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Five layered silicates in which the octahedral sheet contained differing amounts of Al, Mg, Fe, and Li were
acid leached using acid concentrations and treatment temperatures selected to produce materials in which the
octahedral sheet was depopulated in a controlled, stepwise (yet comparable) manner. SAz-1 and JP are
dioctahedral smectites with octahedral compositions rich in Mg and Al, respectively. SWa-1 is a ferruginous
smectite and ST an iron-rich beidellite. The fifth mineral was a trioctahedral hectorite which contains almost
exclusively octahedral Mg. The Brgnsted acidity and catalytic activity of the resulting materials were highest
for the samples prepared with the mildest acid treatments but decreased as the octahedral sheet became
increasingly depleted. Only the hectorite exhibited no catalytic activity despite the proven existence of Brgnsted
acid sites. The elemental composition of the starting material did not appear to make a significant contribution
to the catalytic activity for the chosen test reaction although it does play a key role in determining the severity

of the activation conditions required for the optimization of catalytic activity. Fourier transform infrared
(FTIR) spectroscopy was found to be as sensitive to structural acid attd&¥% asagic angle spinning NMR

and the octahedral depletion (measured using FTIR) correlated well with the acidity determined from thermal

desorption of cyclohexylamine.

Introduction as a catalyst in its own right. Even so there is still considerable

. . . . disparity with regard to acid type and concentration, treatment
The interest in acid-activated clays as sorbents and catalystsjmes and source clays studied. Another cause for major

cor_ltinues because they co_nstitute a widely availa_bleZ iNnexpensiVe.qncern is that the chosen clays are often treated as received
solid source Of_ protons Wh'(_:h ha_lve proven _effecuve in anumber i q ¢ regard for the number or type of mineral impurities
of r!ovel.and industrially S|gn|f!canF reactions and.procgsses. present2-16 Many impurities contain significant amounts of
Until their replacement by zeolites in the 1960s acid-activated {he elements present in the aluminosilicate under investigation,
clays were employed as cracking catalystsd are still currently \ hich means that the elemental compositions reported for acid-
used in |n'dust_nal_processes such_ as_the alkylation of phenols treated samples can only be used as a guide to the extent of
and the dimerization and polymerization of unsaturated hydro- structural attack.

carbons: Acid-activated clays have recently enjoyed renewed Nonetheless, it is now widely accepted that smectites with
interest in their role as high surface area supports for environ- high ! . ﬁ/ F;] dral | leached
mentally benign catalysts in FriedeCrafts alkylation and Igh magnesium contents in the octahedral layer are leache
acylation reaction$® Recent innovations in the use of these more readll}/ thaq those containing a higher proportion of
aluminum7~1® This has been underlined recently insofar as

materials include the use of acid-treated clays pillared with iid acid treat s at ¢ wre h
oxyhydroxyaluminum species as both cataatsd as selective mrid acid treatments at or hear room temperature have proven
sufficient to cause considerable degradation of the host layer

for oil clarificati h f T-exch . . ; : :
adsorbents for oil clarificationand the use of T¥-exchanged in Mg-rich2% and Fe-ricR% saponites and hectorit,both

acid-leached clays as effective Diel&lder catalysts$. . T . .
y y minerals with high octahedral magnesium content. In addition

treAa?e?j rslzu';?Bihgec(%qzl?zgabfﬁgnﬁTﬁfé%g%ggg%%m ie:]qd- to magnesium and aluminum the other ion which is regularly
Yy 9 PYING  found in the octahedral sheet is iron. Surprisingly, little

10 i i
paper,” the effect.o.f acid qttack on properties suph as surface information is available concerning the influence that substantial
area and decolorizing ability has received considerable atten-

tion911 Commercial broducts are normally treated with a fixed quantities of octahedral iron have on the leaching rate or the
: : al pr > y subsequent catalytic activity,182223 although the products
amount of acid which is sufficient to remove only that number

. . L formed from the acid activation of an Fe-rich saponite have
of octahedral cations required to optimize the surface area andreceived attentioR2b
Bransted acidity for a particular application. Consequently, a o . .
significant number of reports do not include a systematic " recent studies, designed to compare the extent of leaching
appraisal of how the extent of acid decomposition of the parent I Minerals rich in octahedral magnesium or aluminum, we
structure contributes to the catalytic activity. This aspect has fftf"‘bl'Sh?d that Fourier transform infrared (FTIR) spectroscopy,
been rectified to some extent in recent accounts which show~ > Magic angle spinning (MAS) NMR spectroscopy, and the

that the extent of acid attack requires optimization whether the catalytic test reacti_on used here were particularly _sensitive to
clay is to be used as a support in Fried€rafts reactiori€ or the small changes in the octahedral ion content which occurred

in the early stages of acid attatk.In this investigation we
* Author to whom correspondence should be addressed. Relxt4- have .EXtended these earlier Stu.dies .ir.]to th.e effect .Of acid
253-3501. E-mail: C.Breen@SHU.AC.UK. leaching on the nature and catalytic activity to include minerals
€ Abstract published ilAdvance ACS Abstractgune, 1, 1997. of high octahedral iron contents and compare them with minerals
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Acid-Treated, Size-Fractionated Smectites

TABLE 1: Structural Formulas for the Fine Fractions of
the Samples Used

sample M2 Sp AlP Alc Fe€  Mge Lic

SAz-11° 1.11 800 000 267 015 120 0.00
Jpo 091 771 029 300 038 063 0.00
ST?6 095 722 078 19 160 058 0.00
Swa-#° 081 733 067 091 286 028 0.00
HC?! 089 799 001 001 001 476 0.62

ainterlayer cations.® tetrahedral cations¢ octahedral cations.

of differing octahedral magnesium content. The five parent

minerals, which were purified using standard procedures, were

treated using different combinations of acid concentration,
temperature, and time which allowed for the different dissolution

rates associated with the differing octahedral compositions
(Table 1). Using this protocol we were able to prepare samples
in which the octahedral ion composition decreased in a
controlled, stepwise manner thus allowing us to study the

evolution of catalytic activity as the octahedral layer was

progressively depopulated and relate this to information derived
from a wide range of materials characterization techniques

including X-ray diffraction analysis, X-ray fluorescence (XRF),
29S5i MAS NMR, FTIR, and thermal analysis.
Experimental Section

Materials. Four dioctahedral smectites were used in this
study. Two were montmorillonites (SAz-1 and JP), the third
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SCHEME 1
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PW2400 XRF spectrometer using calibration graphs prepared
from certified reference materials.

Thermogravimetric traces were obtained using a Mettler
TG50 thermobalance equipped with a TC10A processor.
Samples (7 mg) were exposed to cyclohexylamine vapor for
24 h and then transferred directly out of the vapor into the
balance and heated from 35 to 80D at 20°C min~! under a
flow of 20 cn® min~! of dry nitrogen carrier gas.

Infrared spectroscopy was performed using a Nicolet Magna
750 FTIR spectrometer. Each spectrum consisted of 256 scans
at a resolution of 4 cmt. Samples were prepared as KBr disks
using standard procedures.

Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) data were recorded using a Specac DRIFTS cell and
a Mattson Polaris FTIR spectrometer at a resolution of 4lcm
Samples were transferred directly out of the pyridine vapor and
placed in the DRIFTS cell. The sample was then heated to
200°C at 50°C intervals.

High-resolution solid-staté®Si MAS NMR spectra of acid-
treated hectorite were recorded on a Bruker MSL 400 spec-
trometer at 79.49 MHz and at a sample spinning frequency in
the range 3.54 kHz. A 30 s recycle delay between successive

was a ferruginous smectite (SWa-1) and the fourth (ST) was aaccumulations was used and 26D00 acquisitions were

beidellite. SAz-1 (Cheto, AZ), a magnesium rich montmoril-

collected for eacB®Si spectrum. Reported chemical shifts for

lonite, and SWa-1, a ferruginous smectite, were obtained from 2°Si are referenced to tetramethylsilane, and they correspond to

The Clay Mineral Repository of the Clay Minerals Society,
Columbia, MO. JP is a hydrothermal, aluminum-rich mont-
morillonite from the Kremnica mountains in central Slova-
kia,2#?5and Stebno (ST) is an iron-rich beidellite from the Czech
Republic, which contains about 21% of total iron bound in
goethite?® The goethite is present as an admixture in &
um fraction and hence could not be removed. The fifth mineral
used was a trioctahedral hectorite (HC) from Hector, CA, and

was obtained from Ward’s Natural Science Establishment, Inc.

peak maxima in the spectrum and are not corrected for
quadrupolar shift contributions.

The catalytic activity was determined by reacting 2,3-
dihydropyran with methanol to yield the tetrahydropyranyl ether
(Scheme 133

This reaction does not produce water as a byproduct thus
making it more attractive than other ether-forming reactions
where the water evolved may weaken or remove active Brgnsted
sites. Fifty milligrams of catalyst was activated at 12D in

Coarse samples of JP, SAz-1, ST, SWa-1, and HC were air for 2 h and then cooled to T before addition to a mixture

suspended in deionized water, treated five times with 1.0 M

of 0.01 mol of dihydropyran and 0.3 mol of methanol &t@

aqueous calcium chloride, washed until free of chloride, and The percentage conversion to the tetrahydropyranyl ether after

centrifuged, and the nominallg2 um sample was collected,
dried at 60°C, and ground tc<0.2 mm prior to storage. The

a contact time of 30 min was determined using gas chroma-
tography. The identity of the product was confirmed using gas

structural formulas of the purified smectites used are given in chromatographymass spectrometry.

Table 1.
Equipment and Methods. 3g portions of the Ca form of
each mineral were treated with 300 ¢af x M HCI for periods

Results and Discussion

The X-ray diffraction profiles (not shown) of the purified

of y minutes. The HCI concentrations and treatment temper- starting materials showed little evidence of any crystalline

atures wee 6 M and 95°C for JP, 6 M and 80C for SAz-1,

6 M and 60°C for ST, 1M and 95C for SWa-1, and 0.25 M
and 30°C for HC. After acid treatment, the samples were
filtered, then washed with 1.5 dimdeionized water, and

impurities. The strong characteristic 001 peak for the purified
material became weaker and weaker as the treatments used
became more severe, indicating that the samples became
increasingly disordered. Moreover, a broad hump in the region

centrifuged before being dried and ground to pass a 0.2 mm 15-30° (20), indicative of amorphus silica, grew as the severity

sieve. The treatment time is identified in the sample name.

Thus, JP30 indicates that JP was treated iM HCI for 30
min at 95°C and ST120 means that ST was treated with 6 M
HCI for 120 min at 60°C.

Sample Characterization. X-ray diffraction profiles of

of the treatment increased, as observed earlier in less extensive
studies on SAz-1 and JP in which only three acid treatments
were investigated?

The elemental analyzes, determined using XRF (Table 2),
are reported in full for the SAz-1 samples, whereas only selected

pressed powder samples were obtained using a Philips PW183Walues are presented for the other samples. The values were

X-ray diffractometer using a copper tubg¢ & 1.5418 A)
operating at 40 kV and 35 mA. Profiles were recorded‘at 2
(20) min=1,

Samples for XRF analyzis were prepared using th810;

calculated on an ignited (0%28) basis and confirmed that

the chosen treatment times and conditions caused substantial
changes in the clays. The almost complete reduction in the Ca
content for all the acid-treated samples indicated that these

fusion method. The resulting beads were analyzed on a Philipscations, which originally occupied the exchange sites, were
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TABLE 2: Elemental Composition, Acidity, and Catalytic
Activity Data for Selected Samples (@)
mmol acid/
Si0,,  Al03, MgO, FeOs CaO, (gclay % yield
% wiw %ww %ww %ww %w/w at250°C) THPE
SA00 68.01 19.16 6.85 164 4.33 0 480
SA30 7345 1843 6.18 158 0.03 1.17 90
SAB0 7497 1739 579 149 0.03 1.17 88
SA120 77.95 1543 506 1.24 0.02 1.08 89
SA180 81.43 13.04 418 1.02 0.02 0.97 78 _dw 360
SA240 85.43 10.10 299 079 0.02 0.72 72 dr
SA300 9059 672 197 050 0.02 0.45 48
SA360 93.90 441 119 032 0.01 0.32 31
SA480 98.09 132 034 011 0.01 0.14 9 240
JPO0 6725 2249 403 289 3.32 0
JP30 7075 2259 398 240 0.05 1.0 75
JP480 8541 11.32 175 1.08 0.02 0.63 42 120
STO0O 53.85 17.92 278 1942 2095 0
ST30 6227 1671 221 1542 0.00 1.05 83
ST480 80.90 923 123 471 0.2 0.57 27 30
SW00 57.13 10.57 141 29.37 3.18 0 ’ ’ 0
SW30 6234 1118 098 2476 004 119 85 2000 400 600 800
SW480 85.73 4.97 0.48 7.97 0.00 0.37 45 Temperature/’C
HC00  63.1 0.18 253 017 7.6 0
HC60  73.7 029 24.9 023 0.7 0.91 0
HC380 86.4 017 128 015 0.2 0.50 0 ®
a THPE = tetrahydropyranyl! ether.
displaced by protons and/or polyvalent cations leached from
the octahedral sheet. The marked decrease in the elements, Al, 430
Mg, and Fe, which occupy positions in the octahedral sheet,
together with the relative increase in silica content proved that _dw 360
the parent structures were substantially altered. Clearly, the dT
range of acid treatments employed was successful in providing
the required target materials in which the depletion of the
octahedral sheet occurred in a controlled, stepwise manner. The 0
relative ability of the samples to resist acid treatment is shown
in the way that 50% of the octahedral ions were leached from 120
SWa-1 afte 6 h in 1 M HCI, whereas it requig@8 hin 6 M
HCI to achieve an equivalent extent of octahedral depletion in %
JP, yet SAz-1 required onl4 h in 6 M HCIl. The hectorite
was extremely susceptible to acid attack which is why a 200 00 00 200

combination of 0.25 M HCI and only 30C was used. These
data reinforce the CO.nSIQerable.rGSIStanC.e _to acid leaching, Whlcr‘:igure 1. Derivative thermograms for the desorption of cyclohexy-
octahedral sheets rich in aluminum exhibit. Consequently, the |3mine from acid-treated samples of (a) SWa-1 and (b) hectorite. The
acid activation of layered silicates with different octahedral nymbers on the curves indicate the time of acid treatment in minutes.
compositions must be optimized to maximize the catalytic

activity. For example, treating SWa-1 wit M HCI would for short periods reflected the different exchange capacities of
remove the catalytic activity after very short treatment times as the minerals while those for more extended treatment times
is the case with the hectorite sample&l¢ infra). Indeed the  decreased as the structural degradation progressed. The values
same care needs to be taken with saponites which are also easiljuoted for the hectorite samples in Table 2 include the
leached due to their octahedral composition which contains largecontribution from both desorption sites mentioned above and
amounts of magnesium and/or iréi:> are thus less meaningful than for the other four minerals each
The acidity values given in Table 2 were derived from the of which displayed only one desorption maximum.
weight loss curves associated with the maxima in the derivative  The results for the test reactions (Table 2) showed that the
thermograms for the desorption of cyclohexylamine near306 clays treated for short periods were capable of converting all
340°C in the acid-leached samples (Figure 1). The derivative the dihydropyran to the ether, but this ability diminished as the
thermograms for most samples contained only one desorptiontreatment time progressed and the octahedral cations were
maximum as shown for selected samples of acid-treated SWa-1leached from the structure. Figure 2a-d summarizes the salient
(Figure 1a). In contrast, the desorption profiles for the hectorite features of the data presented in Table 2. The normalized
samples (Figure 1b) suggested that cyclohexylamine waspercentage yield of the tetrahydropyranyl ether is plotted against
desorbed from more than one type of site in the-3860 °C the acidity data (closed symbols) and the relative octahedral
region. The variation in the amount of base desorbed over theion, O,, content (open symbols) which have been normalized
temperature range 33250 °C made direct comparison of the to the values for the mildest acid treatment used in this study
acidity values difficult. This problem was reduced by calculat- and the initial octahedral ion content, respectively. This
ing the number of millimoles of cyclohexylamine desorbed from approach provides a unified method for presentation of the
the Bransted sites and normalizing these values to the weightexperimental data, obtained from a range of samples with
of clay remaining at 250C. The results derived from this  differing octahedral populations, which aids assimilation and
approach show that in general the acidity of the samples treatedfurther discussion.

Temperature/°C
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Figure 2. Plots of the normalized yield of tetrahydropyranyl ether (THPE) vs relative octahedral ion cdijearid acidity ®) for acid-treated
samples of (a) SAz-1, (b) JP, (c) ST, and (d) SWa-1.

Figure 2a shows that SAz-1 was leached systematically by three to eight and by including smectites with different elemental
the acid treatments used, and thgi@n content varied from populations in the octahedral layer. The IR spectrum of
1.00 to 0.06 which was the largest range achieved in this study.untreated SAz-1 (Figure 3a) showed all the absorption bands
The mildest acid treatment used removed less than 5% of theexpected for a Mg-rich montmorillonite with very low octahedral
Oy ion content of SAz-1 and JP (Figure 2b), but the data in iron conten£”28 A weak band at 804 cn! indicated the
Figure 2c,d suggest that it removed 14% of the octahedral presence of amorphous silica in the sanf8l&he most intense
population of ST30 and 11% of that for SW30. The reaction band near 1032 cnt was attributed to the SiO stretching
yield for each set of acid-treated samples followed the depopu-vibrations of the tetrahedral layer while the bands at 519 and
lation of the octahedral sheet and the concomitant fall-off in 467 cnt! were due to S+O bending vibrations. Two peaks
acidity. These are clearly linked because the protons balancewere resolved in the hydroxyl bending region at 916~¢ém
the net negative charge on the layer which arises from (AlI,OH) and 841 cm! (AIMgOH).
isomorphous substitution in the octahedral sheet. Consequently, No significant changes were observed in the IR spectrum of
the number of protons was reduced as the octahedral ion contenSA30 (Figure 3b). A clear decrease in the intensity of both
was depleted. It is interesting to note that the relative yield of OH bending vibrations at 916 and 841 chalong with that of
the tetrahydropyranyl ether was reduced by 50% when the the Si-O—Al bending band at 519 cni reflected the reduced
octahedral ion content of the catalytically active clays was9.35 content of the octahedral cations as treatment time progressed,
0.45 of the initial value. This suggests that the elemental which is in accord with the XRF results. Only slight inflexions
composition of the starting material does not make a significant near 840 and 917 cm were observed after 3 drb h ofacid
contribution to the catalytic efficiency for this particular reaction, treatment, respectively (Figure 3e,g). The 519 ¢trband,
although it does play a key role in determining the severity of which is the most sensitive indicator of the presence/absence
the activation conditions required for the optimization of the of octahedral aluminum in acid-treated montmorillonites, was
catalytic activity. barely discernible afte6 h and disappeared aft8 h (Figure

FTIR is extremely sensitive to the small changes which occur 3h;i).
in the octahedral ion population of SAz-1 and JP at the early Changes in the Si environment with prolonged acid treatment
stages of leachini® This aspect of the study was extended were reflected in the position and shape of the complexCBi
here by increasing the number of samples investigated from stretching band in the 96a1200 cnt! region. The previous
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Figure 3. Infrared spectra of acid-treated samples of SAz-1 treated
for (a) 0, (b) 30, (c) 60, (d) 120, (e) 180, (f) 240, (g) 300, (h) 360, and
(i) 480 min in 6 M HCI at 80°C.

investigatioA®bonly considered IR spectra in which the parent
structure of SAz-1 had been slightly (8D band near 1040
cm™1) or drastically (SO band near 1100 cri) altered. The

Breen et al.

sheet of JP did not occur (Figure 4A). Slower dissolution of
JP compared to SAz-1 is in accord with the lower substitution
of Mg for Al in JP17-19

The IR spectra of untreated ST and SWa-1 (Figure 4B,C)
exhibited absorption bands indicative of the higher iron contents
in these samples. Two peaks were resolved in the hydroxyl
bending region at 918 (ADH) and 876 cm! (AlFeOH) for
ST and at 874 (AlIFeOH) and 819 cm(FeFeOH) for SWa-1.
The decrease in intensity of the OH bending bands for both
smectites reflected diminishing amounts of octahedral cations
as the leaching time increasedn contrast to the behavior
observed for SAz-1, JP, ST, and HC, where only minor changes
in the position of the StO stretching band were observed, the
shortest acid treatment caused a pronounced shift from 1029 to
1037 cntt in the spectra of SWa-1. The A3, MgO, and
Fe0O; values for ST480 and SW480 (Table 2) suggest that some
of the octahedral sites remained populated raBeh acid
treatment. The IR data in Figure 4B,C support the existence
of some undissolved layers. The-%) band is complex and,
in addition to the 1090 cm component attributed to three-
dimensional silica, there is a 1060 chabsorption attributed
to a tetrahedral clay sheet. This together with the presence of
a 530 cn1! band (S+0—Al) in ST480 confirms the presence
of some unaltered layers.

The IR spectra for untreated hectorite contained bands
attributed to OH bending at 659 cry Si—O stretching at 1015
cm~1, Si—0 out-of-plane bending at 703 crh and Si-O in-
plane bending at 468 cnh (Figure 4D). In addition, there were
weak bands at 1432 (not shown) and 875 &nattributed to a
small amount of calcite admixture which was removed by short
acid treatments. There was also a contribution from amorphus
silica at 803 cm!. These impurity bands underline the

treatment times and temperatures selected for this study enablediifficulties associated with purifying large quantities of these

us to follow stepwise changes in the-%) stretching region
for a range of acid-treated materials. A slight shift of the 1032

naturally occurring minerals. The changes in the IR spectra of
HC due to acid dissolution are similar to those observed for

cm 1 band to higher wavenumbers, observed in spectra of SA30 dioctahedral smectites. Unfortunately, the characteristic 659

and SA60, reflected a slight alteration of the structure. The IR
spectra for SA180 and SA240 showed, in addition to the
absorption near 1038 cth a pronounced band near 1085¢m
assigned to StO vibrations of amorphous silica with a three-
dimensional framework formed during the course of acid
treatment. Comparison of the intensities of both-Giabsorp-

cm~1 OH band was not sufficiently intense, and-8—Mg
bending vibration (466450 cnT? region) was overshadowed
by the S~O—Si bending, thus it was not possible to correlate
changes in these bands with the acid dissolution as in mont-
morillonites. Changes in the SO stretching region are more
distinct and thus more useful for monitoring the dissolution of

tions indicated that the extent of acid attack was less than 50%.hectorite. As acid treatment progressed, the Gistretching

The reverse situation was observed for the@istretching band
of the SA300 sample. The strong absorption band at 1098 cm
(with a shoulder near 1044 cr¥) proved that amorphous SjO
was the dominant phase in this sample. The@istretching

band at 1015 cm' diminished and the intensity of the-SD
band for amorphus SiOnear 1100 cm! increased. The
presence of a shoulder near 1020¢énin the spectrum of
HC480 suggests the continued presence of Si in a layered

band of the tetrahedral layer was absent from the spectra forstructure, and this aspect was confirmed?8gi MAS NMR

SA360 and SA480 and only the band of free silica (cf. Table
2), near 1100 cm, was observed for extensively leached SAz-1
(Figure 3h,i).

Further evidence for an increased amorphous; Si@htent

(vide infra) which showed that the transformation from a two-
to a three-dimensional silica network was incomplete after 8 h
in acid.

The data for each series of samples in Figure 2 indicated that

as acid dissolution progressed was also shown by the increasehe acidity values followed the depopulation of the octahedral

in intensity of the band near 800 ci(Figure 3). The broad
band near 974 cmi in the spectrum of SA480 (Figure 3i) is
due to SO stretching of SiOH group%which are present in

sheet as determined from the elemental analysis data. This is

anticipated because the protons are sorbed to compensate for

the net negative charge on the aluminosilicate layer which arises

the three-dimensional product formed as the octahedral sheefrom isomorphous substitution in the octahedral sheet. Con-

in the aluminosilicate layer becomes substantialy depleted.

sequently, the acidity should decline as the octahedral site

Progressive changes in the absorption bands, similar to thosepopulation decreases. Given that the absorbance of the band
observed for SAz-1, were observed for all acid-treated smectitesnear 520 cm? is a sensitive indicator of octahedral aluminum
as shown for selected samples of JP, ST, SWa-1, and HC incontent during acid attack? this should correlate with the

Figure 4. The AJOH (917 cnt?l), AIMgOH (844 cnr?), and
Si—O—Al (523 cnTl) vibrations in JP decreased less rapidly

acidity values measured by cyclohexylamine desorption. Figure
5 shows that this is clearly the case for SAz-1 and JP which

than in SAz-1, despite the higher treatment temperature. Theexhibit a measurable SIO—Al absorption.

presence of an SiO—Al band in the spectrum of JP treated

The 2°Si MAS NMR spectrum of untreated hectorite was

for 12 h confirmed that complete dissolution of the octahedral virtually identical to that shown for HC30 (Figure 6). Both
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Figure 4. Infrared spectra of (A) JP treated for (a) O, (b) 30, (c) 360, (d) 480, and (e) 720 min; (B) ST treated for (a) 0, (b) 30, (c) 240, (d) 360,
and (e) 480 min; (C) SWa-1 treated for (a) O, (b) 30, (c) 240, (d) 360, and (e) 480 min; (D) HC treated for (a) 0, (b) 30, (c) 180, (d) 360, and (e)
480 min. See text for details.

—95.5 ppm. ltis interesting to note that the correlation between
the FTIR spectra and the MAS NMR results for the hectorite
samples is as satisfying as that which we previously observed

-
w»
L

127 with mildly acid-treateéP?and extensively acid-leached mont-
morillonites1%

0.9 1 The lack of catalytic activity shown by the hectorite samples
was unexpected particularly in view of the reasonably high

0.6 - acidity values. It is known that the desorption of cyclohexy-

lamine does not distinguish between Brgnsted and Lewis acid
site$® and that the conversion of dihydropyran to the tetrahy-
dropyranyl ether is not catalyzed by Lewis acids. In an attempt
to reconcile this dilema, HC30 was saturated with pyridine vapor
and then heated at 5€C intervals in an environmentally
controlled DRIFTS cell. The spectrum obtained for pyridine-

0.3

Acidity/mmol (g clay at 250°C)"
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Absorbance (Si-0-Al) saturated hectorite heated at 8D exhibited strong bands at
Figure 5. Correlation of acidity with IR absorbance of the 522¢m 1442 and 1489 crt together with a very weak band at 1540
(Si—O—Al) band for JP () and SAz-1 W). cm-1and a shoulder near 1435 chn The 1442 and 1435 cth
spectra contained a stroAti Q3(0 Al) signal centred a+95.5 bands diminished as the treatment temperature was increased
ppm, which agrees well with literature values for Si in low Al-  while the 1540 cm? band grew in intensity. The 1489 cfh
substituted smectité’d; 34 and a weak, broad {peak at—112 band remained largely unchanged. This behavior has been

ppm which indicates the presence of a small amount of observed before in acid-activatéa@nd cation-exchanged ben-
amorphus Si@as suggested by the IR band at 803 émAs tonites3® The removal of physisorbed pyridine (1435chand

the acid-treatment increased, an additional peakldi2 ppm, pyridine hydrogen-bonded to the pyridinium cation (1442 &m
attributed to Si(OSKOH) (Q3(1 OH)) sites, grew in intensity  results in an increase in the diagnostic band for Brgnsted-bound
as did the @ peak at—112 ppm at the expense of the peak at pyridine at 1540 cmt. The presence of a weak band near 1442
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Figure 6. 2°Si MAS NMR spectra for hectorite samples treated in 0.25
M HCI at 30°C for (a) 30, (b) 240, and (c) 480 min.
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Figure 7. DRIFTS spectra of pyridine-saturated HC30 after heating
for 30 min at temperatures of 50, 100, 150, and 2G0
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with acid sites which are not strong enough to protonate DHP.
Our current interpretation is that a significant number of the
Mg?* ions leached from the octahedral sheet of hectorite reside
on the exchange sites in the interlamellar region. The water
molecules in the primary coordination sphere of ¥gyill be
sufficiently polarized to protonate the nitrogen-containing bases
but not DHP. It has been previously noted that the desorption
of cyclohexylamine from acid-treated clays back-exchanged with
C&" indicated a high concentration of protons which was not
reflected in an ability to convert DHP to the tetrahydropyranyl
ether!® The derivative thermograms for the desorption of
cyclohexylamine from the hectorite samples all show the
presence of two unresolved maxima, which provides further
evidence for this interpretation since we have shown that the
maximum in the derivative thermogram for the desorption of
cyclohexylamine from acid-treated clays occurs at 3Dévhile

that from the catalytically inactive Gaclay occurs at 330C.

Conclusions

Five layered silicates of varying elemental composition were
acid leached using acid concentrations and treatment temper-
atures selected to produce materials in which the octahedral sheet
was depopulated in a controlled, stepwise (yet comparable)
manner. The Brgnsted acidity and catalytic activity of the
resulting materials decreased as the octahedral sheet became
increasingly depleted, except for the hectorite which exhibited
no catalytic activity despite the proven existence of Brgnsted
acid sites. The elemental composition of the starting material
did not appear to make a significant contribution to the catalytic
activity for the chosen test reaction although it does play a key
role in determining the severity of the activation conditions.
FTIR spectroscopy was found to be as sensitive to structural
acid attack ag°Si MAS NMR, and the octahedral depletion
(measured using FTIR) correlated well with the acidity deter-
mined from thermal desorption of cyclohexylamine.
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