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Structural fluorine atoms in the 2 : | layered silicate framework of fluorohectorite have a profound
effect on the acidity of alumina-pillared derivatives prepared by intecalation of Al;, polycations and
subsequent calcination at elevated temperatures. The alumina-pillared clay formed by calcination at
350°C exhibits greatly enhanced catalytic activity for propylene alkylation of biphenyl, relative to
nonfluorinated smectite hosts. However, calcination of the Alj; intercalate at 500°C results in a
relatively inactive clay with greatly diminished NH; and pyridine chemisorption properties. The
effect of the calcination process on the clay layer structure was carefully studied by Al, *Si, and
PE MAS-NMR and FTIR spectroscopic methods and by mass spectrometric analysis of volatile
by-products. It was shown that between 30 and 500°C, specific lattice fluorine atoms adjacent to
charged sites in the octahedral sheet of the layers are replaced by hydroxy! groups. At calcination
temperatures below 350°C the Brgnsted acidity of protonated hydroxyl groups in the layers is
enhanced by the electron-withdrawing effect of near-neighbor fluorine atoms at neutral sites in the
octahedral sheet. A mechanism for fluorine hydrolysis is proposed in which gallery water molecules,
formed by the dehydroxylation of the alumina pillars, migrate to hexagonal oxygen cavities above
the reactive fluorine positions. Between 350 and 500°C, a second process occurs that causes
dehydroxylation of the layers, and this results in a sharp decrease in the acidity and catalytic
activity of the pillared clay. The relationships between structure and reactivity suggest that the
acid-catalytic activity of an alumina-pillared clay can be mediated by controlling the relative amounts
of hydroxyl groups at charged octahedral sites and fluorine atoms at neutral octahedral sites in

the host clay. « 1993 Academic Press. Inc.

INTRODUCTION

Owing to growing environmental con-
cerns over the disposal of depleted acid cat-
alysts, there is interest in replacing tradition
catalysts, such as aluminum chloride and
hydrofluoric acid, with recyclable solid
acids. In order to obtain materials competi-
tive with the strongest homogeneous acid
catalysts for organic isomerization, alkyl-
ation, and acetylation reactions, several
strategies are being explored to improve the
acidity of existing acidic compounds. Reac-
tions of inorganic oxides with metal halides,
for instance, have afforded strong acid ma-
terials (/). Fluorine, due to its strong
electron-withdrawing properties, can im-
prove the thermal stability and increase both
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the Lewis and the Brgnsted acidity of an ox-
ide when incorporated into the framework
structure. It has been known for some time
that the incorporation of fluorine in zeolites
and related oxides enhances their acidity
(2, 3). Fluorinated aluminas and silica—
aluminas, in particular, can be stronger acids
than concentrated sulfuric acid (3).

Much less work has been reported on the
influence of fluorine substitution on the acid-
ity of layered silicate clays. Fijal et al. have
reported an improvement in catalytic prop-
erties of NH,F-treated montmorillonite (4).
However, it is difficult to introduce fluorine
into a 2:1 smectite lattice without causing
extensive destruction of the octahedral
layer. It is much easier to introduce struc-
tural fluorine during the clay synthesis. In-
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deed, the synthesis of fluorohectorite has
been known for some time (5). Suzuki et
al. observed that fluorohectorite was much
more active for the conversion of 2-propanol
and ethanol than its nonfluorinated ana-
logues (6). In the case of metal-oxide-
pillared clays, Sakurai et al. reported an
acidity enhancement for alumina-pillared
fluortetrasilicic mica containing La** ex-
change ions (7).

We reported recently that alumina-
pillared fluorohectorite was very active for
the propene alkylation of liquid-phase
biphenyl (8). This catalyst exhibited signifi-
cant Brgnsted acidity, which is unusual for
alumina-pillared smectite clays. Only alumina-
pillared beidellite was previously known to
be a strong Brgnsted acid (9). Most alumina-
pillared clays exhibit strong Lewis acidity.
We also have observed that the acid cata-
lytic activity of alumina-pillared fluoro-
hectorite clay is greatly reduced upon out-
gassing at temperatures above 350°C. That
is, the presence of fluorine in the layer struc-
ture enhances the acidity of the alumina pil-
lared clay at outgassing temperatures below
350°C, but at higher temperatures, the acid-
ity is greatly diminished. In the present work
we elucidate the structural factors which
mediate the acidic properties of alumina-
pillared fluorohectorite.

EXPERIMENTAL
Materials

A high charge density synthetic Li*-
fluorohectorite with a cation exchange ca-
pacity of 150 meq/100 g was used for pillared
clay synthesis. The pillaring agent was the
Keggin-like ion [Al;O,(OH),(H,0),,]""
generated by base hydrolysis of an alumi-
num chloride solution at an OH/Al molar
ratio of 2.4. Aqueous suspensions of clay (1
wt%) were added slowly at room tempera-
ture to the vigorously stirred pillaring solu-
tion containing aluminum in large excess (15
mmol Al/meq clay). The reaction mixture
was aged 12 h at room temperature, and the
flocculated clay was then washed free of
chloride ion (as observed by AgNO; test)
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by repeatingly placing the clay in suspension
in deionized water and then centrifuging.
The final products were air-dried on glass
plates and then calcined in air 12 h at the
desired temperature,

A low charge density synthetic Li"-flu-
orohectorite, Laponite B, with a cation ex-
change capacity of 73 meq/100 g, was ob-
tained from Laporte. This material was used
as received for confirmatory ’"F MAS-NMR
measurements.

Clay Characterization

Cationic exchange capacities (CEC) for
Li*-fluorohectorite and Li~-Laponite were
measured according to the procedure de-
scribed by Busenberg and Clemency (/0).
The clay was ammonium exchanged with
ammonium acetate, air-dried, and then re-
suspended in water. The amount of ammo-
nia liberated under strong basic treatment
was measured with an ammonia-specific
electrode.

Li and Mg analysis were carried out by
the University of lllinois Elemental Analy-
sis Laboratory. X-ray diffraction patterns
(CuK ) of oriented films were obtained with
a Rigaku X-ray diffractometer equipped
with a rotating anode. Continuous flow N,
adsorption—-desorption isotherms at 77 K
were obtained on a Coulter Omnisorb 360
CX sorptometer. All samples were out-
gassed at 150°C for 12 h under 10™* Torr.

Temperature-programmed ammonia de-
sorption (TPD) curves were obtained for
200-mg samples of pillared fluorohectorite.
The catalysts were outgassed at 350°C prior
to NH, adsorption at 100°C. The catalysts
were then heated at 10°C/min and the mole-
cules desorbed were detected by a thermal
conductivity detector. The FTIR spectrum
for chemisorbed pyridine was obtained on
an IBM IR44 spectrometer. Self-supported
pellets of the catalyst were outgassed 1 h at
300°C prior to pyridine adsorption at 150°C.
A minimum outgassing time of 16 h at 150°C
was necessary to remove most of the physi-
cally adsorbed pyridine. Chemisorbed pyri-
dine was then further desorbed by cvacua-
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tion at 250 and 350°C for 45 min. All spectra
were recorded at 150°C.

2Si, 7Al, and ""F MAS-NMR spectra
were obtained on a Varian VXR 400 spec-
trometer. A Bruker probe was used to spin
the samples at 4 kHz for Si and *’Al MAS-
NMR. A delay time of 480 s allowed full
relaxation of the Si nucleus. The chemical
shifts for °Si and ¥ Al, respectively, are re-
ported relative to tetramethylsilane and
[AI(H,0)]*". "F MAS-NMR spectra were
obtained using a Doty probe with 35-s delay
time and a spinning rate of 9 kHz. The "“F
chemical shifts are relative to hexafluoro-
benzene (8 (CFCl;) = 164.9 ppm relative to
hexafluorobenzene).

The IR-MS results were obtained on a
Bruker [FS 88 Fourier transform spectrom-
eter coupled to a Balzers QMG 420 C
quadrupole mass spectrometer. This instru-
ment is capable of discriminating masses be-
tween 0 and 200. KBr pellets of the solid
sample (2.5 wt%) were mounted in a special
cell where both the temperature (—20 to
1000°C) and pressure (10~7 Torr to atmos-
pheric pressure) could be controlled. The
cell windows were polished KBr.

Catalysis

The alkylation of biphenyl by propene
was carried out in a 300-ml batch reactor
(Parr Instruments No. 4561). Propene was
CP grade (Matheson Company), and biphe-
nyl was practical grade (Baker Company).
Biphenyl (30 g, 0.194 mole) and 0.20 g of
catalyst were heated to 90°C. The system
was purged with propene under stirring until
the temperature reached 150°C. Tempera-
ture and propene pressure were then care-
fully increased until they reached the final
conditions of 250°C and 9.5 atm. After
20 h reaction time, the reaction mixture was
cooled to room temperature and the prod-
ucts were dissolved in 300 mi toluene. The
catalyst was filtered off, and the filtrate was
analyzed by gas chromatography. The de-
gree of alkylation was determined by
GC-MS.
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RESULTS
Synthesis
The reaction of Li*-fluorohectorite
(CEC = 150 meq/100 g) with excess

[Al;0,0H),,(H,0);,]"* formed by base
hydrolysis of AICl, (OH /Al = 2.4, 15
mmol Al/meq clay) affords an alumina-
pillared fluorohectorite (henceforth ab-
breviated APF) with a basal spacing of
19.2 A (gallery height = 9.6 A) under air-
dried conditions.

As shown by the data in Table 1, the N,
BET surface area of the pillared derivative
depends greatly on the calcination tempera-
ture. An air-dried APF sample, when out-
gassed at 150°C, exhibits an optimum sur-
face area of 348 m*/g. Calcination at 250 and
350°C results in a loss of up to one-third the
initial surface area, but calcination at 500°C
restores the surface area to nearly its origi-
nal value (325 m*/g). The surface arcas de-
rived from t-plots of the nitrogen adsorption
data parallel the BET values. Also, the t-
plots reveal that the pillared product re-
mains highly microporous at calcination
temperatures up to 500°C. The microporous
surface areas in Table 1 indicate that at least
two-thirds of the total N, surface area falls
in the microporous region (=20 A diameter),
regardless of the calcination temperature.
The mesoporous surface areas, as deter-
mined from the t-plots, fall in the range
45-69 m*/g. The mesopore surface areas are
not correlated with the calcination tempera-
ture. This is the behavior expected based
on mesoporosity originating from particle
texture and interparticle contacts. How-
ever, the dependence of microporosity on
temperature suggests that important struc-
tural changes occur in the pillar and/or the
layers with increasing calcination tempera-
ture. Also, earlier *Si MAS-NMR work has
shown that some rearrangement of the lay-
ers most likely occurs upon calcination of
APF (11).

Since the basal spacing of APFs decreases
from 19.2 A at 25°C to 18.2 A at 350°C (cf.
Table 1). a contraction in gallery height
could contribute to the decrease in surface
area over this temperature range. However,
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TABLE 1

Basal Spacing and Surface Area Analysis of Alumina-Pillared Fluorohectorite Calcined
at Various Temperatures®

Sample Calcination Basal SgeT St-plor Smicro S meso-macto
temperature spacing (m%/g)
°C) dor ()
APF Uncalcined 19.2 348 380 319 45
APF-250 250 18.7 301 334 248 66
APF-350 350 8.2 214 234 1758 56
APF-500 500 17.9 325 340 273 69

« The outgassing of the samples was carried out under vacuum (10~ Torr) at 150°C for a period of 12 h.

the effects of gallery height contraction on
surface area most likely are small, because
calcination at 500°C causes the surface area
to increase, despite an additional 0.3 A de-
crease in gallery height. Thus, the tempera-
ture dependence of the surface area and mi-
croporosity of APF is attributable to
changes in the constitution or distribution
of the pillars, not on the reduction of gallery
height.

Catalytic Activity and Acidity

We previously have shown (8) that
alumina-pillared smectite clays are effective
shape selective catalysts for the propene

alkylation of liquid-phase biphenyl at 250°C.
In general, alkylation activity is retained
even when the clay is calcined at 500°C.
Under the reaction conditions described in
Table 2, alumina-pillared montmorillonite
calcined at either 350 or 500°C converts
about 60% of liquid-phase biphenyl to
mainly mono- and dialkylated products.
However, APF is an exception. As shown
by the activity data in Table 2, catalysts,
APF-250 and -350, which were prepared by
calcination at 250 and 350°C, respectively,
exhibit conversions that are dramatically
higher than the material calcined at 500°C
(i.e., APF-500). For APF-350, which is

TABLE 2

Bipheny! Conversions and Product Distributions Achieved with Calcined Alumina-Pillared Fluorohectorites
and Alumina-Pillared Montmorillonite”

Catalyst Alumina-pillared F-hectorites Alumina-
pillared
APF-250 APF-350 APF-500 montmorillonite?
Bipheny! conversion (%) 84 98 23 64
Product distribution (%)

Monoalkyl isomers 44 11 85 63
Dialkyl isomers 41 33 14 30
Triaikyl isomers 13 38 i 7
Tetraalkyl isomers 2 17 0 0

“ The reaction conditions were are follows: 30 g biphenyl 0.2 g of a 100-200 mesh fraction of catalyst, 140

psi propylene, 250°C, 20 h reaction time.

® The alumina-pillared montmorillonite {Wyoming) was calcined at 350°C before use. Similar conversions
and product distributions were obtained for the same catalyst after calcination at 500°C.
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FiG. 1. Ammonia TPD experiments of alumina-
pillared fluorohectorite calcined at (A) 350°C (APF-
350) and (B) 500°C (APF-500), solid symbols, and blank
experiments {without ammonia adsorption) on the
same samples, open symbols.

somewhat more active than APF-250, al-
most all the biphenyl was alkylated, mainly
to di- and trialkyl isomers. Thus, APF-350
is substantially more active as an alkylation
catalyst than a typical nonfluorinated pil-
lared smectite clay. In fact, APF-350is even
more active than the strong Brgnsted-acid
catalyst dealuminated mordenite, which af-
fords only ~60% biphenyl conversion under
analogous reaction conditions. Although
APF-350 is an exceptionally active alkyl-
ation catalyst, calcination of the clay at
500°C dramatically reduces the alkylation
activity. As shown by the data in Table 2
for APF-500, only 23% biphenyl conversion
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is achieved with this material, as compared
with 98% conversion with APF-350.

In order to better elucidate the differences
in alkylation activity for APF-350 and -500,
we have examined the sorption of ammonia
and pyridine on these materials. Figure 1
illustrates the results of the ammonia TPD
experiments. Included in the figure are
curves for blank samples of the two clays
in the absence of adsorbed ammonia. The
maxima centered near 500°C for the blank
samples are attributable to volatile products
resulting from structural rearrangement.
TGA curves shown in Fig. 2 for the pristine
clays verify the loss of mass above 350°,
Returning to the TPD curves in Fig. I, we
see that APF-350 and -500 both exhibit NH,
desorption peaks centered near 200°C. The

100
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APF-500
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FiG. 2. Thermogravimetric analysis of alumina-
pillared fluorohectorite calcined at 350°C (APF-350)
and alumina-pillared fluorohectorite calcined at 500°C
(APF-500).
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(APF-350), and (B) 500°C (APF-500). Pyridine-adsorbed sample was evacuated at 150, 250, and 350°C.
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F1G. 4. Al MAS-NMR spectra of alumina-pillared FIG. 5. ¥Si MAS-NMR spectra of alumina-pillared
fluorohectorites that have been dried in air at the fluorohectorites that have been dried in air at the
following temperatures: 25, 100, 250, 350, and 500°C.  following temperatures: 25, 100, 250, 350, and 500°C.
Chemical shifts are relative to [Al(H,0),]Cl;. Chemical shifts are relative to TMS.
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FiGc. 6. "F MAS-NMR spectra of: (A) Li~-fluoro-
hectorite, (B} Li*-Laponite B (calcined). Chemical
shifts are relative to CFy.

asymmetry in the peaks suggests a distribu-
tion of acid strengths. Integration of the
TPD curves over the temperature range
100-350°C reveals that the amount of NH;
chemically bound to APF-350 is approxi-

BUTRUILLE ET AL.

mately twice that for APF-500. Thus, the
ammonia TPD results verify the presence
of a substantially larger number of acid sites
for APF-350.

The thermal desorption of chemisorbed
pyridine, as monitored by FTIR, is shown in
Fig. 3. These results also reveal significant
differences in the acidity of APF-350 and
APF-500. For APF-350, both Brgnsted and
Lewis acid sites are present even after de-
sorption at 350°C, as evidenced by the pyri-
dine ring stretching frequencies at 1545 and
1450 ¢m ', respectively. In contrast, the
fewer acid sites present on APF-500 are
mostly of the Lewis type. Using the molar
extinction coefficients provided by Datka
(12) for chemisorbed pyridine, we estimate
the total number of acid sites present on
APF-350 at 150°C to be 24 mmol/ 100 g with
the Lewis-to-Brgnsted ratio being 1.4. For
APF-500 the total amount of bound pyridine
at 350°C is 1.5 mmol/ 100 g with no Brgnsted
sites present. Thus, the acid sites on APF-
350 are both more numerous and stronger
than those present in APF-500.

MAS-NMR Spectroscopy

The thermochemical alterations indicated
by the differences in NH; and pyridine sorp-
tion for APF-350 and -500, as well as by
the TGA curves (cf. Fig. 2), were further
studied by Al, Si and ''F MAS-NMR. As
shown by the YAl spectra in Fig. 4, a reso-

TABLE 3

Octahedral Metal Ion Compositions Based on an OyF, Unit Cell for Two Fluorohectorites and Cation
Exchange Capacities

Fluorohectorite Laponite B
Ratio of — 10/ - 16 ppm “F intensities 0.78 1.85
Composition calculated from F NMR Mg, il 12 Mgs 5oLy 70
Cation exchange capacity (meq/100 g) 150 73
Composition calculated from CEC Mg, xoLi 4 Mg; 4 Lig 53
Mg/Li mole ratio 1.47 6.57
Composition calculated Mg, L 5o Mg gLig 4

from elemental analysis
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Fi6. 7. "F MAS-NMR spectra of alumina pillared
fluorohectorites that have been dried in air at the
following temperatures: 25, 100, 250, 350, and 500°C.
Chemical shifts are relative to C¢F.

nance characteristic of tetrahedral alumi-
num is observed for air-dried APF before
calcination. This resonance, together with
the peak for octahedral aluminum near 8
ppm, is characteristic of the intercalated
Al,; oligomer (13). Upon calcination of the
sample up to 350°C, the tetrahedral signal
gradually decreases in intensity and broad-
ens. After calcination at 500°C the tetrahe-
dral signal increases in intensity and shifts
downfield to 69 ppm, while the octahedral
signal shifts slightly upfield to 6 ppm. A shift
in the **Siresonance of APF also is observed
upon calcination. As shown in Fig. 5, the
silicon chemical shift moves from —92 ppm
for air-dried APF to —99 ppm for APF-500.
The appearance of a high-field *Si reso-
nance has been observed previously for cal-
cined alumina-pillared derivatives of
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fluorohectorite (//) and hectorite (I4).
These changes in the Al and 2°Si chemical
shifts indicate that important structural
changes occur upon calcination of APF,
especially when the calcination temperature
1s near 500°C.

The ""F MAS-NMR spectrum of a natural
fluorine-containing hectorite has been re-
cently reported by Huve et al. (15) to exhibit
two resonances. We also observe two non-
equivalent environments for fluorohecto-
rite. To assist in the F chemical shift
assignments, we have included in this study
the spectrum of Laponite B, a low charge
density fluorohectorite. Figure 6 compares
the '°F spectrum for the high charge density
Li*-fluorohectorite used in the pillaring ex-
periments (CEC = 150 meq/100g) with the
spectrum for low charge density Laponite
(CEC = 73 meq/100g). The two clays ex-
hibit two '°F signals near — 10and ~ 16 ppm.
The low-field/high-field peak intensity ratio,
as determined by deconvolution of overlap-
ping Lorentzian and Gaussian lineshapes,
were dependent on the layer charge densi-
ties of the two clays. These ratios are pre-
sented in Table 3, together with the CEC
and elemental analyses for these clays.

The changes which occur in the "F MAS-
NMR spectra for APF as a function of
calcination temperature are presented in
Fig. 7. The pillared clay dried at 25°C exhib-
its the same two "°F resonances as the Li*-
exchanged form. However, upon calcina-
tion of the pillared clay over the temperature
range 100-500°C, the intensity of the high-
field resonance decreases eventually to
~15% of its initial value. This loss of struc-
tural fluorine over the temperature range
350-500°C is correlated with the decrease
in acid catalytic activity.

FTIR Spectroscopy

An effort was made to examine the loss
of structural fluorine from APF by FTIR
spectroscopy. The temperature-dependent
vibrational spectra for Li*-fluorohectorite
in Fig. 8 are compared with those for APF
in Fig. 9. Li*-fluorohectorite outgassed at
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F1G. 8. Infrared spectra for Li* fluorohectorite obtained at different temperatures: (A) for the spectral
range 3800-2800 cm™'; (B) for the spectral range 1300-400 cm™'. All spectra were recorded uncer
vacuum at the temperature indicated, except for the dashed spectrum, for which the sample was
heated to 500°C and subsequently cooled to room temperature to record the spectrum.

30°C exhibits stretching frequencies charac-
teristic of coordinated water (v, = 3600,
v, = 3640 cm ') and water of hydration (3490
cm™') (/6). Several bands characteristic of
the layered framework structure appear in
the region 1300-400 cm ™!, including sym-
metric and asymmetric SiOSi vibrations at
1095 and 993 cm !, a shoulder at ~530 ¢cm ™!
corresponding to MgO stretching, andan SiO
bendingband at470cm ' (/7). Therelatively
weak band at 712 cm™' is assigned to a
metal-fluorine stretching vibration (/8). As
the outgassing temperature is increased to
250°C and beyond, the galleries become de-
hydrated and the vibrations due to OH-
stretching bonds are virtually eliminated.
Little or no change occurs, however, in the
vibrations of the layered framework upon
outgassing Li*-fluorohectorite at tempera-
tures as high as 500°C.

Owing to the presence of the intercalated
Al,; oligomer, the FTIR spectral features of
APF differ significantly from those of the
Li*-exchanged precursor. As shown by a
comparison of Figs. 8A and 9A, the OH-
stretching region of APF-30 is broader than
that observed for the corresponding Li*
derivative. Also, a new band is present at
756 cm ™', which we tentatively assign to an
Al-O stretching vibration of the Al,; oligo-
mer. Upon thermal dehydration of APF, the
absorbance in the hydroxyl group region de-
creases, but an OH vibration at 3680 cm ™!
persists even after outgassing at 500°C (see
spectrum APF-500 in Fig. 9A). Also, sig-
nificant changes occur in the framework vi-
brations of APF, especially above 350°C.
The SiOSi band at 1001 cm™! in APF-30
shifts progressively to 1012 cm™! in APF-
500. Also, a comparison of the spectra for
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F1G. 9. Infrared spectra for alumina pillared fluorohectorite obtained at different temperatures: (A) in
the range 3800-2800 cm™'; (B) in the range 1300-400 cm™'. All spectra were recorded under vacuum

at 30°C.

APF-350 and APF-500 in Fig. 9B indicates
the replacement of the 756 cm ™ ! band of the
oligomer by two new bands at 863 and 801
cm ', These latter changes suggest a possi-
ble modification of the pillar, even though
the basal spacings for APF-350 and APF-
500 are similar (dy, = 18 A). However, the
FTIR data do not provide a direct indication
for the loss of fluorine from the layer frame-
work, as the metal-fluorine vibration at 715
cm ™! is retained throughout the entire tem-
perature range investigated.

Mass Spectrometry

Our mass spectral studies suggest that at
least some of the fluorine lost from the
framework structure of APF can be detected
in the gas phase. Figure 10A presents the
mass spectra for the volatiles eliminated
from Li*-fluorohectorite when heated at
250°C. The spectra for this unpillared pre-

cursors show the elimination of water and
trace amounts of surface contaminants such
as CO,. Analogous mass spectra for APF
are given in Fig. 10B. In contrast to
Li*-fluorohectorite, the alumina-pillared
product eliminates volatiles with mass num-
bers of 19 and 20, corresponding to F and
HF, respectively. The evolution of the in-
tensity of the mass 18, 19, and 20 peaks with
temperature is presented in Fig. 11. The in-
tensities of mass 19 and 20 increase most
rapidly between 200-350°C.

DISCUSSION

Alumina-pillared fluorohectorite calcined
at 350°C (i.e., APF-350) is an exceptionally
active pillared clay catalyst. The acidity of
this material is reflected in the propylene
alkylation of liquid-phase biphenyl (cf. Ta-
ble 2) the adsorption of ammonia (cf. Fig. 1),
and in the chemisorption of pyridine through



674 BUTRUILLE ET AL.

1E-09 4 A
1E-10
S
=
w
Z 1E-11
o
ja-
Z
1E-12
1E-13 |
12 16 20 24 28 32 36 40 44
mie
1E-09
B
1E-10+
>
&
72}
Z 1E-11 ~
&
z
1E-12
1E-13 | N T O N ¥ O T WO N N O W OO O O
12 16 20 24 28 32 36 40 44
mie

FiG. 10. Mass spectra of volatile products formed upon heating fluorohectorite clays at 250°C: (A)
Li~-fluorohectorite, (B) alumina-pillared fluorohectorite.

8
10 A
9
107 F Mass 18
0% B
=
2
g1t ]
= Mass 19
10"F
Mass 20
1012 3
[
IO»H A n 1 i L n 1 1
0 50 100 150 200 250 300 350 400

Temperature /°C

FiG. 11. Temperature dependence of the mass spectral intensities for the volatile products formed on
heating alumina pillared fluorohectorite: (A) mass 18, (B) mass 19, and (C) mass 20.



ACIDITY OF ALUMINA-PILLARED FLUOROHECTORITE

M2 M2 M1 M2

Mt M2 M2 M1

F1G. 12. Representation of the octahedral sheet in
fluorohectorite (see text). Fluorine atoms are repre-
sented by full or dashed circles, depending whether
they are above or below the layer plane. The dashed
lines represent the octahedral sheet of an OF; unit
cell.

Lewis and Brgnsted acid mechanisms (cf.
Fig. 3). On the other hand, alumina-pillared
fluorohectorite calcined at S00°C (i.e., APF-
500) is less active than a conventional
alumina-pillared smectite clay such as
montmorillonite. The differences in acidity
appear to be related to the thermal behavior
of fluorine in the 2 : 1 layered silicate frame-
work. Thus, we consider first the signifi-
cance of our F MAS-NMR results.

Pristine Li*-fluorohectorite exhibits two
F resonances at — 10 and — 16 ppm. The
same two lines are found for Li*-Laponite
B, a related perfluorinated 2:1 structure
with a lower charge density. Since the rela-
tive intensities of the '*F resonances depend
on layer charge density (cf. Fig. 6), the two
fluorine environments are determined by the
composition of the 2:1 silicate layers. In
both clays all of the tetrahedral sites are
occupied by silicon and all of the octahedral
sites are occupied by Mg®>* and Li~. How-
ever, the ratio of Mg** to Li~ differs for the
two clays.

In order to assign the fluorine resonance
to specific layer environments, we consider
the filling of the octahedral intersticies in a
2 : 1 layered structure. Figure 12 depicts the
octahedral sheet of such a structure (/9).
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Fluorine atoms are represented by full and
open circles, depending on whether they are
located in the upper or lower plane of the
sheet. In a nonfluorinated clay these same
positions would be occupied by hydroxyl
groups. In an OyF, framework unit cell,
there are four fluorines and six octahedral
intersticies. The fluorine atoms bridge three
octahedral positions, which we refer to as
“octahedral triads™. Each octahedral triad
consists of one MIl-type octahedron in
which the fluorine atoms are arranged at
trans positions and two M2-type octahedra
with the fluorines at ¢is positions. For a tri-
octahedral smectite in which all octahedral
positions are filled by Mg>~ and Li* ions,
the Li* ions will prefer to occupy Ml1-type
octahedra in order to better distribute the
net negative charge on the frans fluorines.
The M2 sites filled by Mg?* are formally
electrically neutral. Thus, two types of octa-
hedral triads are anticipated. One triad, des-
ignated T1, bears a net negative charge with
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FiG. 13. Proposed model for the exchange of F by
OH upon calcination of alumina-pillared fluorohector-
ite. The hexagonal holes in the tetrahedral sheet are
represented by a dashed line.
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Li* in a M1 site and two Mg>* ions in M2
sites. The other triad, designated T2, is elec-
trically neutral with the M1 and M2 octahe-
dral sites filled by Mg”". Triads containing
more than one Li* should be strongly dis-
favored on electrostatic grounds. The ex-
ceedingly weak resonance at —22 ppm in
the spectrum of fluorohectorite (cf. Fig. 6A)
might represent an Li,Mg triad, though we
cannot preclude the possibility of alterna-
tive assignments based on trace amounts of
impurity phases.

For the two ""F resonances in Li* -fluor-
ohectorite and Li -Laponite B, we assign
the upfield line at — 16 ppm to the fluorine
atoms in electrically charged T1 triads. The
downfield line at — 10 ppm is attributed to
the fluorines of neutral T2 triads. Analogous
chemical shift assignments have been pro-
posed recently by Huve er al. (/5) in their
""F NMR studies of a fluorinated hectorite.
Our assignments are consistent with the
more negatively charged fluorine occurring
at higher field. For instance, the chemical
shift for NaF and MgF, occur at — 58 ppm
and —31.8 ppm, respectively (20). Also, the
shifts are in agreement with the layer charge
densities of fluorohectorite and Laponite B.
The layer unit cell formulas can be ex-
pressed in general as [Mg, Li,] Siy O, F,.
or, alternatively, as [Mg,],  [Mg.Li] O, F,.
The latter formulation indicates the T1 to
T2 triad ratio to be x/2 — x. Table 3 compares
the octahedral metal ion compositions ob-
wained by ""F NMR with the compositions
estimated from the cation-exchange capaci-
ties. The agreement in compositions con-
firms the chemical shift assignments. In-
cluded in the table are compositions ob-
tained from chemical analyses. It would
appear that the analytical results are less
reliable estimates of composition, owing

perhaps to the difficulty in achieving
accurate analyses in the presence of
fluorine.

We consider next the catalytic signifi-
cance of the dramatic temperature depen-
dence of the '°F spectrum for the alumina-
pillared derivative (cf. Fig. 7). As the pil-
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lared clay is heated in air to 350°C, a hydro-
lysis reaction occurs which preferentially
replaces fluorine at charged T1 sites with
hydroxyl groups. At 350°C, approximately
70% of the Tl fluorines have been hy-
drolyzed. Evidence for hydrolysis is pro-
vided by the concomitant appearance of an
OH-stretching band at 3680 cm ~' character-
istic of layer hydroxyl groups (cf. Fig. 8)
(16, 17, 21). The preferential hydrolysis of
fluorine in charged T1 sites presumably is
the result of an energetically more favor-
able charge distribution within the layer
framework.

Our mass spectroscopic results (cf. Figs.
10 and 11) indicate that HF can be detected
as a volatile reaction product. It is unlikely
that the replacement of fluorine by hydrox-
yls is accompanied by formation of SiF, or
MgF,, because these latter species should
form with equal facility from fluorine in both
Tl and T2 sites. Also, we find no experimen-
tal evidence for SiF, or MgF. by-products.
Thus, the main mechanism for replacement
of T1 fluorine by hydroxyls up to a reaction
temperature of 350°C is the simple hydroly-
sis reaction. Further confirmation for hydro-
lysis is provided by the parallel relationship
between the amount of water liberated in
the hydrolysis process and the intensities of
the mass 19 and 20 peaks characteristic of
F~ and HF* (cf. Fig. 11). Presumably, the
water is supplied in large part by the dehy-
droxylation of the alumina pillars on the gal-
lery surfaces.

A plausible pathway for the hydrolysis of
T1 fluorines is the interlayer transport of
water to the basal hexagonal cavities of the
tetrahedral sheet, below which the fluorine
atoms are located. The proposed mecha-
nism is schematically illustrated in Fig. 13.
It is important to emphasize that access to
the hexagonal cavities is facilitated by the
pillared galleries (dy, = 18 A). No hydroly-
sis occurs for the collapsed Li~ -exchanged
form of fluorohectorite (dy 10 A at
350°C), as judged from the absence of layer
OH vibrations in the FTIR spectrum (cf.
Fig. 8).
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The hydrolysis of the charged T1 fluorine
sites in APF-350 most likely contributes sig-
nificantly to the exceptional acidity of this
pillared clay. It has been previously pro-
posed that the calcination of non-fluorinated
alumina-pillared clays, such as beidellite or
montmorillonite, transforms the Al,; aggre-
gates into a 7y-Al,O;-type structure and
causes protons to migrate to basic hydroxyl
sites in the layers (/4). These protons are
liable and can migrate back to the gallery
region for catalytic reaction. The layer hy-
droxyl groups of APF-350 can also act as

Although APF-350 is an exceptionally
acidic pillared clay catalyst, a dramatic de-
crease in activity occurs when the clay is
calcined at 500°C. The loss in acidity may
be judged from the decrease in biphenyl
alkylation activity (cf. Table 2), a 50% loss
in ammonia binding capacity (cf. Fig. 1), and
an order-of-magnitude decrease in pyridine
chemisorption by Lewis and Brgnsted acid
mechanisms (cf. Fig. 3).

Several factors can contribute to the tem-
perature sensitivity of an alumina-pillared
clay catalyst. For instance, a decrease in
the activity of an alumina-pillared montmo-
rillonite catalyst has been observed for the
gas phase conversion of 1, 2, 4-trimethyl-
benzene when the catalyst is calcined at
500°C. In this case the loss in activity most
likely was due to loss of Brgnsted acidity
(22). However, for the liquid-phase alkyl-
ation of biphenyl, the reactivity of an alu-
mina pillared clay is generally not sensitive
to calcination temperature over the range
350-500°C. Thus, the difference in alkyl-
ation activity for APF-350 and APF-500 is
atypical. Our previous studies of liquid-
phase biphenyl alkylation suggest that reac-
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binding sites for protons. Hydrolysis of the
trans fluorine positions in T1 octahedral tri-
ads places the resulting hydroxyl groups at
positions c¢is to the fluorines of adjacent neu-
tral T2 triads (cf. Fig. 12). The electron-
withdrawing effect of the cis fluorine will
enhance the acidity of the protonated hy-
droxyl group, relative to a nonfluorinated
smectite clay (cf. Fig. 13). That is, the dis-
sociative equilibrium constant defined by
the equation below is larger when the cis
position X is fluorine rather than hydroxide:

tivity depends in part on the meso- to micro-
pore ratio. The pore structure is important
for this reaction because the reaction is un-
der diffusion control. However, the dra-
matic difference in acid catalytic activity be-
tween APF-350 and APF-500 cannot be
traced to a substantial difference in pore
structure. Both materials possess pillared
microporous structures, as judged from the
basal spacings and nitrogen surface area
data (cf. Table I).

The most likely cause of the reduced acid-
ity for APF-500 is the dehydroxylation of
the layers and associated structural re-
arrangements of the 2: | layered structure.
As shown by the FTIR spectra in Fig. 8, the
intensity of the framework OH band at 3680
cm ! decreases substantially upon calcining
the clay at 500°C. If the structural hydroxyl
groups are indeed the main source of cata-
lytic activity in APF-350, then dehydroxyla-
tion explains why the activity is so repressed
after calcination at 500°C. The rather sub-
stantial changes in the NMR chemical shifts
for the tetrahedral Al (cf. Fig. 4) and the
»Si (cf. Fig. 5) resonances point to signifi-
cant structural rearrangement of the pillars
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and the layers. It has been previously sug-
gested that the upfield chemical shift for the
»Si resonance upon calcination is the result
of crosslinking between the pillar and the
layers (/1). Structural changes upon calcina-
tion at S00°C also are indicated by the loss
of an IR band at ~756 cm™! for the pillar
and the appearance of two new bands at 801
and 863 cm ™! (cf. Fig. 4). Although there is
the possibility of the pillars reacting with
liberated HF between 350 and 500°C, we
find no evidence from °F MAS-NMR spec-
tra for A1F, formation.
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