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Four different types of large-port mordenite were studied. Three of these catalyst samples were
dealuminated by treatment with nitric acid and were characterized by temperature-programmed
desorption (TPD) of ammonia, infrared spectroscopy, cyclohexane adsorption, solid-state NMR,
and X-ray diffraction (XRD). It was found that the extent of dealumination and the amount of
octahedral aluminum remaining in the zeolite channels was strongly influenced by crystallite size.
Extensive dealumination resulted in materials with surface areas greater than the parent materials,
yet still retaining their characteristic mordenite structure as determined by XRD. Ammonia TPD
was shown to uniquely determine the framework aluminum content, irrespective of the presence
of extraframework aluminum. The previously disputed origin of the infrared absorption band at 955

cm™!
dealumination events is proposed.

INTRODUCTION

It has been reported that dealuminated
mordenites show improved lifetimes for a
number of chemical reactions (/-10). Mor-
denite may be synthesized with Si/Al ratios
ranging between 4.5 and 10 (//) and further
dealumination is often accomplished by acid
leaching, steam treatment, or heat treat-
ments, which may result in a transformation
of small-port mordenite into large-port mor-
denite (12-14).

Much of the attention of workers studying
the dealumination of mordenite by acid
treatment has been focused on the modifi-
cation of small-port mordenite. In the pres-
ent investigation, a number of characteriza-
tion techniques have been used to study the
dealumination process of large-port morde-
nite. The influence of crystallite size on the
extent of dealumination and on the residual
octahedral aluminum content is reported.

A number of assignments have been pro-
posed for the structural infrared bands in the
two regions 930-960 and 620-630cm ™", The
band between 930 and 960 cm ™', sometimes
seen in dealuminated samples, has been as-
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is assigned to new Si—O-Si bonds formed upon framework dealumination. A sequence of
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signed to hydroxyl nests by Beyer et al. (15)
and to the formation of new Si—O bonds by
others (/6-18). The 620-630 cm ! band has
been assigned to vibrations in single 4-rings
(19), alternating SiO, and AlO, tetrahedra
(20), and, more recently, to isolated AlO,
tetrahedra in single 4-rings (13). The results
of this study provide clear support for some
of the above-mentioned assignments. This
paper presents the results of an investigation
into the effect of dealumination, via acid
washing, on the properties of three different
large-port mordenite materials and also the
properties of a range of commercially avail-
able dealuminated mordenites.

EXPERIMENTAL
Catalysts

The catalysts used in the study were Zeo-
cat mordenite (ZM), Norton mordenite Z900
(NM), and mordenite synthesized according
to the method of Itabashi ez al. (11). Samples
with three different aluminum contents were
obtained from Zeocat and are referred to as
ZM510, ZM760, and ZM980. These samples
were dealuminated by steam treatment fol-
lowed by acid treatment. The Norton mor-
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denite was obtained as fs-in. binderless ex-
trudates in the sodium form. In the
manufacture of the extrudates it is possible
that a viscosity modifier such as hydroxy-
methylcellulose was used. This would, how-
ever, be removed by combustion during the
calcination process. This material was
crushed and sieved and particles of less than
75 um were used in this study. No indication
of the presence of any foreign material was
found in the ZM and NM samples by either
XRD or electron microscopy. Two batches
of mordenite were synthesized in a mechani-
cally stirred autoclave at 190°C under auto-
thermal pressure. The first batch was syn-
thesized at an autoclave impeller speed of
300 rpm (S1) and the second at an impeller
speed of 30 rpm (S2). The molar ratio of
both synthesis mixtures was Na,O/Al,0,/
Si0,/H,0: 1.7/1/11.5/230, and the synthe-
sis time was 48 h. The sodium and hydrogen
forms of all the above catalysts are desig-
nated -Na and -H, respectively. Hydrogen
form samples were obtained by calcination
of the ammonium forms in air at 400°C
for 8 h.

Dealumination Procedure

The dealumination procedure used was
that described by Karge ez al. (21). Samples
designated -1 N and -6 N were prepared by
stirring 1.0 g of sodium mordenite in 27 ml
of 1 N and 6 N HNO, respectively, at room
temperature. These samples were then
washed in 1 liter of flowing distilled water,
dried overnight at 90°C, and crushed to less
than 75 wm particle size. Samples desig-
nated -01 were prepared by stirring 4 g of
sodium mordenite in 53 ml of 6 N HNO; for
4 h at room temperature, washing, drying,
and crushing and repeating these treatments
once. More severely dealuminated samples
were prepared by multiple cycles of reflux-
ing 4 g of sodium mordenite in 53 ml of 6 N
HNO; for 4 h and then washing, drying,
and crushing as described above. Samples
undergoing two and four such refluxing cy-
cles are designated -02 and -03, respectively.
The S1 samples S1-02 II and S1-03 II were
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prepared according to the same procedures
as the S1-02 and S1-03 samples but the am-
monium form of the catalyst was used in
place of the sodium form. These samples are
indicated by the suffix II.

Catalyst Characterization

Catalyst aluminum contents were deter-
mined by atomic absorption (AA). For this
purpose, samples were prepared by dissolv-
ing 100 mg of the catalyst in hydrofluoric/
hydrochloric acid (5 ml 40% HF, 5 ml 31%
HCI) at room temperature. After dissolu-
tion, 20 ml of a saturated boric acid solution
was added to complex the excess hydroflu-
oric acid and the resulting solution made up
to 50 ml using distilled water. AA standards
were prepared using hydrofluoric, hydro-
chloric, and boric acid concentrations corre-
sponding to those used for sample prepa-
ration.

Al MAS NMR spectra were recorded
using a Bruker AM 300 spectrometer at a
spin rate of 5000 Hz, a pulse width of 1.5
us, a pulse angle of 30°, a relaxation delay
of 0.1 s and employing AICl;(H,0)¢ as an
external standard at 0 ppm. Prior to NMR
analysis, samples were calcined in air at
400°C for 8 h and allowed to equilibrate un-
der ambient conditions. Catalyst agglomer-
ate sizes were measured using a Malvern
2600/3600 particle sizer. Ammonia tempera-
ture-programmed desorption (NH; TPD)
spectra were recorded in the range 100 to
650°C (0.5-g sample, 10°C/min temperature
ramp, 60 ml/min helium carrier). Ammonia
was preadsorbed at 100°C and TPD peak
temperatures were reproducible to within
5°C. All the TPD spectra displayed two
characteristic desorption peaks and for inte-
gration purposes these peaks were sepa-
rated by dropping a perpendicular line from
the trough between the two peaks to the
baseline of the spectra.

X-ray diffraction (XRD) spectra were ob-
tained using CuKe radiation. The lattice
constants a, b, and ¢ were measured from
the (200), (020), and (004) reflections, re-
spectively. The relative crystallinities of the
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zeolite samples were estimated by summing
the peak heights of the (200), (111), (310),
(202), (350), and (402) reflections and nor-
malizing to 100% with respect to ZM980.
For all catalysts, relative crystallinity data
were obtained under identical instrumental
and sample conditions. Surface areas were
measured by nitrogen adsorption using stan-
dard BET apparatus after sample evacua-
tion at 250°C. All samples used for BET and
XRD analyses had been precalcined in air at
400°C for 8 h and allowed to cool at ambient
conditions overnight.

Infrared spectra were recorded using a
Nicolet SZDX FTIR spectrometer and are
presented as transmittance spectra. The cat-
alyst samples were calcined at 400°C and
diluted 1:100 in KBr for viewing the 400-
900 cm ™' bands and 1: 500 for viewing the
1050-1090 cm™' bands. Cyclohexane ad-
sorption levels were determined at 70°C us-
ing a Stanton Redcroft STA 780 thermograv-
imetric balance. The cyclohexane partial
pressure was 125-mm Hg.

RESULTS
Structure and Morphology

X-ray diffraction patterns of all the sam-
ples showed that the catalyst samples main-
tained the mordenite crystal structure
throughout all the acid treatments. The unit
cell volumes listed in Table 1 were calcu-
lated from the lattice constants a, &, and c.
Generally, the unit cell volumes of NM, S1,
and S2 decreased on dealumination. The
unit cell volumes of the ZM samples were
essentially the same. The length of the ¢ axis
did not vary significantly between catalyst
samples, the most significant changes taking
place in the direction of the b axis.

The relative crystallinities of the S2 sam-
ples were noticeably lower than those of the
other samples (Table 1). The ZM samples
had the highest percentage crystallinities,
with the percentage crystallinities of the
NM, S1, and S2 samples generally decreas-
ing with decreasing aluminum content,
whereas those of the ZM samples increased.

Electron microscopy showed that the cat-
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alyst crystallite sizes and morphologies var-
ied considerably from one catalyst to an-
other (Figure 1). The NM samples consisted
of 10- to 30-um intergrown crystals. The ZM
samples consisted of 10- to 50-pm agglomer-
ates of 1- to 5-um crystals, some of which
are intergrown. The S1 samples consisted
of 3- to 10-um agglomerates of 0.1-0.5 um
crystals which were uniform in size and
shape.

The S2 mordenite consisted of two differ-
ent types of agglomerates, both of which
were made up of long needle-shaped crys-
tals. The first agglomerate type consisted of
tightly packed bundles of crystals about 1
pumlong and 0.1 um in diameter. The second
agglomerate type, which made up most of
the material, consisted of randomly orien-
tated crystals which are about twice the size
of those in the agglomerates of the first type.
None of the morphologies, as described
above, were observed to change, even after
severe dealumination.

Catalyst Dealumination

The sodium forms of the NM, S1, and S2
samples had approximately the same alumi-
num content. Only trace quantities of so-
dium were found in the -01, -02, and -03
forms of these samples, whereas the -1 N
and -6 N samples contained between 0.5
and 1% sodium. After undergoing identical
dealumination procedures it was found that
the NM, SI1, and S2 mordenite materials
retained vastly different aluminum contents
(Table 2). In the case of the S1 mordenite,
the aluminum content was reduced by 85%
during the first refluxing procedure (S1-02)
and further refluxing reduced the aluminum
content by only an additional 1% of the origi-
nal amount. In contrast, the NM and S2
materials retained much higher aluminum
levels even after four acid refluxing cycles.
From these results it is apparent that de-
alumination may reach a limit after removal
of approximately seven-eighths of the initial
aluminum content. Removal of the re-
maining one-eighth of the aluminum, corre-
sponding to approximately one aluminum
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TABLE 1

Characterization Data: Infrared T-0 Band Positions, Cyclohexane Adsorption Levels, Unit Cell Parameters,
Relative Crystallinities, and Surface Areas

Catalyst Tetrahedral Infrared Cyclohexane Unit cell parameters Unit cell Relative Surface
aluminum T-0 band adsorbed ——————————  volume crystallinity area
(Wt%) (1/cm) (Wt%) a b c (A3 (%) (m?/g)
(A)
NM-Na 6.09 1044 8.8 18.18 20.54 7.52 2805 92 —
NM-H 6.19 1069 7.6 18.22 20.40 7.50 2788 89 396
NM-1N 595 1074 8.5 18.14 20.53 7.50 2792 87 —
NM-6 N 5.52 1075 9.1 18.19 20.47 7.49 2789 94 —
NM-01 4.19 1080 7.6 18.20 20.35 7.50 2778 87 369
NM-02 3.02 1081 7.1 18.16 20.26 7.48 2752 85 373
NM-03 2.30 1083 6.7 18.14 20.23 7.47 2741 80 489
ZM510 3.17 1081 6.4 18.18 20.38 7.47 2768 82 410
ZM760 0.77 1087 6.2 18.18 20.40 7.48 2774 97 496
ZM980 0.43 1089 5.6 18.18 20.38 7.48 2771 100 490
S1-Na 6.50 1045 9.3 18.18 20.59 7.54 2822 85 —
S1-H 6.53 1060 9.1 18.24 20.37 7.51 2790 76 450
S1-1 N 5.88 1058 9.7 18.23 2045 7.50 2796 76 —
S1-6 N 5.44 1062 10.2 18.26 20.49 17.50 2806 71 —
S1-01 3.89 1060 9.2 18.22 20.35 7.51 2785 71 375
S1-02 0.85 — 4.9 18.09 20.12 7.42 2701 64 447
S1-03 0.85 — 4.1 18.10 20.21 7.44 2722 73 486
S1-0211 0.89 1086 5.0 18.05 20.03 7.41 2679 66 453
S1-0311 0.86 1086 3.5 18.07 20.17 7.43 2708 73 450
S2-Na 6.41 1045 7.0 18.20 20.59 7.53 2822 75 —
S2-H 5.68 1073 6.8 18.17 20.33 7.49 2767 61 —
S2-1 N 5.42 1074 7.5 18.20 20.52 7.50 2801 69 _—
S2-6 N 5.21 1075 7.7 18.20 20.52 17.50 2801 73 —
S2-01 4.78 1077 7.3 18.14 20.28 7.49 2755 59 —
S$2-02 3.21 1083 6.6 18.15 20.26 7.48 2790 51 354
S2-03 2.33 1084 6.2 18.12 20.28 7.46 2741 58 378

per unit cell, may require more severe de-
alumination conditions. It is apparent from
the characterization data of the S1-02/-03
and the Si-02 II/-03 II samples that the type
of cation present (Na* or NH; ) in the mor-
denite samples did not affect the dealumina-
tion characteristics of these samples.

The framework aluminum is generally
taken as the tetrahedral aluminum as deter-
mined by ¥’Al MAS NMR (I3, 14, 22), the
results of which are shown in Table 2. Fer-
nandez et al. (23) found that the ratio of
(octahedral aluminum)/(tetrahedral alumi-
num) Al NMR peak intensities increased
as the pulse angle was increased and pro-
posed that the relative concentrations of

these species should be determined at very
low pulse angles. However, for pulse angles
up to 30°, the reported variation in the (tetra-
hedral aluminum)/(total aluminum) ratio for
dealuminated mordenite is less than 10%
(23). Due to the low aluminum content of
the severely dealuminated samples, a pulse
angle of 30° was required in this study to
obtain adequate signal intensities. For the
above reason, the tetrahedral aluminum
contents reported in Tables 1 and 2 are sub-
ject to an error margin of approximately
10%.

NM-H contained 98% tetrahedral alumi-
num, this value dropping on initial acid re-
fluxing to 62% and then increasing slightly
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F1G. 1. Electron micrographs of dealuminated mordenites; (a) NM mordenite, (b) ZM mordenite, (c)
S1 mordenite, (d) S2 mordenite.
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TABLE 2

Characterization Data: Al MAS NMR Tetrahedral Aluminum Peak Widths, Catalyst Water Content, and NH,
TPD Peak Maxima and Concentrations (HTD/LTD: High-Temperature Desorption/Low-Temperature

Desorption Peaks)

Catalyst Total Tetrahedral 27A1 NMR Water LTD TPD peak HTD TPD peak
aluminum aluminum AIV! width content
(wi%) (wt%) (ppm) (g/g dry cal)  Temperature  NH, desorbed ~ Temperature  NH; desorbed
°C) (mmol/g cat.) °C) (mmol/g cat.)

NM-Na 6.17 6.09 16.0 0.123 — — — —
NM-H 6.34 6.19 12.8 0.109 229 0.91 615 1.77
NM-1 N 6.32 5.95 25.4 0.124 231 0.94 590 1.73
NM-6 N 6.03 5.52 23.9 0.125 225 0.94 598 1.92
NM-01 5.82 4.19 14.8 0.152 244 1.05 601 1.65
NM-02 4.88 3.02 5.1 0.140 237 0.80 598 1.14
NM-03 3.54 2.30 4.2 0.130 223 0.67 595 0.87
ZMS510 4.01 3.17 7.9 0.121 226 0.85 622 1.05
ZM760 1.08 0.77 2.7 0.089 199 0.18 570 0.32
ZM950 0.52 0.43 4.0 0.059 195 0.09 554 0.12
S1-Na 6.50 6.50 0.0 0.129 — — —_ —
SI-H 6.73 6.53 13.1 0.122 236 0.99 626 2.20
SI-I N 6.42 5.88 17.4 0.130 229 1.08 578 2.07
S1-6 N 6.45 5.44 15.2 0.142 228 0.87 600 2.15
S1-01 6.08 3.89 4.8 0.143 236 1.03 601 1.17
$1-02 0.92 0.85 3.2 0.115 — — — —
$1-03 0.87 0.85 2.7 0.104 203 0.28 591 0.37
S1-0211 0.91 0.89 3.4 0.095 205 0.28 595 0.35
S1-0311 0.87 0.86 2.9 0.075 205 0.27 591 0.29
S2-Na 6.41 6.41 0.0 0.116 — —_ — —
S2-H 6.70 5.89 133 0.118 227 0.63 600 1.66
S2-1 N 6.12 5.42 19.8 0.116 226 0.71 559 1.54
S2-6 N 6.09 5.21 16.6 0.110 228 0.62 580 1.52
S2-01 6.40 4.96 13.0 0.132 223 0.57 587 1.70
8§2-02 4.17 321 7.8 0.140 234 0.69 606 0.95
$2-03 2.77 2.33 9.3 0.125 215 0.48 590 0.58
to 65% for NM-03. The octahedral reso- Catalyst Acidity

nance of NM-01 was very broad but nar-
rowed considerably for the refluxed samples
(Table 2). The ZM samples contained be-
tween 72 and 82% of their aluminum in the
tetrahedral form. The octahedral resonance
of ZM510 was relatively broad whereas this
peak for ZM760 and ZM980 was much
sharper. The sodium forms of S1 and S2
contained no octahedral aluminum. After
both reflux procedures, the percentage alu-
minum exhibiting tetrahedral coordination
in the S1 mordenite had increased from 64%
for S1-01 to 98% for S1-03, whereas in the
case of S2-03 this was only 84%. The octahe-
dral resonances of the acid-treated S1 sam-
ples were quite narrow, especially those of
the refluxed samples, while those of the
acid-treated S2 samples were broader.

The ammonia TPD spectra exhibited two
characteristic peaks, a low-temperature de-
sorption (LTD) peak between 195 and 244°C
and a high-temperature desorption (HTD)
peak between 554 and 626°C. The LTD peak
is a result of physisorbed NH; and NH,
which has not been flushed from the zeolite
pores prior to initiation of the temperature
ramp. The size and maximum temperature
of this peak are not indicative of the acidic
nature of the catalyst. The HTD peak is
related to the strong acidity resulting from
aluminum in the zeolite framework (24, 25).
The peak temperatures and desorption con-
centrations are listed in Table 2. Figure 2
shows the existence of a linear relationship
between the number of tetrahedral alumi-
num species generating acid sites (not tetra-
hedral aluminum species charged balanced
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by Na™ ions) and the amount of ammonia
desorbing from these sites (HTD peak) for
acid-dealuminated samples.

The temperatures of both HTD and LTD
peaks decreased with decreasing tetrahedral
aluminum content. The extent to which the
HTD peak temperature decreased was not
the same for the different mordenite sam-
ples. The ZM samples showed a large de-
crease in peak temperature, going from 622
to 554°C as the framework aluminum con-
tent decreased from 3.17 to 0.43 wt%. This
was not the case for the NM, S1, or S2
samples where the peak temperature de-
creased only from 626 to 591°C as the alumi-
num content decreased from 6.53 to 0.85
wt%.

Infrared Spectroscopy

Infrared spectra of the catalyst samples
showed that the »,, T-O band shifted from
1060 to 1089 cm ™! as the extent of dealumi-
nation increased (Table 1). The spectra of
the ZM samples differed from those of the
other mordenites in that the structural bands
(400-900 cm ') were clearly resolved, their
resolution increasing as the amount of alu-
minum in these samples decreased.

The 955 cm ™! shoulder observed by Dun-
ken and Stephanowitz and Musa et al. (18)

157

was not seen in the spectra of any of the ZM
samples. This band was not evident in the
spectra of the sodium mordenites but did
appear as a slight shoulder in the spectra of
the ammonium-exchanged NM, S1, and S2
samples. The intensity of this shoulder in-
creased as the framework aluminum content
decreased (Fig. 3). As can be seen in Fig. 4,
there is a direct relationship between the
area under the 955 cm™! shoulder of the
NM, S1, and S2 samples and the amount
of aluminum removed from the mordenite
framework. Calcination of the S1-02 sample
at 650 and 800°C resuited in no significant
reduction of the 955 cm ~! shouider and very
little shift in any of the band positions.

The peak at 800 cm ™' did not increase on
dealumination of the mordenite samples but
shifted to slightly higher wavenumbers and
became more clearly resolved as the inten-
sity of the 710-750 cm™' band decreased
(Fig. 3). This 800-820 cm ! band was partic-
ularly sharp for the ZM samples (Fig. 5)
becoming sharper as the extent of dealumi-
nation increased.

The 620-630 cm ™! band and the broad-
band between 710 and 750 cm ™! were seen
in all the nondealuminated samples. On de-
alumination, the 620-630 cm ™! band shifted
to higher wavenumbers but was not signifi-
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F1G. 3. Effect of acid dealumination on the infrared
spectra of S1 mordenite.
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cantly reduced, whereas the 710-750 ¢cm ™!

band decreased as the aluminum content of
the catalyst samples decreased (Fig. 3).

Cyclohexane Adsorption and Surface
Areas

The cyclohexane adsorption levels de-
creased as the aluminum content of the cata-
lyst decreased as a result of dealumination
(Table 1). There are clear differences be-
tween the cyclohexane adsorption profiles
of the NM, S1, and S2 mordenites, the Sl
mordenite adsorbing more cyclohexane
than the NM and S2 mordenites for equiva-
lent tetrahedral aluminum contents (Fig. 6).
It is also clear that the cyclohexane adsorp-
tion levels of the mordenites increase on
initial dealumination. The cyclohexane ad-
sorption levels of the S1 samples dropped
from 10.2 wt% for S1-6N to 5.1 wt% for S1-
02. The severely acid-treated sample S1-03
II adsorbed only 3.5 wt% cyclohexane al-
though the aluminum content of this catalyst
was only slightly less than that of S1-02 II.

The surface areas of all the samples were
greater than 350 m?/g. The surface areas
of the mildly acid-treated samples generally
decreased from that of the H form but in-
creased with progressive acid refluxing
(Table 1). In all the cases the -03 samples
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F1G. 5. Infrared spectra of the most severely dealumi-
nated forms of the NM, ZM, S1, and S2 mordenites.

exhibited greater surface arcas than the H
forms.

DISCUSSION
Catalyst Dealumination

The increasing extent of framework dea-
lumination with successive leaching cycles
of the S1 mordenite compared with that of
the NM and S2 materials (Table 1) can be
ascribed to the differences in crystallite
sizes of these materials. The smaller S1
crystallites present less intracrystalline dif-
fusional restrictions to the leaching process
than do the larger crystallites of the NM and
S2 materials. These diffusional restrictions
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-
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FiG. 6. Cyclohexane adsorbed as a function of tetra-
hedral aluminum content (of the dry catalyst).
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would be increased by the presence of extra-
framework silicon species deposited during
the catalyst synthesis. The differing dealum-
ination rates cannot be ascribed to varying
amounts of 2-D channel structure material
(Cmmm point group—lower diffusional
resistance) and the more common 1-D chan-
nel structure material (Cmcm point
group—higher diffusional resistance) as de-
scribed by Musa et al. (I8). XRD spectra
show no evidence for the presence of the
Cmmm space group variant (absence of a
reflection of 260 = 15.31°) nor is the appear-
ance of significant amounts of amorphous
material (resulting from the decomposition
of the less thermally stable Cmmm material
(18)) seen in any of the electron micro-
graphs. The amount of tetrahedral alumi-
num remaining in the S1-02 and S1-03 sam-
ples was approximately one-eighth of the
aluminum initially present. There are ap-
proximately eight aluminum atoms per unit
cell in unmodified mordenite and thus, un-
der the leach conditions used, one aluminum
atom appears to be more stably bound in the
crystal structure.

This effect of crystallite size is not ex-
pected to be limited to the extent of frame-
work dealumination, but should also influ-
ence the extent of removal of the resulting
extraframework aluminum species from the
crystallites. Thus, the significantly higher
octahedral content of the NM and S2 sam-
ples, versus that of the S1 material, can also
be explained by the smaller S1 crystallites
from which the extraframework aluminum
species can diffuse more easily. Further-
more, the relative sharpness of the S1 and
ZM octahedral aluminum resonances indi-
cate these octahedral species to be highly
mobile, hydrated, and located in the main
12-ring channels (14). In contrast, the broad
resonances observed for the refluxed NM
and S2 samples suggest that a large fraction
of the octahedral aluminum species located
in these materials is located in the 8-ring side
channels.

A sequence of dealumination events is
proposed in which framework dealumina-
tion takes place simultaneously in the main
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channels and the side pockets. Extraframe-
work aluminum species in the main channels
are hydrated oxyhydroxy species which
readily diffuse out of the crystallite into the
bulk leaching medium. Extraframework alu-
minum species within the side pockets are
partially hydrated (/4). As the main channel
species diffuse out of the crystallites, the
side pocket extraframework species migrate
into the main channels where they become
fully hydrated and, in turn, diffuse out of the
crystallites.

Catalyst Acidity

The NH; desorption temperatures, espe-
cially those of the HTD peaks, are higher
than those previously reported (22, 25~27).
This is due to NH, readsorption which was
caused by the low carrier/sample ratio em-
ployed for the purpose of increasing the NH,4
concentration levels in the thermal conduc-
tivity detector.

On dealumination the number of acid sites
available for NH, readsorption decreases
and the reduced readsorption resuits in a
lower peak maximum temperature. Thus,
the results of this study, viz. the decrease in
the HTD peak maximum temperature with
increasing dealumination, do not necessar-
ily imply a decrease in the acid site strength
as dealumination proceeds. Indeed, other
workers (28) using a vacuum TPD system in
which the influence of readsorption is negli-
gible observed an increase in the strength of
strong Br@nsted acid sites with increasing
severity of dealumination.

Regardless of the difficulties introduced
due to NH; readsorption in this study, the
total acidity of the samples as measured by
the total HTD NH,; is still correctly deter-
mined by these measurements. There is a
good 1: 1 relationship between the amount
of HTD NHj; and the tetrahedral aluminum
content of all the -01, -02, and -03 samples.
As the -1 N and -6 N samples still contained
significant amounts of sodium, the tetrahe-
dral aluminum contents plotted in Fig. 2 re-
flect aluminum species generating acid sites
and not aluminum species which are charge
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balanced by Na* ions. The slight reduction
in the amount of HTD NH, for the -H sam-
ples is ascribed to reduced accessibility of
framework aluminum due to the presence
of nonstructural species deposited on the
crystallite surface or in the channel struc-
ture during synthesis. The reduced accessi-
bility of the zeolite channels of the -H sam-
ples is also seen in the cyclohexane
adsorption levels of these samples indicat-
ing that acid treatment facilitates the re-
moval of these species resulting in a more
accessible pore volume, as was also re-
ported by Chen (29).

Sawa et al. (22) found that, for mordenites
with aluminum contents of greater than 1.65
mmol/g, the amount of HTD NH; decreased
with framework aluminum content. As the
only samples in their work for which the
HTD NH,/framework aluminum ratio was
found to decrease were unmodified, it is sug-
gested that the accessibility to aluminum in
these samples may have been similarly re-
stricted due to the presence of nonstructural
species in the zeolite channels.

Structural Characterization

The shift in the v, T-O band with reduc-
tion in aluminum content has been reported
by other workers (18, 30) and their data are
compared with those obtained in this study
in Fig. 7. The results of this study are similar
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to those reported by Musa et al. (I18) in
which the band frequency is observed to
shift in the range 10601090 ¢cm~! as de-
alumination proceeds to completion. The
trend of the v,, T-O band as a function of
tetrahedral aluminum content of the mildly
dealuminated S1 samples lies below that of
the other mordenites. The data presented by
Bremer et al. (30) indicate that the Si/Al +
Si ratio of mordenites may be monitored by
the shift in the position of the v, T-O band.
From the results obtained in this study as
well as those obtained by Musa ef al., it
would appear that infrared spectroscopy is
an unreliable method for monitoring this
Si(Al + Si) ratio.

Several workers (16—18) have postulated
that, when dealumination occurs without
silicon substituting for extracted aluminum,
new 0;5i-0-Si0; bonds may be formed be-
tween SiO, tetrahedra previously linked via
AlQO, tetrahedra. Ha et al. (20) previously
attributed an increase in the 820 cm ™' band
to the formation of these new 0;Si~0-Si0,
bonds. In the present study, however, no
relationship was found between the magni-
tude of the 820 cm~! band and the amount
of framework aluminum removed.

Beyer et al. (15) attributed the 955 cm ™!
peak to the presence of hydroxyl nests
formed on the removal of aluminum from
the zeolite framework. Fejes et al. (31) sug-
gested that such hydroxyl nests would have
a low thermal stability and should decom-
pose at low temperatures. As no reduction
in the 955 cm ~! band was seen in the spectra
of the S1-02 II samples calcined at 650 and
800°C, it seems unlikely that such nests can
be associated with the 955 cm~! band. The
inability to incorporate silicon into such
nests (32) is further evidence against the
presence of these nests in calcined samples.

From the results of this study it can be
seen that the 955 cm ™! band was the only
structural infrared band which increased in
intensity as the number of T vacancies re-
sulting from aluminum extraction in the
mordenite structure increased (Fig. 5). The
above findings confirm that the 955 ¢cm ™!
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band, noticeably present in the acid-treated
S1 and S2 samples, results from the forma-
tion of new 0;Si-0-Si0O; bonds. These
bonds would be longer than the normal T-O
bonds since they stretch across vacancies
formed by the extracted aluminum and
hence the appearance of this new band at
lower frequencies than that of the undis-
torted T-O bonds.

The infrared spectra of the ZM samples
exhibit no band at 955 cm™'. This is to be
expected since the dealumination procedure
employed for these samples is conducive for
the replacement of extracted aluminum by
silicon (33) and, consequently, new
0,51-0-Si0; bonds responsible for the 955
cm™' band are not formed. The various
structural bands and the v, T-O band are,
however, narrower than those of the NM,
S1, and S2 samples as would be expected
since silicon has replaced aluminum (which
has a longer bond length with oxygen) and
thus the average variation in the T-O bond
length of the ZM samples is less.

Given this assignment of the 955 cm
band to new 0,Si-O-Si0O; bonds formed
upon dealumination, it is likely that the as-
signment of the 820 cm™! band to external
symmetric stretching vibrations is correct
(19, 34). The results shown in Fig. 3 show
the frequency of this vibration to shift from
800 to 818 cm™' as dealumination ap-
proaches completion, in the same manner
that the asymmetric stretching vibration
shifts from 1060 to 1086 cm™!.

As found by other workers (18, 35), the
intensity of the broadband in the region
710-750 cm~! decreased with decreasing
framework aluminum content (Fig. 3). This
result is consistent with the previously re-
ported association of a band at 720 cm ™! to
framework aluminum in mordenite (20, 35).

Upon dealumination, the band in the
620—630 cm ! region is observed to shift to
higher wavenumbers without any accompa-
nying loss in intensity (Fig. 3). This band is
also present at similar intensities in the
highly dealuminated ZM980 sample (Fig. 5).
The assignment of this band to isolated AlO,
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tetrahedra (13) or alternating SiO, and AlO,
tetrahedra (20) is therefore not supported by
these results and it is more likely that the
correct assignment is that proposed by
Coudurier et al. (36) to single 4-ring vibra-
tions. The shift in this band upon dealumina-
tion is, therefore, analogous to the shifts in
the 1060-1090 and 800-818 cm ™! regions as
described above.

For the acid-leached samples (NM, S1,
S2) the unit cell parameters and the relative
crystallinities are generally observed to de-
crease with decreasing aluminum content.
In contrast, the unit cell parameters of the
ZM samples are essentially identical, irre-
spective of aluminum content, and the rela-
tive crystallinity was observed to increase
with decreasing aluminum content (Table
1). These results are in accordance with ex-
pected trends given the removal of alumi-
num T atoms in the acid-leached samples
and their replacement by silicon in the ZM
samples. Extraction of aluminum results in
a reduced unit cell size and a distorted
framework structure brought about by the
new bonds between SiQO,, tetrahedra pre-
viously linked to AlO,, tetrahedra. Replace-
ment of lost aluminum by silicon results in
an increasingly crystalline framework struc-
ture formed when SiO,, tetrahedra replace
AlO,, tetrahedra and the deviation in the
T-O bond lengths becomes less.

Cyclohexane Adsorption and
Surface Areas

Cyclohexane adsorption levels (Table 1)
indicate that all unmodified catalyst samples
were large-port mordenite since the adsorp-
tion levels of small-port mordenites are
about 1% (12). Upon initial dealumination,
the quantity of cyclohexane adsorbed in-
creased from that of the -H and -Na form
samples. This trend was also found by Chen
(29) who ascribed this initial increase in cy-
clohexane adsorption levels to the removal
of extraneous materials from the mordenite
channels. The cyclohexane adsorption lev-
els of the more severely dealuminated sam-
ples decreased and it is likely that this
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decrease is due to the simultaneous progres-
sive decrease in channel diameter, thereby
limiting the capacity for cyclohexane ad-
sorption. That such a decrease in channel
diameter occurs with dealumination may be
deduced from the observed reduction in unit
cell parameters (Table 1). In contrast to the
NM, S1, and S2 materials, the cyclohexane
adsorption capacities of the ZM samples are
essentially constant with decreasing alumi-
num content as are their unit cell parame-
ters. This result is consistent with the de-
alumination procedure employed for the ZM
catalysts in which the extracted aluminum
is replaced by silicon, thereby stabilizing the
zeolite framework. The initial increase in
cyclohexane adsorption capacity from that
of the -H and -Na forms is ascribed to the
removal of acid-soluble nonstructural spe-
cies desposited in the channels or on the
crystallite surface during synthesis. It is
likely that the nonstructural species are sili-
con based as there is very little extraframe-
work aluminum in the channels of the S1-H
and S2-H samples as indicated by Al MAS
NMR. Furthermore, all organic material is
removed by combustion during calcination.

The surface areas of the acid-leached
samples decreased after initial dealumina-
tion (samples designated -01) but increased
with further dealumination. These results
are consistent with the sequence of dealumi-
nation steps proposed above in that the ini-
tial decrease in surface area is most likely
due to partial blocking of the side pockets.
Further dealumination and subsequent re-
moval of leached aluminum species from the
side pockets would result in the observed
increase in surface area. The surface areas
of the severely dealuminated samples ex-
ceeded those of the H form of the catalyst.
This suggests that severe dealumination
may result in the linking of side pockets
of adjacent main channels as described by
Barrer and Petersen (37). Such a linking of
side pockets provides both additional virgin
surface area and possible accessibility to
previously inaccessible channel volume.
For the severely dealuminated samples, cy-
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clohexane adsorption levels are low while
the BET surface areas exceed those of the
starting materials. These results are to be
expected as the side pockets are accessible
to nitrogen but not cyclohexane.

CONCLUSIONS

The findings of this study show that mor-
denite materials may dealuminate quite dif-
ferently even though they exhibit the char-
acteristic mordenite XRD reflections. The
extent of dealumination is strongly influ-
enced by the mordenite crystallite size, with
smaller crystallite size materials dealumi-
nating most rapidly. Dealumination prog-
resses rapidly to an aluminum content of
approximately one aluminum per unit cell,
suggesting that this last aluminum is stably
bound in the crystal structure and may re-
quire severe dealumination conditions for
its removal. Extensively dealuminated sam-
ples retain their characteristic mordenite
structure and exhibit larger surface areas
than their parent materials.

For acid-dealuminated mordenites, NH,
TPD (HTD peak) may be used to determine
framework aluminum content, irrespective
of the presence of extraframework alumi-
num. Infrared spectroscopy, on the other
hand, is not a reliable tool for determining
the tetrahedral aluminum content of morde-
nites. In agreement with other authors, the
955 cm ™! infrared band is assigned to vibra-
tions from new O,Si-0-SiO, bonds formed
upon framework aluminum extraction dur-
ing the dealumination process.

Consistent with the findings of this study,
it is proposed that nitric acid dealumination
of mordenites takes place in accordance
with the following process: (i) Framework
dealumination occurs simultaneously in the
main channels and the side pockets; (ii) ex-
traframework aluminum species in the main
channels are hydrated oxyhydroxy species
which readily diffuse out of the crystallite
into the bulk leaching medium; and (iii) as
the main channel species diffuse out of the
crystallites, partially hydrated extraframe-
work species within the side pockets mi-
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grate into the main channels where they be-
come fully hydrated and, in turn, diffuse out
of the crystallites.
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