! ON THE CHARACTER AND CATALYTIC ACTIVITY OF DEFECTS FORMED BY yY-IRRADIATION OF
H- AND ATH-ZEOLITES

B. WICHTERLOVA?, S. Beran®, J. Novakovd® and Z. Pradil®

J. Heyrovsky Institute of Physical Chemistry and Electrochemistry, Czechoslovak
A cademy of Sciences, CS-121 38 Prague, Czechoslovakia (a)

Institute for Research, Production and Applications of Radioisotopes, CS-102 27
Prague, Czechoslovakia (b)

ABSTRACT

It has been found that various defects are formed by the Y-irradiation of zeo-
lites, depending on the type of the original zeolite. With the HY and HZSM-§5 zeo-
lites, skeletal defects consist of an e]ectrgn hole on a skeletal oxygen atom
sharing one Si and one Al skeletal atom (Si-0-Al1), as well as an electron hole de-
lTocalized on several skeletal oxygens (_0')6' With the ATHY ;nd AlxoyHZSM-S zeoli-
tes containing extralattice Al, electron holes on oxygen atoms neighbouring two Al
atoms (Al—é—A] defects), along with some delocalized (—O-)h defects, have been de-
tected. These conclusions are based on the ESR spectra measurements and on model
quantum chemical calculations. A considerable activity of the y-irradiated zeolites
in the Dz-H2 exchange was observed at room temperature.'While the skeletal Si-b-A]
and (-0-)6 defects are quenched by hydrogen, the A1-0-Al1 defects are rather stable.
For this reason the y~irradiated zeolites containing extralattice Al exhibit higher
and very stable activity in the DZ-H2 isotopi; exchange compared to H-zeolites.

INTRODUCTION

Since the appearance of the first paper by Stamires and Turkevich dealing with
the paramagnetic resonance absorption of y-irradiated zeolites (1), the structure of
the defects formed has been studied in detail (2-6). A positive effect of the irra-
diation on zeolite catalytic activity in the cracking reaction and CO2 methanation
has also been observed. (7,8).

EPR studies have shown that the low temperature y-irradiation of HY zeolites is
connected with the formation of V center type defects and{that the ejected electrons
are trapped either by H* ions (creating H atoms entrapped within zeolite structure)
or in the insulator material (5}. The V center represents an electron hole localized
in Tone pair orbitals of skeletal oxygen atoms sharing two skeletal silicon atoms
and/or one silicon and one aluminum skeletal atom. The stability of the centers is
assumed to be strongly dependent on the electron scavengers. An electron hole lo-
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cated on an oxygen atom sharing two aluminum atoms in stabilized Y as well as AIHY

zeolites was detected (2,3). This result was taken as evidence that stabilized zeo- .

lites contain some dimers of aluminum species which have never been observed in pure
Y -irradiated Y- and n-alumina.

Because of a complete lack of the data in literature on the relationship be-
tween the structure of defects in irradiated zeolites and their stability and reac-
tivity this problem is considered here by studying various defects in H- and Al-Y
and ZSM zeolites. For these purposes ESR spectroscopy, quantum chemical model calcu-
lations and measurements of catalytic activity in DZ-H2 exchange were employed.

EXPERIMENTAL

The starting NH4Y (70 % of exchange) and ZSM-5 zeolites were supplied by the
Institute for 0i1 and Hydrocarbon Gases, Czechoslovakia. Prior to the ionic exchange
of the ZSM-5 zeolite with 0.5 m HNO3 at 298 K for 24 hours (HZSM-5), the zeolite was
calcinated in an oxygen stream at 870 K for 6 hours. Extralattice Al was introduced
into the HZSM-5 zeolite cavities by supporting an AI(NO3)3 solution followed by the
zeolite calcination in an oxygen stream at 770 K for 5 hours. Extralattice Al was
incorporated into the NH4Y zeolite by ion exchange with 0.1 m A]C]3 solution at
pH 4 at 360 K. The composition of the zeolites was detgrmined by AAS after disolu-
tion of the samples (Table 1).

Table 1

Composition and Ar sorption capacity of zeolites
irradiated Si/Al Si/Al sorption capacityiF
zeolite : total Tatt. (Ar, mmol1/g)

prior irr. after irr.

HY 2.17 2.17 10.7 10.6
ATHY 1.86 2.17 9.6 9.7
HZSM-5 13.6 13.6 5.3 5.5
AlxoyHZSM-S 5.08 13.6 5.2 5.1

*
Sorption capacity (1.33.104 Pa of Ar at 80 K) was measured on samples
evacuated at 670 K and related to 1 g of dry zeolite

The preservation of the zeolite structures after the introduction of extralattice Al
as well as after the zeolite irradiation was controlled by testing the sorption ca-
pacity for argon (see Table 1) and using the IR spectra of skeletal vibrations.
Before jrradiation the zeolites (placed in an EPR tube and/or in a reactor) were
treated in a vacuum of 10'3 Pa at a temperature of 670 K and sealed off. The ESR
spectra and the reactivity of. the zeolites were measured immediately after the

Y -irradiation without exposure to the air.
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The Y-irradiation of zeolites was performed at 298 K in a 60Co cell for doses

of about 1OSGy. The X-band ESR spectra were recorded at 80 K on an ERS-220 spectro-
meter (Academy of Sciences, Berlin) with a modulation frequency of 100 kHz. The mag-

2+ standard.

netic field was measured by proton magnetometer related to a Mn
The catalytic activity of the irradiated zeolites was tested by measuring the
rate of isotopic exchange of the mixture of D, and H2 molecules at room temperature.
The irradiated zeolite (0.1 g) was allowed to react with 2x102 Pa of hydrogen isoto-
pes in a static-apparatus (volume, 700 cm3). A negligible amount of gases was Tinked
directly to a mass spectrometer (MCH 1302, USSR). No exchange between the gaseous

deuterium and the zeolitic OH groups was observed at this temperature. The exchange

rate R (atoms g_]min'])-was evaluated using the equation
N (o) . - [HD]
R=--—1n —2 bt
+  mt (O] - mmo
‘where N is the number of gaseous atoms, m zeolite weight (g), and HQu;t o is concen-

tration of HD molecules at the given time t (min).

RESULTS AND DISCUSSION

As the isotopic exchange reaction was measured at a temperature of 298 K, the
Y-irradiation of zeolites was also carried out at 298 K to obtain defects sufficient-
1y stable at this temperature. Therefore, H eatoms which might be formed by the inter-
action of ejected electrons with H* ions necessarily recombined and were not detected.

ESR studies on the structure and stability of defects in Y-irradiated zeolites

HY zeolite. The ESR spectrum of zeolite in hydroxylated form (Fig. 1A) exhibits
a wide signal of AH=38 G with 7 hyperfine lines. An analogous spectrum has already
been published with the parameters g]=2.092, c]=7.5 G? 92=2'005’ c2=8.0 G, g3=2.045
(6). It has been ascribed to skeletal Si-0-Si and Si-0-Al defects, the hyperfine
splitting (hfs) corresponds to the interaction of the unpaired electron with the Al
nucleus (In=5/2), the-7th line is coming from the anisotropic g factor. The assigne-
ment of the signal with the hfs to the Si-0-Al1 defects agrees with our interpretation.
However, the presence of the localized Si-b-Si defects seems to be unprobab]e. Theo-
retical consideration supports the assumption of an unpaired electron delocalized
over the lone pair orbitals of several skeletal oxygens denoted (-0-)6 in such a way
that no hfs interaction of this electron with the Al nucleus is observed. Interaction
of zeolite with hydrogen (1.33.104 Pa at 298 K, also for the zeolites described
below) caused decrease of the complex signal and only a sharp low intensity signal
close to the free electron value was retained. The latter signal corresponds probably

‘to the ejected electron stabilized within the zeolite matrix and is found in all irra-

diated zeolites. Analogous behaviour of defects present in y-irradiated silica con-

taining Al impurities with respect to hydrogen was observed by Parijsky et al (9).
HZISM-5 zeolite. The ESR spectrum of the hydroxylated zeolite exhibits a wide
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Fig. 1. X-band ESR spectra of Y-irradiated zeolites -at 298 K recorded at 80 K
A) HY, B) HZSM, C) ATHY, D) ATHY + 1.33.10% Pa of H, for 15 minutes, E) ATHY +
+ 1.33.10" Pa of H2 for 24 hours, F) AlxoyHZSM-S
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signal of AH=38 G with hyperfine splitting of 7 well resolved 1lines with the parame-
ters given in Fig. 1B. This complex signal can be analogously attributed to the ske-
letal Si-b-A] and (-0-)6 defects. The better resolution of the hfs lines for HZSM
compared to the HY zeolite may be a result of the low amount of Al in the skeleton of
the HZSM-5 zeolite, as well as the higher degree of localization of defects arising
from its lower structural symmetry. After treatment of the zeolite in hydrogen, the
complex signal vanished and a signal close to 9e and a low intensity signal with 12
Tines appeared. The latter signal is likely due to some additional defects on oxygen
neighbouring extralattice Al (for comparison, see below) as such Al has been found in
trace amounts in HZSM-5 zeolite using the IR spectra of pyridine adsorption (10).

ATHY zeolite. The zeolite with Al in the cationic sites (extralattice) and in
the zeolite skeleton exhibits a broad signal with 12 hyperfine lines. The spectrum
and its parameters are given in Fig. 1C. Treatment of the zeolite with hydrogen re-
sulted in a decrease in the broad signal and in retention of the signal with 12 hfs
lines and of the signal close to % (Fig. 1D). The intensity of the signal at 9o Was
constant, while the intensity of the splitted signal decreased slowly with time
(Fig. 1E).

It is, therefore, evident that the spectrum of the irradiated zeolite consists
of three particular signals: i) the sharp signal close to the 9% value (already men-
tioned), originating from the ejected electrons trapped within the zeolite material;
ii) the signal with hfs of 12 lines (9.5 G) corresponding to an electron hole on an
oxygen atom interacting with two Al atoms (12 lines being due to uniaxial symmetry
of the g factor, cf. ref. 3, see Fig. 1C), iii) the broad signal which originates
from the ske]e?a] (—0-)6 defects already described for H-zeolites. Localized spin
density on Si-0-A1 defects is not present probably because of the easier formation of
A]-b-A] defects in which one skeletal and one extralattice Al atom participate (cf.
Fig. 2 model C). Then it is quite understandable that there is nearly zero probability
of the creation of two defects close together.

Al 0 HZSM-5 zeolite. This zeolite ‘with extralattice Al in the form of A] sup—
ported 1n the zeolite cavities again exhibits a complex broad signal with 12 well re-
solved hfs lines (10.0 G), indicating that, in addition to skeletal defects, the
A]-b—Al defects are formed as a result of zeolite irradiation (Fig. 1F). Analogously

as for the ATHY zeolite, the presence of hydrogen did not cancel the signal with 12
hfs lines. It can be assumed that in this zeolite, extralattice Al should exhibit va-
rious forms. It may possess acharge-balancing character or it may correspond to alumi-
na species coordinate to the zeolite skeleton (cf. various species e.g. of FeIII sup-
orted in zeolite (11) ).

As for the stability of the V defects in y-irradiated zeolites the ESR signal

“vYntensity of defects in HY zeolites was stable for several hours at 298 K, while that

for ATHY and A1x0yHZSM-5 for several weeks. However, the signal intensity for HZSM-5
vas slightly more stable than that for the HY zeclite. The total number of all
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Fig. 2. Schematic depiction of the clusters studied with indication of spin
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defects is of the order of 107, i.e. it is substantially lower than the number of
sites available for their formation. This is understandable from the point of view
of the low stability of these defects as well as of the ejected electrons trapped
in the zeolite material. The number of the individual defects is difficult to esti-
mate because of the signal overlap.

Model quantum chemical calculations on defects in Y-irradiated zeolites

Localization of anunpaired electron in the H- and Al-forms of faujasites was
also investigated by means of model quantum chemical calculations. The standard
version of the UHF CNDO/2 method (12) with an s,p base for Si and Al atoms was em-
ployed (13) in the calculations. The zeolites were then modelled using the fo]1oWing
cluster models: i) The S1'5A106(0H)i2 cluster, representing a six-member zeolitic
window facing the large cavity (Fig. 2A)y ii) The S13A13 6(0H)]2NaH' cluster, de--
picting the same windew with the Na cation coordinated in the SI cationic position
and the skeletal hydroxyl group formed by the 02 type of oxygen (Fig. 2B); iii) The
Si3A1306(0H)12A1' cluster, modelling the same window with an Al cation again situated
in the cationic position (Fig. 2C). The models were terminated by H atoms and their
geometry characteristics were taken from X-ray data (14).

The values of - and B-spin densities calculated for the clusters studied are
listed in Fig. 2. From these values it follows that: i) If no cations or. protons
are bonded to the zeolitic skeleton, the unpaired electron is mainly located in the
lone pair orbital of the skeletal oxygen atom bonded to the Al and Si atoms. The
remaining part of the O--spin density is delocalized over the whole cluster. Only.

a very small amount of -spin density is also situated on the Si and Al atoms adja-
cent to the 0 atom bearing the major part of the unpaired electron. ii) If, in addi-
tion to the Na cation, a proton is bonded to the skeletal 0, atom, the x-spin densi-
ty is again located in the lone pair orbital of the skeletal O atoms. Simultaneously,
however, a relatively large amount of the B-spin density is found on the H atom for-
ming this OH group. iii) When an Al cation is coordinated in the cationic position;'
the unpaired electron is mainly located on the Al éation and in the lone pair orbi-
tals of the 03 atoms coordinating this cation. A very small amount of the ﬁ-spin
density is also situated on the skeletal Al atoms. )

Catalytic activity of defects in the Y-irradiated zeolites in DEZEZ exchange

The activity of irradiated zeolites can be ascribed to the defects formed by
their irradiation, as original zeolites listed in Table 2 did not exhibit any D'2-H2
exchange activity at 298 K. While the defects formed in the HY zeolite exhibit rela-
tively low activity which completely disappears after the zeolite treatment in hydro-

gen at low pressure, the zeolites with extralattice Al possess substantially higher
and very stable activity. The activity of the A1XOyHZSM-5 zeolite was stable even

5

after exposure of the zeolite to 10 Pa of hydrogen for 1 hour. The higher and

stable activity of ZSM-5 compared to the Y zeolites can be accounted for in terms of
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Table 2
Rate of the DZ-H2 exchange on irradiated zeolites at 298 K

Irradiated zeolite HY ATHY HZSM-5 AlXOyHZSM-S
R.107 7 0.2 3.9 6.1 19.8
atom/min.g
R310712 0 2.4 6.1 19.8
atom/min.g

19

aafter'zeolite treatment in 4.10° " molecules of hydrogen at 298 K

for 1 hour

. the structural differences together with the presence of some extralattice Al, which
is always present in small amounts in the HZSM-5 zeolite (see above and ref. 10).

CONCLUSTONS

The results given indicate that y-irradiation of zeolites may produce electron
holes located at various sites of the zeolite structure, depending on the type of zeo-
lite. With H-zeolites not containing extralattice Al, electron holes are mainly loca-
lized in lone pair orbitals of the skeletal oxygen atoms. A small amount of spin den-
sity is also situated on the adjacent Al atom. Therefore, they correspond to the skele-
tal Si-b-Al and (-0—)6 defects. On the other hand, if the zeolite contains extralatti-
ce Al species (either in the cationic form or supported in the zeolite cavities) then,
in addition to the Si-é-A] and (-0-)6 dgfects, it exhibits an electron hole on an oxy-
gen atom neighbouring two Al atoms (A1-0-Al). These defects seem to be formed by a ske-
letal oxygen bonded to one skeletal and one extralattice Al atom. Moreover, a substan-
tially larger amount of spin density appears to be 1ocateq on the Al atoms compared
to the A]-é-Si defects. Nevertheless, the presence of Al-0-Al defects formed by two
extralattice Al atoms cannot be fully excluded, but their existence seems to be less
probable as they have never been observed in pure Y-irradiated aluminas. Much higher
stability of the A]-é-Al defects compared to the rémaining observed defects in a hy-
drogen atmosbhere is understandable, as the latter defects are capable of capturing
hydrogen and formed QOH groups. On the contrary, supposing that the A1—6-A1 defects
consisted of a skeletal oxygen sharing one skeletal and one extralattice Al atom, then
the Tone pair orbitals of this oxygen are saturated by the extralattice Al and, there-
fore, it can bond an additional H atom only with difficulty.

In this way it is also possible to explain different activities of y-irradiated
H- and Al-zeolites in DZ-H2 exchange. ‘A1l irradiated zeolites exhibit very high acti-
vity even at a low temperature at which the original zeolites are quite inactive.

Particularly the presence of Al-0-Al defects substantially increases and stabilizes
the zeolite activity. The reactivity of the Al-0-A1, A1-0-Si and (-0-)5 defects in the



DZ-H2 exchange cannot be simply compared, as the latter two defects are quickly
annihilated by the interaction with hydrogen. For Si-0-A1 defects, this process seems
to be consistent with the following scheme

Si-0-A1 + H, = Si-0-A1 + H'

. H
explaining both annihilation of the Si-0-Al defects and limited DZ-H2 exchange.
The delocalized (-O-)h skeletal defects are probably eliminated in a similar way.
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