability of commercially
available fluid cracking catalysts containing
zeolites.
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