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Abstract—Ce/Al- and La/Al-pillared smectites were prepared by cation exchange of bentonite, saponite
and laponite with hydrothermally treated (130-160 °C for 16-136 h) solutions containing mixtures of
aluminumchlorohydrate (ACH) and Ce**-/and La3*-salts. After calcination at 500 °C, the pillared products
are characterized by basal spacings between 24.8 and 25.7 A and surface areas of approximately 430 m?
g 1. The products are hydrothermally stable at 500 °C after 2 h in steam. The large basal spacings are
due to the formation of a large Ce/La-bearing Al-polyoxocation, whose formation is favored by initially
high Al concentrations =3.7 M and an OH/AI molar ratio of approximately 2.5. The Ce/Al or La/Al
molar ratios can be as low as 1/30. Z7Al nuclear magnetic resonance (NMR) spectroscopy has shown that
the polyoxocation has a higher Alteushedral/AJoctahedral patjo than the Keggin structure Alj;, which may partly
explain the higher stability compared to normal Al-pillared clays. Hydroconversion of n-heptane indicated
that the activity of the Pt-loaded pillared products is higher than that of a conventional Pt-loaded amor-
phous silica-alumina catalyst. Selectivity is strongly dependent on the type of starting clay and its acidity.
In industrial hydrocracking of normal feedstock, a Ni/W-loaded Ce/Al-pillared bentonite catalyst showed
rapid deactivation due to coke-formation reducing the surface area and the pore volume. Additionally,
coke-formation is facilitated by the relatively high iron content of the pillared bentonite (3.43 wt% Fe,O;).

Key Words—Al,;, Bentonite, Hydroconversion, Hydrocracking, Laponite, Montmorillonite, Pillared
Clays, REE, Saponite.

INTRODUCTION 1984; Kloprogge et al. 1992). Al,; is formed by partial
hydrolysis of AI(III) in a range of OH/Al molar ratios
between 0.5 and 2.5 as shown by Al NMR (Akitt et
al. 1972: Bottero et al. 1980: Kloprogge et al. 1992,
1993) and Small Angle X-ray Scattering (Rausch and
Bale 1964; Bottero et al. 1982). Aluminumchlorohydra-
te or chlorhydrol (ACH) is a commercially available
basic aluminum chloride solution prepared by the slow
dissolution of Al metal in AICl, or HCI solutions. These
solutions, however, contain many polymeric species dif-
ferent from and mostly larger than Al,; (Wang and Hsu
1994), which is thought to be due to the higher prepa-
ration temperature (Schonherr et al. 1983).

Recognition of the catalytic properties of Al-pillared
clays started with the patent of Vaughan et al. (1979).
The high cracking activity of these pillared clays is
believed to be associated with the acidity introduced
by the pillaring of the clay with the Al,; polyoxocation
and the following calcination. The calcination step
causes dehydroxylation of the pillars, releasing protons
according to the following overall reaction (Vaughan
and Magee 1980):

Pillared clays are considered to be interesting 2-di-
mensional, shape selective, molecular sieves of a larg-
er pore size range than zeolites. Barrer and MacLeod
(1955) developed the idea of pillaring montmorillonite
with organic compounds like N(CH,),* and N(C,Hy),*.
The catalytic potential of pillared clays was ignored
for a long time, probably because of their limited ther-
mal stability, although the molecular sieving properties
of these materials were known. Starting in the late
1970s, the synthesis of relatively heat-stable, high-sur-
face-area smectites pillared with inorganic polyoxo-
cations, such as Al, Ti, Zr, Cr and Fe, was reported
(Brindley and Sempels 1977; Lahav et al. 1978;
Vaughan et al. 1979; Yamanaka and Brindley 1979).

The most widely used and extensively investigated
polyoxocation for the preparation of pillared clays is
the Keggin structure of the tridecameric Al,; complex.
This complex [AlO,Al,(OH),,(H,0),,]’* was firstly
proposed by Johansson et al. (1960) based on structural
information from X-ray diffraction (XRD) of basic alu-
minum sulfate. The presence of this complex in the

basic aluminum suifate was later supported by ZAl
magic angle spinning (MAS) NMR (Kunwar et al.

1 Present address: SRTCA, PO Box 38000, 1030 BN Am-
sterdam, The Netherlands.

Copyright © 1996, The Clay Minerals Society

https://doi.org/10.1346/CCMN.1996.0440608 Published online by Cambridge University Press

[AI0,Al,(OH).,(H,0),,]'* = 6.5 AL,0,
+20.5 H,0 + 7 H*
[1]
In these pillared clays, both Lewis and Bronsted acid-
ity have been reported (Occelli and Tindwa 1983;
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Schuiz et al. 1987). At increasing temperatures, the
Bronsted/Lewis acidity ratio decreased, and at tem-
peratures above 400 °C, the acidity was mainly due to
Lewis sites.

An improvement of the thermal stability of Al-pil-
lared clays was reported by Tokarz and Shabtai (1985),
who prepared pillared clay catalysts by first exchang-
ing the clay with Ce3* or La’*, then exchanging these
clays with refluxed, partly hydrolyzed AI(II) solu-
tions. McCauley (1988) and Sterte (1991a, 1991b)
found that hydrothermally stable (steaming, 815 °C)
large-pore pillared smectites with basal spacings in the
range between 25 and 28 A could be prepared from
refluxed or hydrothermally treated solutions containing
mixtures of ACH and salts of rare earth elements
(REE) such as Ce- or La-nitrate. These basal spacings
are large compared to the values between 17 and 19
A normally found for Al-pillared clays. Large-pore
Ce/Al-pillared clays could be prepared from solutions
having a Ce/Al molar ratio of approximately 1/88. At
higher ratios, the formation of these large-pore pillared
clays proved to be unsuccessful.

The larger basal spacing of the (Ce,La)/Al-pillared
clays is thought to be due to the formation of a large
REE containing Al polyoxocation upon hydrothermal
treatment or refluxing of the pillaring solution. Al-
though the interlayer spacing was twice that of a nor-
mal Al-pillared clay, chemical analyses of the pillared
clays indicated the presence of smaller amounts of Al
and Ce or La than expected from a mere polymeriza-
tion of the original Al; polyoxocation. Several others
(Mendioroz et al. 1993; Trillo et al. 1993; Gonzalez et
al. 1992) have pillared montmorillonite in the presence
of RE elements, but did not succeed in the formation
of the large pores in the pillared clays. Instead, they
found values known for normal Al-pillared clays. This
might be explained by the larger reflux period and dif-
ferences in the RE/Al molar ratio. Although the basal
spacing was comparable to Al-pillared clays, Gonzilez
et al. (1992) observed an increased conversion and
selectivity for cracking. For use as a heavy oil crack-
ing catalyst, the larger basal spacing and improved
(hydro)thermal stability are advantageous over con-
ventional Al-pillared clays. McCauley (1988) found
that the Ce/Al-pillared clays provided catalysts with
higher Light Cycle Oil (LCO) selectivity and cracking
than Y-type zeolites. Furthermore, he found that
mixtures of these pillared clays and zeolites were com-
patible systems, exhibiting desirable synergisms such
as the production of less C,—C, and more gasoline than
expected from the single compounds.

This paper reports the preparation of large-pore
RE/Al-pillared smectites. Furthermore, it aims to char-
acterize the structure of these large-pore REE/Al-pil-
lared smectites and to establish their catalytic proper-
ties for n-heptane hydroconversion and heavy oil
(feedstock) hydrocracking.
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MATERIALS AND METHODS
Starting Clays

Two natural, commercially available bentonites
were obtained from BDH Industries (BDH bentonite)
and ECC Ltd. (ASB350s). Both bentonites consist
mainly of montmorillonite with minor amounts of
quartz, cristobalite and feldspars. BDH bentonite had
a general composition of 58.39% SiO,, 18.90% AlLO;,
3.86% Fe,0;, 2.65% MgO, 0.11% CaO, 0.14% K,O
and 2.56% Na,O, and ASB350s had 54.75% SiO,,
23.43% AlLO;, 2.57% Fe,0,, 2.65% MgO, 0.83%
Ca0O, 0.71% K,O and 1.89% Na,O. Laponite, a syn-
thetic fluorohectorite, was obtained from Laporte In-
dustries Ltd. The saponites were synthesized and de-
scribed by Kloprogge et al. (1993), Kloprogge, Breu-
kelaar et al. (1994) and Vogels et al. (1997).

On the bentonite, adsorbed organic compounds
were oxidized in a 30% H,0, solution for 24 h. After
separation, the clay was washed twice in deminerali-
zed water and the <2-pm fraction was obtained by the
conventional centrifugation method. The clays were
brought in the Na form by washing 4 times with 1 3
NaCl solution. Excess Na* and Cl- were removed by
washing at least 4 times with demineralized water. The
presence of Cl- was checked by the AgNO; method
after each washing. After all these steps, minor
amounts of quartz and cristobalite were still present,
as shown by XRD. The laponite and saponites, which
contained no secondary minerals, were not pretreated,
but suspensions were directly prepared by the disper-
sion of 5 g of clay in 0.5 L. demineralized water. All
clay slurries used in this study contained 1 wt% clay.

Pillaring Agents

The ACH solutions were obtained from Reheis
Chemical Company (23.8% Al O;, OH/Al molar ratio
2.5). Stock solutions containing 0.1 M and 1.0 M
Ce(NO,); and 1.0 M La(NO,); were prepared and the
amounts necessary to prepare the pillaring solutions
were taken from these stock solutions. The pillaring
solutions were prepared by hydrothermal treatment of
ACH solutions together with Ce(NO;); and La(NO;),
solutions. The treatments were carried out in Teflon
liners, which fit into stainless steel pressure vessels
that were slowly rotated for periods between S and 136
h at temperatures in the range between 120 and 165
°C. All solutions were in the range between 0.9 and
6.2 M AI** and had (Ce, La)/Al molar ratios ranging
from 4.1 to 50.

Preparation of the Pillared Clays

To assure complete saturation of the clays, excess
amounts of the hydrothermally treated pillaring solu-
tions were added rapidly to the clay suspensions. Mo-
lar ratios ranging from 15 to 30 meq Al/g clay were
obtained. The clay suspensions were allowed to ex-
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Table 1. Experimental conditions.
A/RE Al OH/AI meq
molar conc molar Time Al/g T Basal spacing Sample
RE ratio [02)] ratio T(°C) (h) Solution Clay clay ) nr.
Ce 16.3 4.4 2.5 160 16 clear/prec.
Ce 50.0 1.1 2.5 120 63 gel
Ce 50.0 1.1 1.85 120 63 gel/clear BDH 22.5 300 99 EBPB1
BDH 22.5 400 10.0 EBPB2
Ce 8.2 2.8 1.85 160 12 prec.
Ce 4.1 2.1 2.5 165 16  prec.
Ce 412 2.1 2.5 165 16 gel/prec.
Ce 42.4 5.4 2.5 135 64 clear/prec.
Ce 42.4 6.2 2.5 135 64 clear/prec.
Ce 15.0 4.3 2.5 130 136 clear BDH 30 450 25.2 EBPB3
Ce 15.0 6.2 2.5 130 136 prec.
Ce 15.0 4.3 2.5 150 18 clear BDH 25 500 25.5 EBPBS
Ce 10.0 3.7 2.5 150 18 clear/prec. BDH 25 500 253 EBPB4
Ce 30.0 0.9 2.5 160 16 gel
Ce 25.0 49 2.5 130 64 clear LAP 20 500 Delaminated EBPBS8
Ce 15.0 4.3 2.5 151 19 clear BDH 25 500 25.7 EBPB7
Ce 30.0 5.1 2.5 160 16 clear
Ce 15.0 43 2.5 142 22 clear BDH 25 500 24.8 EBPB10
Ce 15.0 4.3 2.5 162 16 clear ASB 20 500 24.8 EBPB11
Ce 10.0 3.7 2.5 162 16 clear BDH 15 500 25.6 EBPB13
Ce 15.0 43 2.5 132 65 clear NaSAP 20 500 Delaminated EBPBI16
NSAP 20 500 Delaminated EBPB17
NSAP 20 500 Delaminated EBPBI18
La 8.2 2.8 1.85 160 12 prec.
La 15.0 4.3 2.5 130 64 clear BDH 25 500 25.4 EBPB6
ACH BDH 20 250 17.8 EBPB12

prec. = Precipitate; BDH = BDH bentonite; ASB = ASB350s bentonite; LAP = laponite; NaSAP = Na-saponite (LTSAPNa);

NSAP = NH,-saponite (LTSAP11A and LTSAP12A).

change for 24 h at room temperature under constant
stirring, followed by washing 5 times with deminer-
alized water to remove excess ions. After removal of
the water, the clays were dried overnight at 120 °C.
Finally, the exchanged clay samples were slightly
ground and calcined at the desired temperature for 1
h (heating rate 50 °C/h). Table 1 gives a complete list
of all experiments.

Catalyst Preparation

Pillared-clay-based catalysts were prepared for the
hydroconversion of n-heptane and for an industrial hy-
drocracking test. For the hydroconversion experi-
ments, the pillared clays were loaded with 0.8 wt% Pt
by impregnation of a mixture of H,PtCl, and a 65 wt%
HNO,; solution for 1 h. Then they were dried and re-
duced by calcination at 500 °C for 1 h (heating rate
50 °C/min, dwelling 1 h at 350 °C before heating to
500 °C). The catalysts were slightly ground and sized
to 40—100 mesh. This procedure is comparable to the
one used to prepare a hydroconversion catalyst based
on Al-pillared beidellite (Kloprogge, Booij et al.
1994). The catalyst used in the hydrocracking test was
prepared by extrusion of 60 wt% pillared clay together
with 40 wt% alumina. The catalysts were loaded with
3.6 wt% Ni and 15 wt% W by co-impregnation. For
comparison, a commercially available amorphous sil-

ica/alumina catalyst ASA from American Cyanamid
containing 50% SiO, and 50% AlO, is prepared the
same way.

Analytical Techniques

One of the hydrothermally treated Ce/Al pillaring
solutions was investigated by 2?’Al1 NMR spectroscopy.
The spectrum was recorded on a Bruker AM 500 spec-
trometer operated at 130.3 MHz (332 FIDs, spectral
width 125 kHz, pulselength 0.9 ws). The chemical
shifts are reported relative (in ppm) to [AI(H,O)¢]3*.

X-ray powder diffraction patterns were recorded on
a Philips PW 1700 diffractometer using CuKo radia-
tion. Elemental analyses were performed with wave-
length dispersive X-ray fluorescence (XRF). The mor-
phology of the products was investigated with a Phil-
ips EM 420 transmission electron microscope (TEM)
operated at 120 kV. Surface areas were determined
from N, adsorption/desorption isotherms, applying the
BET equation (Carlo Erba Sorptomatic 1800). Pore
volumes were estimated from the liquid volume ad-
sorbed at a relative pressure of 0.98. The relative
Bronsted acidity was determined from Infrared (IR)
adsorption spectra of pyridine adsorbed onto the pil-
lared products.

The hydrothermal stability of the RE/Al-pillared
clays was tested by steaming 1.5 g of sample at 500
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Figure 1. ?’Al NMR spectrum of a hydrothermally treated
Ce/Al pillaring solution: 160 °C/15 h, Al/Ce ratio 10, (Al**)
3.7 M, OH/AI ratio 2.5.

°C for 2 h in a mixture of 50 wt% H,O and 50 wt%
N, (heating rate 200 °C, flow rate 6 g H,O/h).

The n-Heptane hydroconversion experiments were
carried out in a nanoflow tube reactor containing 0.15
g of the catalyst. Prior to the reaction, the catalysts
were dried for 16 h at 120 °C and, subsequently, re-
duced in an H, flow (flow rate 2.24 NmL/min, total
pressure 30 bar) at 400 °C for 2 h. The hydroconver-
sion conditions were temperature approximately 330—
340 °C, total pressure 30 bar, H, flow rate 2.24 nmL/
min, gas hourly space velocity (GHSV) 1020 NmL/
g'h, and n-C, flow rate 0.15 g/h. The effluent was an-
alyzed by on-line gas chromatography.

RESULTS
Thermal Treatment of the Pillaring Solutions

As shown in Table 1, under certain conditions clear
solutions are formed, while in the solutions with an
OH/AIl molar ratio of 1.85 a white precipitate is ob-
served. This precipitate was identified by XRD as
pseudoboehmite (Al,;0,,(OH),;Cl;). These solutions
have not been used to pillar the smectites. To obtain
clear solutions, a minimum aluminum concentration of
3.7 M and an AI/RE molar ratio of 30 is needed. Fig-
ure 1 shows the Al NMR spectrum of such a solution
after hydrothermal treatment [AI/RE molar ratio 10,
(AI’*) 3.7 M, OH/Al molar ratio 2.5, treatment 160 °C/
15 h]. This spectrum exhibits 3 signals: 1) a sharp
octahedral signal at 0 ppm assigned to monomeric Al;
2) a broad octahedral signal at approximately 5 ppm
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(FWHH = 2690 Hz); and 3) a broad tetrahedral signal
at approximately 75 ppm (FWHH * 1630 Hz). The
characteristic signal due to Al,; at approximately 63
ppm is not observed after the hydrothermal treatment.
The last 2 broad signals are thought to represent the
polymer(s) probably formed during the hydrothermal
treatment. The integrated peak areas indicate a ratio of
approximately 81 octahedral Al to 14 tetrahedral Al,
which is quiet near a ratio of AIV/AIY of 6. Because
no information on missing intensities or unobservable
Al is available from these solutions, the above-men-
tioned ratio is only a rough approximation.

Pillared Smectites

Figure 2 depicts the XRD patterns of the pillared
smectites after calcination. Sample EPBP2 pillared
from a gel containing solution has a basal spacing cor-
responding to a non-pillared smectite with a collapsed
interlayer containing probably only H* or AI>* as in-
terlayer cation (Figure 2a). This indicates that, after
the hydrothermal treatment of the pillaring solution,
all of the Al polymers are present in the gel. Pillaring
from clear solutions results in expended basal spacings
in the range between 24.8 and 25.7 A for both types
of bentonites (Figure 2b). The XRD patterns of the
BDH bentonites reveal 2 sharp reflections at 26 values
of 22.0° for cristobalite and 26.6° for quartz. These
minerals are absent in ASB350s. Steaming at 500 °C
for 2 h resulted in an increase in intensity and a de-
crease in linewidth of the basal reflection caused by
an increased crystallinity, indicating a more regularly
pillared structure (Figure 3). The pillaring of laponite
and saponite resulted in the disappearance of the basal
reflections, indicating delamination (Figure 4).

In Table 2, BET-surface areas, T-areas and pore vol-
umes calculated from N, adsorption/desorption iso-
therms of 2 pillared BDH-bentonites and the starting
BDH-bentonite are shown (starting material data sup-
plied by M. Crocker, KSLA). Interlayer spacings have
been calculated from the basal spacings, assuming an
average layer thickness of 9.6 A. The pillared benton-
ites have slit-like pore geometries without any micro-
porosity (pores smaller than 20 A). The large average
pore diameters in the range between 60 and 70 A are
interpreted as being caused by the macroporosity cre-
ated by the clay particle aggregation in a ““house-of-
cards-like” structure (edge-to-face and edge-to-edge
arrangements of particles as observed by TEM).

The chemical analyses reveal that the pillared ben-
tonites contain appreciably higher amounts of Al and
small amounts of rare earth elements (REE) (Table 3).
Assuming that the chemical composition of the clay
layers does not change upon pillaring and that all Ce
is incorporated into the pillar structure, the Al/Ce mo-
lar ratio in the pillars can be calculated. The chemical
data indicate that much less Ce is incorporated than
was originally present in the solution. Molar ratios of
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Figure 2. XRD patterns of pillared smectites: a) BDH-ben-
tonite pillared with gel containing solution (EBPB2); b)
BDH-bentonite pillared with solutions having an Al/Ce ratio
of 10 (EBPB4), 15 (EBPB3) and 30 (EBPB10) and Al/La
ratio of 15 (EBPB6).

62.9 and 57.8 are observed instead of 10 (EBPB4) and
15 (EBPB11 and 13).

TEM photographs show that the pillared bentonites
exhibit a ‘“‘house-of-cards-like” structure with parti-
cles aggregated in an edge-to-face, edge-to-edge, and
face-to-face orientation (Figure 5). This type of aggre-
gation explains the observed large average pore sizes
found by N, adsorption/desorption. Basal spacings cal-
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Figure 3. XRD pattern of pillared bentonite EBPB13 prior
to and after steaming at 500 °C for 2 h.

culated from the lattice fringes for sample EBPBS, for
example, are in the range 16.5 to 22.5 A, which is
slightly smaller than observed with XRD.

Hydroconversion and Hydrocracking Experiments

Hydroconversion experiments for n-heptane were
first carried out at a reactor temperature of 340 °C. At
this temperature, all of the Pt-loaded Ce/Al-pillared
clay catalysts prepared from EBPB3, —4 and —5
yielded 100% conversion. Therefore, the reaction tem-
perature was lowered to 330 °C and all experiments
were rerun with the Pt-loaded Ce/Al-pillared clay sam-
ples EBPBS, —11 and —13 (Table 4).

Pyridine adsorption on EBPB5 showed that a linear
relationship exists between the number of Bronsted
acid sites, as shown by the intensity of the IR absorp-
tion band at 1545 cm™!, and the conversion. The
Bronsted acidity is much higher than in the amorphous
silica/alumina ASA commercial catalyst.

The industrial hydrocracking test, using a Ni/W-
loaded catalyst based on the pillared clay EBPB13,
shows that the initial activity of the Ce/Al-pillared clay
catalyst is slightly better than other catalysts like
Ni/W-loaded amorphous silica/alumina ASA. The pil-
lared clay catalyst deactivated very rapidly, whereas
the ASA based catalyst showed practically no deacti-
vation. The selectivity for the middle-distillates for the
pillared clay catalysts is slightly lower than for the
ASA catalyst, being 71 and 74 wt%, respectively, at
40% conversion. Investigation of the pillared clay cat-
alysts after the hydrocracking test showed that the hy-
drogenation function of the catalyst was still intact, but
that the surface area and pore volume were signifi-
cantly reduced due to coke formation, making the ac-
tive site inaccessible for the feedstock hydrocarbons.
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laponite

pillared laponite

pillared LTSAPNa

pillared LTSAP11A

pillared LTSAP12A
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Figure 4. XRD patterns of laponite and its pillared ana-
logues (Al/Ce ratio 25, EBPB8) and pillared saponites (Al/
Ce ratio 15, EBPB 16, 17 and 18).

DISCUSSION
Structure of the Ce/Al-Pillared Smectite

The formation conditions of the Ce/Al polyoxoca-
tion responsible for the formation of pillared clays
with basal spacings larger than 24.8 A seem to be
mainly determined by the AI(III) concentration and the
OH/AI molar ratio in the pillaring solutions. Concen-
trations that are too low and/or OH/Al molar ratios
result in the formation of fibrous boehmite. The results
presented in Table 1 indicate that the time and tem-
perature at which the solutions are hydrothermally
treated are not very critical, because pillared clays
could be prepared from solutions treated at conditions
ranging from 16 h at 160 °C to 136 h at 130 °C.

A few years ago, Fu et al. (1991) investigated the
aging processes in alumina sol-gels. The Al NMR
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Table 3. Chemical compositions (wt% oxides) of the starting
bentonites BDH and ASB350s and their pillared derivatives.

BDH-bent EBPB4 EBPB13 ASB350s EBPB11
Si0, 5839  47.05 5005 5475 4235
ALO, 1890 2853 2985 2343  29.67
Fe,0, 3.86 3.29 3.43 2.57 2.14
MgO 265 1.99 2.16 2.65 1.49
Ca0 0.11 — — 0.85 —
K,0 0.14 — — 0.71 —
Na,0 2.56 — — 1.89 —
Ce,0, — 0.84 0.89 — 0.83

observations after prolonged aging showed, in addition
to the well-known tetrahedral signal at 63 ppm of the
Al};, 2 other tetrahedral resonances at 70.2 and 75.6
ppm. The 75.6-ppm resonance became dominant with
increasing aging time. These 2 additional resonances
were attributed to polymeric species formed upon pro-
longed aging at elevated temperatures. They proposed
a model in which the signal at 70.2 ppm is assigned
to a species Al,,O;, formed by the loss of one octa-
hedron per Al;; unit, and the linkage of 2 of these
reduced Al,; species. The 75.6-ppm signal was, along
the same line of reasoning, attributed to an even larger
species formed by the linkage of the Al,,O;, species.
These large Al species were more thermally stable
than the Al;; polyoxocation, which was thought to be
due to the higher AI'"Y/AIV! ratio. Turner (1976) and
Tsai and Hsu (1985) found that these larger Al species
were much more resistant to attack by acid or ferron
than the Al;; species.

The observed tetrahedral Al signal at 75 ppm and
the octahedral signal at S ppm observed in this paper
are tentatively assigned to a species present after hy-
drothermal treatment of REE containing ACH solu-
tions with a structure comparable to that described by
Fu et al. (1991). They observed an AIV/AI'Y ratio of
approximately 8.4, which is somewhat higher than the
value of approximately 5.8 observed in this paper
based on surface integrals of the 2 signals, but also
significantly lower than the theoretical value of 11
based on their model. The interpretation of the ratio
in this paper is open for discussion, because no infor-
mation on NMR-invisible Al is available: it can be
significantly higher or lower (Kloprogge 1992).

Chemical analyses of the pillared clay revealed that
the pillars contain approximately 1 Ce atom per 58 to
62 Al atoms, which is less than in the initial pillaring

Table 2. Surface areas and pore volumes of RE/Al-pillared BDH bentonites.

Micropore Avg. pore Interlayer
BET-area T-area Pore vol. vol. diameter spaging
Sample (m? g1 (m? g7y (cm® g7") (ecm?® g1) (A) (A)
BDH-bent. 54 31 0.10 n.d. n.d. n.d.
EBPB6 426 478 0.24 0.00 70 15.8
EBPB7 431 438 0.23 0.00 60 16.1
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TEM photograph of Ce/Al-pillared bentonite

Figure 5.

EBPBS (1 cm = 43 nm).

solution. McCauley (1988) reported that at least 1 Ce
atom has to be present per 52 Al atoms to obtain pil-
lared clay structures with large pores. On the basis of
this observation in combination with the fact that the
observed interlayer spacing of approximately 15 to 16
A is equivalent to about 10 superimposed oxygen lay-
ers, he proposed a structure in which 1 Ce atom in
tetrahedral coordination is surrounded by 4 Al,; units
more or less comparable to the model of Fu et al.
(1991). Sterte (1991a, 1991b) calculated from his
chemical analyses of La/Al-pillared clays that approx-
imately 1 La atom was present per 14 to 17 Al atoms,
which is much higher than that observed by McCauley
(1988) and in this paper. This may be explained by
the presence of free La’* in the interlayer due to the
excess La present in the solution with an Al/La molar
ratio of 5.

The large differences in the AI/RE molar ratios ob-
served in large-pore pillared clays by various authors
and the fact that several scientists (Mendioroz et al.
1993; Trillo et al. 1993; Gonzilez et al. 1992) did not
succeed in the formation of large-pore pillared clays
in the presence of Ce and La, but only in Al-pillared
clays, indicate that there is little consistency about the
formation and structure of RE/ALl pillars. The Al/Ce

https://doi.org/10.1346/CCMN.1996.0440608 Published online by Cambridge University Press

Booij, Kloprogge, and Van Veen

Clays and Clay Minerals

Table 4. Results of the hydroconversion experiments.

C-C,

Conversion  Selectivity ~ conversion
Sample Clay (wt%) i-C, (wWt%)
EBPBS BDH 85.19 47.35 29.14
EBPB13 BDH 86.04 50.53 28.24
EBPB11 ASB350s 85.50 84.04 13.13

ratio and the Al NMR chemical shifts observed in
this paper do not rule out the structure proposed by
McCauley (1988) or Fu et al. (1991). However, the
AIV/AIY ratio of 5.8 seems to be too low compared to
the expected value of 12, based on McCauley’s model,
and is closer to the value of 8.4 reported by Fu et al.
(1991). If the value near 5.8 is significant, it can be
suggested that, upon refluxing or hydrothermal treat-
ment of RE containing AL pillaring solutions, poly-
merization consuming 4 Al,; units takes place around
1 RE atom. This occurs with a change of 1 Al-octa-
hedron in each of the 4 Al,; units to a tetrahedral con-
figuration, to obtain a better fit of the Al; units in the
new structure. This would result in an Alectahedral/ A Jera-
hedral ratio of 5.5.

Pillaring bentonites with RE/Al polyoxocations
yielded pillared products with basal spacings in a rel-
atively narrow range between 24.8 and 25.7 A. In-
creasing the meq Al/g clay to values above 15 does
not significantly change the basal spacing nor the reg-
ularity of the pillar distribution. Pillaring results in a
strong increase in BET surface area from 54 m? g! to
values of approximately 430 m? g-!, together with a
doubling of the pore volume due to the formation of
macropores. These macropores are at least partly due
to the formation of the so-called ‘‘house-of-cards-
structure” of the aggregates. Steaming at S00 °C re-
sulted in increased crystallinity, which is in contrast to
observations on Al-pillared clays. Vaughan (1988), for
example, found that even under mild hydrothermal
conditions (at 600 °C) the pore structure of the Al-
pillared clay completely collapsed. On the other hand,
McCauley (1988) observed that under much more se-
vere steaming conditions (100% steam at 815 °C for
5 h) the surface areas of some Ce/Al-pillared clays
were still as high as 280 m? g~

In contrast to the RE/Al-pillared bentonites, the
XRD patterns of the RE/Al-pillared saponites and la-
ponite showed that these clays exhibited a delaminated
structure without long-range layer stacking as indicat-
ed by the absence of basal reflections. However, short-
range stacking of a few clay sheets cannot be ruled
out. The results of Occelli et al. (1984, 1987) for Al-
pillared laponite suggest that some short-range layer
stacking occurs.

Catalytic Properties of the RE/Al-Pillared Smectites

The results of the n-heptane hydroconversion ex-
periments show that the activity of the Ce/Al-pillared
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clay catalyst is higher than that of the amorphous sil-
ica/alumina ASA. These results are in agreement with
the data obtained from the IR spectra of the catalysts
with chemisorbed pyridine, showing that the Bronsted
acidity of the pillared clay is much higher. The con-
version at 330 °C is more or less comparable for all
Ce/Al-pillared bentonite catalysts, but the selectivity
for i-C, does show large differences. The BDH-ben-
tonite-based catalysts show a much lower selectivity
of approximately 50%, whereas the ASB350s-benton-
ite-based catalysts have a selectivity of about 84%.
Furthermore, The ASB350s-based catalysts show a fa-
vorably lower C,—C, conversion of approximately 13
wt% in contrast to the 29 wt% for the BDH-based
catalysts. This lower light gas production is probably
related to the lower iron content in the ASB350s-ben-
tonite. According to Occelli (1986), iron can facilitate
secondary cracking of heavier hydrocarbons to light
gases (and may also promote some coke formation) at
the expense of the gasoline formation.

The initial activity of the RE/Al-pillared clay cata-
lysts in the industrial cracking test was slightly higher
than the amorphous silica/alumina ASA. However, the
rapid coke formation caused very rapid deactivation
and the activity soon dropped below the level of the
ASA catalyst (but the hydrogenation component re-
mained intact). Occelli and Lester (1985) investigated
the coke forming reactions in Al-pillared bentonite cat-
alysts. They found that the combination of the pores
formed upon pillaring and the Lewis acidity facilitates
coke formation due to the sorption of aromatics and
condensation. The still larger pores in the RE/Al-pil-
lared clays also facilitate the diffusion of high molec-
ular weight hydrocarbons into the interlayer: therefore,
a similar coke forming process is assumed to be re-
sponsible for the deactivation. Additionally, at the
temperatures used during hydrocracking, Fe present in
the clay structure can be active in dehydrocyclization
and cracking reactions, resulting in the formation of
coke. Lussier et al. (1980) showed that reduction of
the Fe content in pillared clays resulted in reduced
coke levels. The relatively high Fe content of the
Ce/Al-pillared BDH-bentonite may therefore be re-
sponsible for some additional coke formation.

CONCLUSIONS

Pillaring of bentonites with hydrothermally treated
or refluxed and partly hydrolyzed AI(IIT) solutions
containing RE elements such as Ce or La results in
the formation of hydrothermally stable pillared clays
with basal spacings of approximately 25 A and high
surface areas. These materials show conversion levels
around 85% in the hydroconversion of n-heptane. The
selectivity is strongly influenced by the iron content
of the starting bentonite. The best selectivity and low-
est light gas productions are found when the clay has
a low Fe content. In hydrocracking reactions, rapid
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deactivation due mainly to strong coke formation is
observed. Pillaring saponite or laponite results in a de-
lamination of the clay structure.
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