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The effect of calcination and hydrothermal treatments on the
structure and properties of HZSM-5 zeolites with a range of alu-
minum contents has been investigated. Characterization of the
treated zeolites was undertaken with solid-state NMR ( 2’Al and
2Si), infrared, nitrogen and water adsorption, X-ray diffraction,
X-ray photoelectron spectroscopy, scanning electron microscopy,
chemical analysis, and ®Xe NMR spectroscopy. Both calcination
and hydrothermal treatment were found to cause dealumination of
the zeolite lattice and formation of extralattice aluminum species of
low symmetry which remain within the pores of the zeolite. HZSM-5
with low aluminum content was found to be more resistant to dea-
lumination by either method and the degree of dealumination was
greater when steam was present in the treatment. '>’Xe NMR was
found to be a useful probe for the presence of extralattice aluminum
in the pores of lattice dealuminated HZSM-5.  © 1996 Academic Press, Inc.

INTRODUCTION

The acid properties and resultant catalytic activity of
zeolite materials are known to be related to the degree of
substitution of aluminum for silicon in the framework. The
modification of catalytic properties through dealumination
of zeolite lattices by various treatments has therefore been
a matter of considerable interest. ZSM-5 is known to be
more resistant to dealumination than Y or mordenite
zeolites (1), but nonetheless dealumination of the lattice
does occur (2-4) when the zeolite is subjected to steam at
high temperatures.

A number of studies are reported in the literature
which deal with individual facets of dealumination of the
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HZSM-5 zeolite lattice following various treatments (2—
10). These studies have employed solid-state NMR spec-
troscopy and/or infrared spectroscopy.

Fyfe etal. (5) have shown that ?Si NMR spectra of ZSM-5
contain signals due to Si(1Al) and Si(0Al). Upon dealumi-
nation, the signal due to Si(1Al) decreases and becomes un-
observable when the Si/Alratio of the framework is greater
than 125 (2). As the aluminum content decreases further,
the Si(0OAl) signal narrows and, when spectra are recorded
at high field, crystallographically distinct Si(0Al) sites can
be resolved.

The A1 NMR signal due to tetrahedral lattice aluminum
appears at ca. 54-56 ppm for hydrated HZSM-5 zeolites.
Loss of the total aluminum signal following treatment has
been widely reported (2-4) and attributed to dealumina-
tion of the zeolite lattice. However, a signal of small inten-
sity appears at 0 ppm following dealumination. In addition,
a broad peak with a maximum at 30—40 ppm has been ob-
served (6, 7) in high field 2’A1 NMR spectra of hydrother-
mally dealuminated ZSM-5. This resonance has been at-
tributed to highly distorted, tetrahedral, nonframework,
aluminum-oxygen species (8), although the chemical shift
is also consistent with 5-coordinate aluminum (11).

HZSM-5 contains only one kind of bridging hydroxyl
group, with a stretching frequency of 3610 cm~! (12). Lago
and co-workers (10) have shown in studies of untreated
HZSM-5 that the intensity of the band is proportional to the
aluminum content of the lattice as measured by Al NMR.
A band appearing at 3660 cm~! following hydrothermal
treatment was noted and assigned to hydroxyls associated
with extra framework aluminum. This band has also been
described more recently by Maijanen et al. (9).

A number of researchers (13-15) have observed that the
degree of lattice dealumination of faujasite zeolites follow-
ing steam treatment is dependent on the temperature at
which the treatment is carried out; higher temperatures lead
to a higher degree of dealumination.
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TABLE 1

Characteristics of the Zeolite Samples

Sample Z12 720 725 774 794 7121
Si/Al 11.7 20.2 24.9 74 94 121
Al/uc 7.59 453 3.71 1.28 1.01 0.79
Preparation method Inorg.” Inorg.’ Inorg.” TPAC TPAC TPAC
Form as received Na Na Na H TPA TPA
Pretreatment NH4 exch. NH, exch. NH; exch. None Calcin.? NH, exch. Calcin.? NH, exch.
Crystal morphology Ellip. Flakes, irreg. Irreg. Sphere Cube Lath
Crystal size <1 pum <1 pum <1 pum <1 pum diameter 35 um 4 pm long

“ From chemical analysis.
b Commercial sample.

¢ Prepared at Department of Scientific and Industrial Research, Petone, NZ, by the Argauer and Landbolt method.
4 Calcination at 873 K in dry flowing air for 24 h to remove tetrapropyl ammonium (TPA) template.

Few studies of the effects of treatment variables on the
dealumination of ZSM-5 have been reported in the liter-
ature. Brunner et al. (7) investigated the effect of a mild
hydrothermal treatment on the aluminum contained in
HZSM-5 as a function of water vapor pressure. The degree
of dealumination was shown in this study to be strongly de-
pendent upon the water vapor pressure at pressures below
20 kPa, and relatively constant at higher pressures. Maija-
nen et al. recently described a study by FTIR and solid-state
NMR of the progressive dealumination of a ZSM-5 zeolite
as a function of exposure to steam at 350°C (9). That study
showed that the number of Brgnsted acid sites decreased
progressively as the steaming time increased. Evidence was
also presented for formation of weakly acidic AIOH groups
and SiOH defects at intermediate steaming times.

In an effort to develop a more systematic understand-
ing of HZSM-5 lattice dealumination and the structure of
the dealuminated samples, we present here measurements
of lattice aluminum contents, hydroxyl group and acid site
concentrations in HZSM-5 before and after hydrothermal
treatment for samples of HZSM-5 of varying aluminum
contents. We wished in particular to investigate the impor-
tance of the lattice aluminum content as a variable in the
dealumination chemistry. The dealumination of the zeolite
lattice and the nature and location of extralattice aluminum
following these treatments involving calcination and hy-
drothermal treatments of increasing severity were studied
using a range of experimental techniques. This work was un-
dertaken as a necessary prerequisite to studies of dealumi-
nation during the methanol to gasoline reaction, described
in the accompanying paper.

EXPERIMENTAL

Calcination and Hydrothermal Treatment

Six samples of ZSM-5 differing in aluminum content
(Table 1) as determined by atomic absorption spectroscopy,

were used in this study. HZSM-5 was prepared by ammo-
nium ion exchange and subsequent deammonation of the
NH4ZSM-5 by calcining, as described below. The use of dry
flowing nitrogen and slow heating ensured minimal dealu-
mination of the zeolite lattice during this step, as can be
seen from the data in Table 2.

Hydrothermal treatment of 0.5-g samples was carried out
in a quartz reactor tube with 10 mm maximum bed depth
of zeolite. The temperature was increased at a rate of 5 K
min~! to treatment temperature under a dry nitrogen flow
of 100 ml min~!. Steam treatment was carried out at vari-
ous temperatures and for various times (Table 2), under a
water vapor pressure of ca. 15 Torr generated by diversion
of the nitrogen gas stream through a water bubbler at room
temperature.

The zeolite samples were calcined in the same quartz
reactor and in a similar manner to the hydrothermal treat-
ments. A flow of dry nitrogen (100 ml min~') through the
sample bed was maintained during calcination. Details of
the treatments are given in Table 2.

Extraction of extralattice aluminum from a sample of
hydrothermally treated HZSM-5 was carried out using an

TABLE 2
Treatment of HZSM-5 Zeolite Samples

Treatment details

Treatment Temperature Duration Treatment
nomenclature  Pretreatment (K) (h) gas
HD Deammonation 998 7 Dry N,
LS Deammonation 873 1.5 H,O in N,
HS Deammonation 1023 7 H;0 in N,
VHS Deammonation 1113 24 H,O in N,

Note. NH, zeolite left in original ammonium form or deammoniated in
situ during measurement. H, (deammonated) heated over 1 h to 373 K,
held 1 h, heated over 2 h to 673 K, held 4 h in dry flowing N».
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aqueous solution of hexafluorosilicate at 333 K over 3 h. The
concentration of the ammonium hexafluorosilicate solution
(SiF%7) used for extraction was such that there was a one
to one ratio between the number of moles of SiFéi in the
washing solution and the number of moles of extralattice
aluminum expected to be present in the zeolite sample. The
extracted sample was washed three times with deionized
water at 333 K to remove any traces of extracting solution
and then dried at 363 K.

NMR Measurements

2Si and 2’A1 MAS NMR measurements were carried out
on rehydrated samples, which had been kept in a desicca-
tor over saturated aqueous NH4Cl (80% relative humid-
ity), for 7 days. The NMR spectra, both 2’Al and *Si, were
recorded on a Varian XL200 spectrometer. At the magnetic
field of 4.7 T, the frequencies of ”’Al and **Si are 52.128 and
39.7455 MHz, respectively.

For the recording of ?’Al spectra, a spectral width of
50 kHz, an acquisition time of 0.02 s, and a delay between
pulses of 0.1 s were used. A pulse length of 1.0 ms (/12)
was used to ensure uniform excitation of both low and high
electric field gradient nuclei for quantitative work. The ref-
erence used for these studies was the octahedral signal of
the hydrated AI>* cation in solid aluminum chloride hexa-
hydrate.

2Si NMR spectra were recorded with a spectral width
of 10 kHz, an acquisition time of 0.02 s, and delays be-
tween pulses of 12 s. A 90° pulse of 6 ms was used to ac-
quire the 2Si Bloch decays. High power proton decoupling
(—B/2w ~ 60 kHz) was applied during acquisition for both
27Al and °Si NMR. The 2°Si NMR signal of TMS was used as
the chemical shift reference in these studies. For 2°Si cross-
polarization a recycle time of 0.1 s and a contact time of
5000 ms were used. Free induction decays were zero filled
to 8 k and Fourier transformed after 50 Hz (for Al) or 20 Hz
(for Si) Lorentzian line broadening.

Acetylacetone was adsorbed onto treated HZSM-5 sam-
ples and the 2’A1 MAS NMR measurements were repeated
in an effort to render “NMR visible” both lattice and ex-
tralattice aluminum. The HZSM-5 samples were dried in an
oven at 433 K to remove adsorbed water. After being held
at this temperature for 24 h, the samples were transferred to
a desiccator containing acetylacetone. The desiccator was
evacuated and the samples left to cool and equilibrate for 5
days at room temperature. The samples were removed from
the evacuated desiccator and the NMR spectra recorded
within a few hours in order to minimize loss of adsorbed
acetylacetone from the zeolite samples (16).

FTIR Measurements

The in situ infrared experiments were carried outin a con-
trolled atmosphere cell similar to that described by Katzer
etal. (17). Zeolite samples were pressed into self-supporting
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wafers (5-20 mg cm~2), mounted in the cell and activated by
heating in flowing dry nitrogen to 673 K. For measurement
of the hydroxyl vibrations, spectra were recorded following
cooling of the wafer to 423 K.

Pyridine (10 ml) was injected by syringe through a septum
into the gas flow. To increase the contact time of the pyridine
on the zeolite wafer the nitrogen flow rate was reduced to
80 ml min~! for 2 min at the time of injection. Spectra were
recorded at 423 K after 10 min flushing of the cell at 200 ml
min~! in order to reduce the contribution to spectra of gas
phase and physisorbed pyridine.

Infrared spectra were recorded on a Nicolet SDX FTIR
spectrometer at a resolution of 4 cm™! and typically 200
interferograms were averaged. Subtraction of the spectra
taken prior to adsorption yielded difference spectra of the
adsorbed species.

Adsorption of gaseous ammonia was carried out by in-
troduction of ammonia to the N; gas flowing through the
in situ IR cell. Infrared spectra were recorded at 423 K and
the total acid site concentration was calculated from the
area of the absorption band due to adsorbed ammonia.

The framework tetrahedra vibrational stretching modes
of zeolites were measured with zeolites diluted with potas-
sium bromide (KBr).

When the zeolite crystal size was >5 pum, preparation
of self-supporting wafers became impossible. Thus, for the
794 HZSM-5 samples, infrared spectra were recorded us-
ing diffuse reflectance infrared spectroscopy. The DRIFT
accessory used in this study was a Barnes analytical diffuse
reflectance unit (model 0030-001) fitted with a controlled
atmosphere heated cell.

Measurement of Adsorption Isotherms

Measurement of nitrogen adsorption isotherms was car-
ried out at 77 K after the zeolite samples (~0.15 g) had been
outgassed overnight at 648 K, using a Micromeritics Accu-
sorb 2100E instrument. The pore volume was taken from
the volume of nitrogen (at STP) adsorbed at P/Ps=0.20.

X-Ray Photoelectron Spectroscopy

XPS measurements were carried out on a Kratos XSAM-
800, using a magnesium anode and a pass energy of 65 eV.
Pressed pellets of the zeolite were mounted on stainless
steel stubs using double-sided Sellotape and degassed for
3—4 h in the preparation chamber. A single narrow scan
of the binding energies from 110 to 70 eV recorded both
the Si 2p and the Al 2p peaks and quantitation calculations
were performed using Kratos software.

129xe NMR Measurements

129X e NMR spectra were recorded as outlined in Ref. 18.
Prior to xenon adsorption all adsorbed water and any resid-
ual ammonium ions were removed by degassing ca. 0.15 g of
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zeolite at 673 K under vacuum in an NMR tube fitted with
a high vacuum stopcock. The quantity of xenon introduced
at room temperature into the NMR tube was determined
from the increase in mass and a plot of ??Xe chemical shift
as a function of xenon concentration was prepared. The
amounts of adsorbed xenon were determined from xenon
adsorption isotherms measured separately.

RESULTS

Chemical Analysis

For none of the treated and unextracted samples was any
loss of bulk aluminum from the zeolite noted. Within the
+ 5% experimental error of the analysis the Si/Al ratio re-
mained the same, in all cases. However, chemical analysis
of the extracted sample (Z20S/SW) indicated that the am-
monium hexafluorosilicate extraction had removed 70% of
the total aluminum from the zeolite. Scanning electron mi-
crographs of the treated samples showed no observable dif-
ferences in morphology, while the X-ray powder diffraction
patterns indicated no observable reduction in crystallinity.

Solid-State NMR Spectroscopy

Figure 1 shows the /A1 MAS NMR spectra of the hy-
drated Z12 HZSM-5 zeolites. Upon deammonation of the
zeolite, the peak area of the signal at 53 ppm, due to tetra-
hedral aluminum was reduced and a signal appeared at
—2 ppm. On calcination or hydrothermal treatment, the
tetrahedral aluminum, signal decreased further and the
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intensity of the signal at —2 ppm assigned to octahedral
aluminum remained the same or decreased. Using peak
area measurement with correction for sample mass, num-
ber of scans, and plotting scales, the aluminum in tetrahe-
dral lattice positions and octahedral aluminum species were
quantified and, from the known bulk aluminum content
of the zeolite, the “NMR invisible” extralattice aluminum
content was calculated. Results of these measurements for
the treated zeolites with different Si/Al ratios are given in
Table 3.

The sample of hydrothermally treated HZSM-5 which
had been washed with hexafluorosilicate showed no loss of
2’AI NMR signal attributed to tetrahedral lattice aluminum
when compared to the sample prior to extraction, but com-
plete loss of the small signal attributed to octahedral ex-
tralattice aluminum.

Figure 2 shows the ”’Al MAS NMR spectra of the HZSM-
5 samples, onto which acetylacetone had been adsorbed fol-
lowing the calcination or hydrothermal treatment. There
are several differences noted in the spectra following ad-
sorption of acetylacetone. In particular the intensity of the
tetrahedral ?’A1 NMR signal decreases, the chemical shift
of this signal is also reduced by about 3 ppm, and a new sig-
nal appears at a chemical shift characteristic of octahedral
aluminum (ca. 1 ppm).

As the A1 NMR signal attributed to tetrahedral lattice
aluminum decreased on calcination or hydrothermal treat-
ment, the intensity of the octahedral aluminum signal fol-
lowing acetylacetone adsorption increased. The 2’Al NMR
spectrum of the Z20S/SW sample did not show the sharp
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FIG. 1. ?’A1 MAS NMR spectra of HZSM-5 after various treatments. * Spinning side bands.
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TABLE 3

Characterization of Calcined and Hydrothermally Treated HZSM-5 Samples

Octahedral Bridging Brgnsted  Lewis Lattice Al Pore volume Lattice Al
Lattice  Extralattice ~ content hydroxyl acid conc. acid conc. content (from N,  Chemical shift content
Al Al (P AINMR) conc. (IR) (py.ads.) (py.ads.) (framework IR) isotherm) extrapolated (!*’Xe NMR)
(NMR) (NMR)  (Al(uwo)™,  ((uwo)™',  ((ue)™!,  ((uc)™, (Al(uc) ™, (ecm*g~!, tozeroxenon  (Al(uc)!,
Sample (Al(uc)™!) (Al(uc)™!)  +20%) +10%) +5%) +5%) +1.0%) +3%) (ppm, £1.5) +1.0)
Z12NH 7.6+0.1 — 0.0 7.6 7.5 0.1 — — — —
Z12H 72+0.5 0.4+0.6 0.4 6.9 7.3 0.5 7.5 104.4 113.5 7.5
Z12HD 25403 51+04 04 22 2.4 1.0 3.7 94.6 110.9 43
Z12LS 3.6+04 40+0.5 0.2 35 5.0 0.8 3.8 97.6 112.8 6.4
Z12HS 12402 64403 0.3 — 13 0.9 19 92.6 109.6 4.0
Z12VHS 02+0.2 7.4+03 0.4 — 0.6 0.3 0.2 92.6 105.1 1.8
Z20H 43+£0.2 02402 0.0 4.4 4.1 0.4 4.5 914 1111 4.5
Z20HD 31+04 1.4+0.6 0.2 1.8 31 0.7 3.0 89.1 107.2 32
Z20LS 32+04 1.3+0.6 0.2 35 32 0.4 3.6 90.3 108.4 35
Z20HS 0.6+0.2 39404 0.2 0.7 0.8 0.5 17 86.5 106.8 2.5
7208 0.6+0.2 39+04 0.2 0.6 0.8 14 0.6 823 106.2 2.0
Z20S/SW  0.6+0.2 0.6+0.4 0.0 0.6 0.7 0.3 0.6 88.0 — —
Z25NH 3.7+01 — 0.0 37 35 0.2 — — — —
Z25H 35+03 02+0.4 0.1 32 3.8 0.4 3.7 90.3 109.5 37
Z25HD 2.0+03 1.7+04 0.1 2.1 2.5 04 2.6 87.8 105.6 1.8
Z25LS 1.9+03 1.8+04 0.1 1.7 2.7 0.4 29 90.6 107.1 25
Z25HS 05+02 32403 0.1 0.5 0.9 0.6 1.7 82.0 104.4 12
Z74H 12+0.1 01+0.1 0.04 12 1.17 0.13 12 117.1 103.2 0.7
Z74DH 1.1+0.1 0.1£0.2 0.03 1.1 1.09 0.29 1.1 117.6 103.7 0.9
Z741LS 1.0£0.1 02402 0.00 1.0 1.00 0.21 1.1 118.5 102.3 04
Z74HS 0.8+0.1 0.4£0.2 0.00 0.8 0.85 0.21 0.9 114.1 101.9 0.1
Z94NH 1.01+£0.05 — 0.00 —* — — — — — —
Z94H 093+£0.09 0.1+0.1 0.03 — — —1 b 114.7 102.6 0.5
Z94HD 0.85+0.09 0.2+0.1 0.00 — — —1 b 118.8¢ 105.1 1.3
Z94LS  0.794£0.09 0.2+0.1 0.00 — — — b 122.4¢ 105.0 1.3
Z94HS  0.58+0.08 0.4+0.1 0.01 — — — 2 114.7 101.3 0.2
Z12INH 0.77+0.05 — 0.00 0.77 0.79 0.08 — — — —
Z121H  0.79+0.05 0.0+0.1 0.00 0.79 0.78 0.08 0.8 99.0 103.4 0.9
Z121HD 0.66+0.07 0.1+0.1 0.00 0.68 0.70 0.08 0.8 98.6 104.1 1.0
Z121LS  0.67+0.07 0.2+0.1 0.00 0.66 0.62 0.10 0.8 99.0 102.9 0.7
Z121HS 0.59+0.07 03+0.1 0.00 0.56 0.60 0.20 0.8 96.2 102.2 0.5

“ Use of diffuse reflectance infrared allows only qualitative information to be obtained for these samples.
b Framework vibrational bands distorted due to large crystal size of this sample.
¢ Anomalous step in isotherm at P/Py = 0.05 yields high values of “pore volume” for these samples.

octahedral peak characteristic of acetylacetone adsorbed
on extralattice aluminum (16) which appeared in the spec-
trum of Z20S.

The Si MAS NMR spectra of the Z12 HZSM-5 se-
ries are presented in Fig. 3. Heat or hydrothermal treat-
ment caused a marked decrease in intensity of the signal
at —105 ppm, attributed to Si(1Al) (13), In the spectrum
of Z12VHS, for example, this signal was barely distinguish-
able. At the same time the remaining signal at —112 ppm
due to Si(0Al) narrowed and showed partial resolution of
shoulders at higher chemical shift. The °Si NMR spectra
of the Z20S and Z20S/SW HZSM-5 samples were indis-
tinguishable. Because of the complex overlapping nature
of signals in the ?°Si spectra, quantitative analysis of the
Si(1Al) signal intensity was not attempted.

The relative intensities within cross-polarized spectra, of
the signals due to silanol groups and tetrahedral Si(0Al)
were the same following calcination or hydrothermal treat-
ment; no increase in the proportion of silanol groups was
observed following treatment.

Infrared Spectroscopy

The infrared spectra recorded at 423 K of the Z12 series
of treated samples, showing the hydroxyl stretching vibra-
tion region, are given in Fig. 4. On heat or steam treatment
the intense band at 3606 cm ™! was progressively lost. Mild
treatment produced a new broad hydroxyl band at about
3660 cm~!, but the most severe steam treatment caused
the complete removal of both this band and the one at



DEALUMINATION OF HZSM-5 ZEOLITES. 1 343

475 08
477
0.8
478
09
L JL \JM/ \.jt/

i '} A A L A X 3 4 by 1 ' A A s
400 0  -400 400 0  -400 400 0 -400 400 0 .400 400 0 -400
ppm ppm ppm ppm ppm

Z12H Z12HD Z12LS Z12HS Z12VHS

FIG.2. ?’Al MAS NMR spectra of treated HZSM-5 following adsorption of acetylacetone.

3660 cm ™. The third hydroxyl band at 3720 cm~! was only ~ shown in Table 3 were calculated assuming that the hy-

slightly affected by steam treatment. droxyl concentrations in the parent zeolites were equal to
Quantification of the bridging hydroxyl concentration the lattice aluminum contents.
was carried out by measurement of peak area of the band Following adsorption of pyridine, the infrared band at

at 3606 cm~!. Correction for wafer thickness was made 3606 cm~! was lost and bands due to adsorbed pyridine
from peak areas of the framework overtone bands between appeared in the region from 1300 to 1700 cm™~'. The bands
1400 and 2300 cm~!. The bridging hydroxyl concentrations at 3720 and 3660 cm ™!, due respectively to nonacidic silanol
groups and hydroxyl groups on extralattice aluminum,
remained unperturbed by adsorption of bases. Infrared
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FIG.3. %Si MAS NMR spectra of (a) Z12NH, (b) Z12LS, (c) Z12HS, FIG. 4. FTIR spectra of treated HZSM-5: (a) Z12H, (b) Z12LS, (c)

(d) Z12VHS. Z12HD, (d) Z12HS, (¢) Z12VHS.
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FIG. 5. FTIR spectra of pyridine adsorbed on treated HZSM-5: (a)

Z12NH, (b) Z12HS, (c) Z12VHS.

spectra of pyridine adsorbed on treated Z12 HZSM-5
samples are shown in Fig. 5. The spectra shown have been
corrected for variations in wafer thickness. The bands at
1543 and 1454 cm™! are assigned to pyridine adsorbed onto
Brgnsted or Lewis acid sites, respectively, and the Brgnsted
and Lewis acid site concentrations of each zeolite sample
in each of the treated series (Table 3) was determined by
measurement of the peak areas of these bands.Correction
for differences in absorptivity values (19) were applied and
it was assumed that the total acid site concentration of the
parent HZSM-5 sample prepared in situ was equal to the
aluminum content of that zeolite. The hydroxyl regions of
the infrared spectra for the Z20S and Z20S/SW HZSM-5
samples were very similar. No loss of intensity of the
absorption band at 3606 cm~! was observed following the
extraction. Differences in the infrared spectra of adsorbed
pyridine were evident, however. The Brgnsted acid site con-
centration was not affected by extraction of the extralattice
aluminum but the Lewis acid site concentration decreased
markedly.

As a comparison, infrared studies of adsorbed ammo-
nia were also carried out on samples of the Z12 series. A
broad absorption band at 1450 cm ™! in the infrared spectra
can be attributed to ammonia adsorbed on both Brgnsted
and Lewis acid sites. The total acid site concentration of the
treated samples calculated from infrared studies of samples
with adsorbed ammonia were found to be the same within
experimental error as the total acid site concentrations cal-
culated from pyridine adsorption studies, confirming the
data in Table 3.

CAMPBELL ET AL.

Infrared spectra of the zeolite lattice vibrational modes
observed between 400 and 1300 cm~! were recorded. The
absorption bands at ca. 791 and 1087 cm ™! are due to the
T-O-T asymmetric and symmetric stretching vibrations
of the aluminosilicate lattice, respectively (20). The ab-
sorption bands at ca. 544 and 1219 cm~! are vibrations
associated with the structural assembly of the tetrahedra
in HZSM-5 (20). A small shift in the frequency of these
absorption bands to lower frequency was observed with
decreasing aluminum content for the parent HZSM-5
samples. A similar frequency shift was also observed
following calcination or hydrothermal treatment of any
particular parent HZSM-5. The wavenumbers of one of
the structure sensitive modes (544 cm™!) and one of the
general aluminosilicate vibrations (791 cm™') are shown
plotted as a function of HZSM-5 lattice aluminum content
in Fig. 6. The framework vibration bands also became
narrower for samples treated above 873 K.

-1

&
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m 1 1 1
2 4 6
Lattice Aluminium Content /Al (uc)

805
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Wavenumber / cm
~
©o
o

790 .
0 2 4 6 8

Lattice Aluminium Content / Al (uc) -

FIG. 6. Framework vibration frequencies as a function of the lattice
aluminum content for the 554 and 790 cm ™! infrared absorption bands.
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Nitrogen Adsorption Isotherms

The adsorption isotherms of nitrogen measured at 77 K
were recorded for both parent and treated HZSM-5. Treat-
ment of the zeolite led to a loss in the volume of nitrogen
adsorbed, but no change in the appearance of the isotherm.
In this work the value quoted as the pore volume of the zeo-
lite is the volume at STP of nitrogen adsorbed in the zeolite
at P/Py=0.2. An error of £3% in the pore volume was
estimated from repeated measurement on the same zeolite
sample. The values of pore volume are listed in Table 3.

Thermogravimetric Analysis of Adsorbed Water

Water contents of the HZSM-5 samples, both parent and
treated, were determined by thermogravimetric analysis.
It was found that the mass of water adsorbed in the par-
ent HZSM-5 samples can be correlated with the aluminum
content of the zeolite. The water content of the zeolite is ex-
pressed as the weight of water adsorbed at equilibrium, at a
relative humidity of 80%, per gram of dry zeolite. The water
content of the parent HZSM-5 samples is plotted as a func-
tion of the total aluminum content of the zeolite in Fig. 7.
Also shown in Fig. 7 is the water content of the calcined
and hydrothermally treated zeolites, as a function of the
lattice aluminum content calculated from ?’Al NMR spec-
tra. The mass of water adsorbed was greater in all cases for
the dealuminated zeolites containing extralattice aluminum
than that expected for an untreated HZSM-5 of the same
lattice aluminum content. Following extraction of 85% of
the extralattice aluminum from the Z20S hydrothermally
treated HZSM-5 (Z20S/SW), the water content fell on the
same curve as HZSM-5 samples containing no extralattice
aluminum.

12
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4 0O dealuminated -

HZSM-5
B Extracted
2 dealuminated
HZSM-5

% water content
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FIG. 7. Water content as a function of lattice aluminum content for
HZSM-5 samples.
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X-Ray Photoelectron Spectroscopy

The sample Z12H had a surface Si/Al ratio of 14.0 + 1.5
as compared to a bulk Si/Alratio of 11.7. Surface depletion
of aluminum in zeolites as prepared has been reported pre-
viously in the literature (21). Surface Si/Al ratios of treated
712 HZSM-5 samples ranged from 10.9 to 12.5, i.e., the alu-
minum content at the surface increased slightly following
treatment. The uncertainty in Si/Al ratio was due to the
relatively low intensity of the Al 2p peak and for the same
reason it was not possible to study zeolites of Si/Al ratio
greater than 25 by XPS.

129Xe NMR Spectroscopy

Xenon adsorbed in all of the zeolites studied gave a sin-
gle ??Xe NMR signal. The chemical shift of the signal was
determined as a function of either the xenon introduced
into the sample tube or as a function of the xenon adsorbed
on the zeolite depending on the information required. The
chemical shift as a function of xenon adsorbed in the zeolite
for the Z12 treated samples is shown in Fig. 8. The initial
gradients of these curves were the same within experimen-
tal error.

The values of chemical shift extrapolated to zero xenon
coverage measured for the treated HZSM-5 samples are
given in Table 3. These values were determined from inter-
cepts of the plots of chemical shift as a function of xenon in-
troduced into the NMR tube. The intercept value decreased
as aresult of treatment of the zeolite. We have shown previ-
ously (18) that there is a relationship between the aluminum
content and the '*Xe NMR chemical shift extrapolated
to zero xenon coverage of xenon adsorbed in that zeo-
lite. Using this relationship, the chemical shift extrapolated
to zero xenon coverage of the treated samples was used
to calculate the apparent aluminum content of the zeolite
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FIG.8. '2Xe NMR chemical shifts for treated HZSM-5 samples as a
function of xenon adsorbed in the zeolite.
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lattice. These apparent aluminum contents are given in
Table 3.

DISCUSSION

Loss of Lattice Aluminum

Treatment of the zeolite, whether dry heating or steam-
ing, led to a loss of ’A1 NMR signal intensity (Fig. 1), de-
spite the finding that the aluminum content of the zeolite, as
measured by chemical analysis, had remained unchanged.
A similar decrease in total ’A1 NMR signal, or formation of
NMR invisible aluminum, was observed in previous studies
of steam treatment of HZSM-5 (3, 5, 9). Loss of signal can
be attributed to the quadrupolar nature of the Al nucleus.
In a low symmetry environment the second-order interac-
tion between the asymmetrical electric field gradient at the
nucleus and the quadrupole moment broadens the NMR
signal beyond detection in a simple MAS experiment at
the frequency used here. Therefore, following calcination
or hydrothermal treatment, the tetrahedral symmetry of
the lattice aluminum must be lost and aluminum species of
lower symmetry formed. The more severe the treatment,
i.e., longer duration or higher temperature, the greater the
loss of total NMR visible aluminum. From these ?’/Al NMR
studies it was not possible to determine whether this change
in symmetry was due to partial or total removal of alu-
minum from the zeolite lattice or merely a change in the
lattice aluminum environment.

Following deammonation of the HZSM-5 sample a sig-
nal of small intensity appeared at —2 ppm. This band is
attributed to aluminum with octahedral symmetry (22, 23)
and presumably arises from aluminum removed from the
zeolite lattice during deammonation treatment. Upon fur-
ther calcination or hydrothermal treatment, the intensity
of this octahedral signal remained the same or decreased,
suggesting that while the most easily removed aluminum in
the lattice formed octahedral monatomic species, further
treatment led to formation of alternative aluminum species
of low symmetry.

A broad NMR signal, centered ca. 30-40 ppm, was ob-
served in spectra of the more severely treated samples. A
similar signal was reported in studies of dealuminated Y
zeolite (24-26) and dealuminated HZSM-5 (6, 7, 9). This
signal can be attributed to aluminum in a distorted tetrahe-
dral environment, although the possibility of 5-coordinate
aluminum (11) cannot be totally dismissed. Quantification
of the broad peak was not attempted.

Loss of signal intensity for the Si(1Al) signal was clearly
observed in the Si NMR spectra (Fig. 3) following treat-
ment of the zeolite samples and indicates that Si—-O-Al
bonds in the zeolite lattice are breaking. The aluminum per-
turbed by the treatment of the zeolite is thus being removed
from the zeolite lattice. A narrowing of the Si(0Al) signal
and the changes in its profile are also indicative of loss of
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aluminum from the lattice; resolution of the Si(0Al) signals
from crystallographically distinct sites becomes possible if
ZSM-5 is completely dealuminated (5).

Further evidence that the loss of >’A1 NMR intensity can
be attributed to dealumination of the zeolite lattice was
found in the infrared measurements of the zeolite frame-
work vibrations. The relationship between the frequencies
of the framework vibrational modes and the aluminum con-
tent of the zeolite can be seen from the results for the parent
HZSM-5 shown plotted in Fig. 6. (Note that this is not lin-
ear, in contrast to the analogous relationship reported by
Sohn et al. (27) for Y zeolite.)

Also shown on these plots are the corresponding frame-
work frequencies for treated HZSM-5 in the Z12 series,
plotted as a function of the tetrahedral lattice aluminum
as measured by 2’A1 NMR. The wavenumber of the vibra-
tions in treated samples fell on the line observed for parent
HZSM-5 in these plots. The aluminum not observed in the
2’A1 NMR spectra appears to have been removed from the
HZSM-5 lattice as far as the framework vibrational modes
are concerned.

The »Si NMR spectra recorded employing cross-
polarization indicate that the concentration of silanol
groups was not increased by the calcination or hydrother-
mal treatments employed. Any defects formed by the re-
moval of lattice aluminum must be healed during heat or
steam treatment, as occurs during dealumination of zeo-
lite Y (14, 15). Maijanen et al. found that SiOH defects
formed in ZSM-5 at short steaming times were removed
on prolonged steaming (9). The narrowing of the infrared
absorption bands due to framework vibrational modes fol-
lowing treatment indicates a greater degree of ordering or
lower defect concentration in the zeolite lattice of these
treated samples, and the intensity of the silanol infrared
band at 3720 cm ™! is observed to decrease following vigor-
ous hydrothermal treatment.

Comparison of the Z12HD and Z12HS HZSM-5 YAl
NMR spectra indicated that although both treatments led
to loss of intensity of the tetrahedral lattice signal and for-
mation of aluminum species of low symmetry, the effect of
treatment under dry conditions was less severe than under
steaming conditions. Datka and Tuznik (1) observed that
the calcination carried out in their study caused no dealu-
mination, while steam treatment led to loss of intensity of
the tetrahedral aluminum signal in the ’Al NMR spectra.

Loss of aluminum from the zeolite lattice causes loss of
the infrared band at 3606 cm~! due to bridging hydroxyl
groups, and loss of the band at 1543 cm ™! following pyridine
adsorption attributed to pyridine adsorbed on Brgnsted
acid sties. A good correlation existed between the bridging
hydroxyl group concentration, the Brgnsted acid site con-
centration, and the lattice aluminum content of treated zeo-
lites. The same observations were made following treatment
regardless of the aluminum content of the parent HZSM-5
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FIG. 9. Schematic representation of the aluminum remaining in
the zeolite lattice following calcination and hydrothermal treatment for
HZSM-5 samples of differing aluminum content.

sample. Figure 9 represents schematically the aluminum re-
maining within the zeolite lattice as a function of both the
severity of the treatment and the Si/Al ratio of the parent
zeolite. For a given treatment the extent of dealumination
decreased with decreasing aluminum content of the parent
HZSM-5;1i.e., HZSM-5 of low aluminum content was more
resistant to dealumination than were samples of higher alu-
minum content.

Extralattice Aluminum

It is clear that both calcination and hydrothermal treat-
ment of HZSM-5 removed considerable quantities of alu-
minum from the zeolite lattice. Chemical analysis revealed
that this aluminum, called hereafter extralattice aluminum,
remained in the zeolite sample. The NMR invisibility of the
majority of this extralattice aluminum indicated that the
aluminum is in sites of less than cubic symmetry, with the
exception of a small portion of the extralattice aluminum
represented in the ’Al NMR spectra by the signal at ca.
0 ppm and assigned to octahedral extralattice aluminum.

Presence of this extralattice aluminum in the treated sam-
ples was demonstrated by the use of acetylacetone adsorp-
tion. We have shown previously (16) that acetylacetone
adsorption cannot be relied upon to yield quantitative infor-
mation on the extralattice aluminum content but is, how-
ever, capable of providing diagnostic information on the
presence of extralattice aluminum. Appearance of a sharp
/Al signal attributed to octahedral aluminum in the 2’Al
NMR spectra of treated HZSM-5 samples on which acety-
lacetone had been adsorbed (Fig. 2) confirmed the presence
of extralattice aluminum.

The infrared absorption observed at ca. 3660 cm™! in
the infrared spectra of mildly treated Z12 is attributed
to hydroxyl groups associated with extralattice aluminum
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species and was the same as a band observed previously (9)
in mildly steamed HZSM-5. This band was not observed
in the most severely steamed samples (Fig. 4¢). A similar
band is reported in the literature at 3600 cm ™! in the spectra
of dealuminated Y zeolites (28). Patzelova et al. (29) noted
that strong dealumination of Y zeolite led to the loss of
the band associated with extralattice aluminum. This loss
was attributed to the condensation of low-molecular-weight
extralattice aluminum species formed under mild dealumi-
nation conditions, into polymeric aluminum species under
more vigorous treatment and loss of the accompanying hy-
droxyl groups. We believe that the same explanation can
be used here to account for our observations and those of
Maijanen et al. (9) on HZSM-5.

Infrared spectra of pyridine adsorbed on HZSM-5 sam-
ples allowed also the Lewis acidity to be studied. The inten-
sity of the IR band at 1454 cm ™! observed for Z12 HZSM-5
which had been deammonated carefully in the FTIR cell
(denoted Z12NH) corresponded to ca. 2% of the total acid
site concentration and was attributed to coordination of
pyridine on residual sodium cations in the zeolite.

Deammonation treatment to prepare the Z12H sample
led to a significant increase in Lewis acid site concentration.
The Lewis site concentration increased to a small extent on
further mild treatment of the zeolite, but decreased again on
strong steam treatment. The Lewis acid site concentration
of the Z12VHS sample was only marginally higher than
can be explained by residual sodium ions. There was no
direct correlation observed between the concentration of
Lewis acid sites and the extralattice aluminum content of
the treated zeolite. We note that under our conditions the
infrared band at 1440 cm™! attributed by Maijanen et al.
(9) to pyridine adsorbed on weak Lewis acid sites was not
observed.

The same total acid concentration was measured by ad-
sorption of the smaller ammonia molecule; i.e., the low
Lewis acid site concentrations measured with pyridine are
not due to steric restrictions. Extraction of extralattice alu-
minum with hexafluorosilicate decreased the Lewis acid site
concentration.

The mass of water adsorbed in the HZSM-5 samples was
greater in all cases for dealuminated zeolites containing
extra lattice aluminum than would be expected from the
lattice aluminum content. This was true both for samples
containing octahedral aluminum species (Z12HD, Z12HS)
and samples for which the A1 NMR spectra showed no
evidence of extralattice aluminum of octahedral symmetry
(Z20HS). The greater the extralattice aluminum content of
the zeolite sample, the greater the difference between the
measured water content and that expected from the lat-
tice aluminum content of the sample. In addition, extrac-
tion of the extralattice aluminum gave a sample (Z20S/SW)
with water content identical to that expected from the
lattice aluminum content. Extralattice aluminum species
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evidently provide additional sites for adsorption of water
in the zeolite.

Upon dealumination the pore volume of the zeolite de-
creased. X-ray diffraction and >’Si NMR indicated that this
was not due to loss of crystallinity of the zeolite. Thus we at-
tribute the decreased pore volume to extralattice aluminum
occupying volume in the channel system; the pore volume
loss increased with increasing content of extralattice alu-
minum. Extraction of the extralattice aluminum partially
restored the lost pore volume (Table 3). Surface analysis
by XPS indicates some enhancement of aluminum at the
crystal surface, suggesting that migration of the extralat-
tice aluminum through the zeolite pores does occur during
more severe hydrothermal treatment.

The gradients of '2?Xe NMR chemical shift versus xenon
coverage plots depend on the zeolite micropore volume,
since this determines the effective xenon density in the sam-
ple (30). Negligible changes in the gradients of these plots
were observed here for treated samples; however, as shown
by Ito et al. (31) for ZSM-5 containing coke deposits, the
method is insensitive to small pore volume changes. The
chemical shift extrapolated to zero xenon coverage does
decrease significantly as a result of treatment of the zeo-
lite (Fig. 8). It is known (18) that the chemical shift at zero
xenon coverage depends on the aluminum content of the
lattice, which determines the average electrostatic field ex-
perienced by the xenon. Dealumination of the zeolite lattice
should therefore decrease the xenon chemical shift. How-
ever, the apparent aluminum content of the zeolite lattice
calculated from the chemical shift at zero xenon coverage
was consistently higher than the value of lattice aluminum
content found from 2’Al NMR or FTIR; it was only for
samples where the extralattice aluminum content was low
(Z20HD, Z25HD) that the lattice aluminum contents mea-
sured by both methods were the same within experimental
error. We attribute this difference to extralattice aluminum
remaining in the zeolite pores and contributing to the aver-
age electric field experienced by xenon.

A number of differences are noted between the dealumi-
nation of HZSM-5 and HY zeolites. Though in both cases
the degree of dealumination is a function of the same set of
factors such as the water vapor pressure of the treatment (7,
14) or treatment temperature (15), the species of extralat-
tice aluminum subsequently formed apparently differ.

Hydrothermal dealumination of HY leads to large con-
centrations of octahedral aluminum (15) and in sharp con-
trast to results in this study the major portion of the
extralattice aluminum remains NMR visible. Infrared spec-
tra of dealuminated HY also indicate higher proportions
of hydroxyl groups attached to extralattice aluminum (29)
and considerably greater Lewis acid site concentrations (32)
than observed here for dealuminated HZSM-5.

The extralattice aluminum species formed initially in de-
aluminated HY zeolites are postulated to be the monomeric
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aluminum-oxo-hydroxides (33) and a body of evidence
exists in the literature (28a, 29, 34) indicating that con-
densation to polymeric aluminum species such as pseu-
doboemhite (35) occurs as a result of the more severe
treatment. Clearly the final extralattice aluminum product
formed following dealumination of HZSM-5 is not the same
as that in HY. However, as the mechanism of dealumina-
tion appears to be very similar we suggest that the initial
aluminum species may well be the same for both zeolites
and that it is the different pore sizes of the zeolites which
influence the extent of the migration and/or polymerization
of extralattice aluminum species.
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