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Electron spin resonance and irradiation by -y-rays at 77°K or at room temperature 
were used to study the removal of alumina from the Y type zeolite framework by 
heat treatment in a deep bed geometry. 

X and Q band ESR spectra mere recorded at 77°K and showed respectively 12 and 
16 lines corresponding to an isotropic hyperfine interaction with two aluminum atoms 
(I = 5/Z) (cl1 N cl N a$ = 10.0 Oe), the eleven hyperfine lines being split by a 
uniaxial symmetv of the g tensor (gl, = 2.0125. gl = 2.0030, and gi,, = 2.0062). The 
paramagnetic center was identified with a V center, namely a hole of an clrctron 
trapped on an oxygen atom bonding two nearby aluminum atoms. This center is 
localized on alumina which has been removed from the zeolite framrwork. The re- 
moval of alumina occurred only when the samplrs were heated above 400°C in the 
presence of both water vapor and ammonia. It is suggested that the mechanism of 
migration involves the formation of aluminic acid in a dimer form and a reorganiza- 
tion of the lattice leaving no aluminum atom vacancies. A special emphasis is placed 
on the heat treatment conditions. 

Particular attention has been paid quite 
recently to the so-called ultrastable zeolites 
which can be prepared by heat treatment in 
an ammonium sulfate solution (I), or by 
removal of alumina from the lattice either 
by chemical extraction in solution (2, 3) or 
by heating in a deep-bed geometry (4, 5). 
In the latter procedure, it, is commonly as- 
sumed that a migration of alumina occurs 
during the thermal decomposition of NH,Y 
zeolite in the presence of water vapor and 
in a geometry which impedes the removal 
of amomnia from the bed. The migrated 
alumina is quite easily dissolved in 0.1 N 

NaOH solution. 
Using ESR spectroscopy and irradiation 

by y-rays at room temperature, we have 
studied the mechanism of ultrastabilisation 
by transfer of alumina in H-Y type zeolite. 

‘To whom queries should be sent. 

EXPERIMEKTAL 

Different kinds of samples, heat treated 
under different conditions, were prepared in 
the following manner starting from a Na-Y 
zeolite supplied by Linde Co. 

(i) In a conventional exchange procedure 
using a 0.1 M solution of NH,NO,, a NH,Y 
sample was obtained with 90 percent, Na+ 
ions exchanged by NH1+ ions. The heat 
treatment procedure which followed is one 
which is conventionally used in our labora- 
tory, The samples, placed with a 20 mm 
ht of powder in a 4 mm i.d. ESR tube 
sealed on an ungreased vacuum line, were 
heated at 600°C for 16 hr in 160 Torr oxy- 
gen pressure, in order to avoid pollution by 
hydrocarbons. This partial 0, pressure was 
obtained by filling the vacuum line with 
air and cooling the trap to liquid nitrogen 
temperat,ure. This procedure is similar to 
the deep-bed (DB) geometry treatment de- 
scribed by Kerr (4). Our samples were then 
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evacuated under vacuum (<lo-” Torr) for 
20 hr and denoted Y-DB. 

washed with distilled water, dried, and heat 
treated according to the standard procedure. 

(ii) In order to specify the influence of 
this procedure on our results, some samples 
were prepared in such a way as to remove 
gases during the heat treatment. The sam- 
ples were carefully outgassed before and 
during the heat treatment up to 600°C in 
a shallow-bed (SB) geometry. They were 
then oxidized at 600°C by air as reported 
above and re-evacuated at 600°C. They 
will be denoted Y-SB. 

Irradiations were performed in a y-ray 
Co60 cell built in the laboratory at room and 
liquid nitrogen temperatures for about a 
4 Mrad dose. 

RESULTS 

(iii) Aluminum deficient samples, denoted 
AID, were prepared starting from NaY or 
NaNH,Y aeolite with varying Na content 
by chemical extraction using either acetyl- 
acetone (AA) in Ccl, solution or ethylene- 
diaminetetraacetic acid (EDTA) in water, 
according to the methods of Beaumont and 
Barthomeuf (2) and Kerr (3). The com- 
positions of the samples are listed in 
Table 1. 

y-Irradiation at 77°K of all samples heat 
treated at 600°C gives rise to an ESR 
spectrum composed of a circa 500 Oe hf 
splitting doublet due to H atoms (6) and a 
broad (4&60 Oe wide) and complex signal 
centered at g N 2.01, due to the superposi- 
tion of several component signals (Fig. la). 

Looking for the latter signal as a function 
of the heat treatment conditions described 
above we noticed the following. 

The ESR spectra were recorded at 77°K 
with a Varian (V 4502) spectrometer using 
the 9.4 (X band) and 35 GHz (& band) 
microwave frequencies. In X band, a dual 
cavity was used and the g values were mea- 
sured by comparison with a DPPH sample 
(g = 2.0036). In & band they were deter- 
mined from the H atom doublet lines ob- 
served for a 77°K y-irradiated zeolite 
[giso = 2.00246 (S)] after a second order 
correction which takes into account the 
downfield shift of the center of the doublet 
equal to a2/4 Ho in field units with ago = 
501.8 Oe for H atoms. 

(a) For Y-DB samples irradiated at 
77”K, it seems that one of the component 
signals involves many hyperfine lines. In- 
deed, when the samples are warmed up to 
room temperature, the overall signal ampli- 
tude decreases, and a 12 hyperfine line 
signal emerges from the complex signal 
(Fig. la and b). 

(5) For Y-SB samples irradiated at 
77”K, the 12 line hyperfine signal does not 
show up, even after warming up to room 
temperature. Only a complex signal is ob- 
served (2s). 

In special experiments, aliquots of the 
DB and AID-DB samples were extracted 
with 0.1 N NaOH (3). The filtrates were 
chemically analysed to determine if alumina 
and silica had been removed from the lattice 
and dissolved. Some samples were then 

(c) AID samples which had undergone a 
DB treatment (procedure i) gave at 77°K 
a signal quite similar to the signal obtained 
in Case a. However, when the samples are 
warmed up to room temperature or irradi- 
ated at this temperature, the nearly pure 
12-line spectrum is observed as shown in 
Figs. 2 and 3. 

If the AlD samples undergo a SB treat- 
ment (procedure ii), the 12-line signal is 
not. obtained. 

TABLE 1 
ANHYDROUS UNIT CELL COMPOSITION OF THE DIFFERENT SAMPLES BEFORE THE 

HEAT TREATMENT 

Samples 

NaNHa 
AID-NH4+, I, AA 
AID-H+, II, AA 
ND-NH,+, EDTA 
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D.+?H. 

FIG. 1. 77°K X band spectra of a deep bed Na6(NH*)jl(A102)j6(S’O ) 1 2 136 zeolite heat-treated at 600°C 
and +rra&ated at 77°K. (a) After irradiation, (b) after warming up to room temperature for 20 min. 

The DB treatment is known to form netted with the ultrastabilisation of the 
ultrastable eeolite (4). As the 12-line signal zeolite. 
is only observable in DB conditions, we The X and & band spectra recorded at 
think that this signal is in some way con- 77°K after irradiation of sample 2 at room 

FIG. 2. 77°K X band spectrum of a deep bed Nazo.6(NH4)8.5(A10z)38.1(Si02),36 zeolite heat-treated at 
600°C and r-irradiated at 300°K. 
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FIG. 3. 77°K & band spectrum of a deep bed Naes.6(NH4)8.S(A10*)a8.1(Si02)136 zeolite heat-treated at 
600°C and y-irradiated at 300°K. 

temperature are given and analyzed in Figs. 
2 and 3. The corresponding 12- and 16-lines 
can be attributed to an eleven hyperfine 
structure split by a uniaxial g anisotropy as 
indicated in the corresponding stick spectra 
shown in t,he figures. The ESR parameters 
are gll = 2.0125, 91 = 2.0030, and giso = 
2.0062; and ~11 N CL N aiso = 10.0 Oe. 

It was difficult to compare the intensities 
of the la-line spectra for the different sam- 
ples because of the overlapping of the com- 
plex, 40 Oe wide, spectrum. Nevertheless, 
the number of paramagnetic centers is of 
the same order of magnitude and roughly 
equal to 5 x lOIs centers per gram for the 
4 samples. 

Nature of the Paramagnetic Center 

The eleven line hyperfine structure is due 
to the coupling of the unpaired electron with 
two equivalent aluminum atoms (I = 5/2). 
The ESR signal is not saturated when in- 
creasing t,he microwave power and its g- 
values are larger than ge (2.0023). Hence, 
we can argue that the paramagnetic center 
is a trapped hole (7) produced by 
irradiation. 

It is noteworthy that one has g+ -N gV = 
gl # gl, indicating a uniaxial symmetry, in 
contrast with cz N C, 21 C, N aisO. For a 
uniaxial symmetry, the principal values of 
the hyperfine c^ tensor are given by c = 
a + b (3 cos2 e - 1). The isotropic con- 
stant a equals A0 C& with A0 = 981 Oe 
(8)) the anisotropic constant b equals B, 
C,Z, with B, = 21 Oe (8) and 0 is the angle 
between the aluminum 3p axis and the 
static magnetic field. CQ and C& are the 
spin densities of the unpaired electron on 
the 3s and 3p orbitals of the aluminum 
atom. The total, isotropic plus anisotropic, 
hyperfine splittings are: cl1 = a + 2b, cl = 
a - b, and /cl, - cIJ = 31bl. Taking into 
account the inaccuracy in measuring the 
cl1 and mainly the cl splittings from a pow- 
der shape spectrum [the parallel and per- 
pendicular c values are taken at the turning 
points of the ESR spectrum according to 
Lebedev (9) 1, one has 3/b/ < 0.6 Oe. Since 
ais0 = 10.0 Oe and Ibl < 0.2 Oe, the spin 
density is about 1% in the 3s orbital of the 
aluminum atom and less than 1% in its 
3p orbitals. The unpaired electron is equally 
coupled to two aluminum atoms and the 
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electron spends less than 4% of its time 
on the aluminum atoms and 96% on atoms 
with nuclear spin equal to zero. Since the 
aluminum atoms are bonded to an oxygen 
atom with I = 0, the unpaired electron is 
presumably essentially localized on the oxy- 
gen atom. Taking into account that the 
electron is equally coupled with two alumi- 
num atoms, we suggest that the V center 
we are dealing with is a hole of an electron 
localized in a non-bonding sp’ orbital of 
the oxygen bridging two aluminum atoms, 
as represented below. 

\ /i / 0 ,A’\ ,*I\ 
This model implies that during the DB 

heat treatment, a migrat’ion of Al from 
the zeolite framework occurs. The ESR 
spectrum may characterize this migration. 
Moreover, it is very important to emphasize 
that we have never observed such a well- 
resolved ESR spectrum in any kind of 
stoichiometric alumina. For instance, in 
a-ALO,, Y-A1,03, boehmite, gibbsite, and 
bayerite WC have obtained broad (about 40 
Oe wide) and unresolved signals with gag,, 
N 2.010. In other words the I’ center we are 
interested in belongs to a quite peculiar 
alumina. 

x band 

The model we propose can be likened to 
an O- ion in a crystal field with axial sym- 
metry, but in that case g1 > ge and gll N 
g, is to be expected (10)) in disagreement 
with experiment. However, for a M-O- type 
of center in alkali glasses, gl, > g, and 
g1 c g, are observed. This situation is ex- 
plained by a change of the relative ordering 
of the energy levels in the molecular or- 
bitals of RI-O- compared to those of O- 
(11) and t.his point supports our 
interpretation. 

An eleven hyperfine structure has been 
reported for HY and AlHY zeolites (12) 
r-irradiated under vacuum (ais = 10.0 Oe 
and gi,, = 2.007). However, it seems to be 
composed of 12 hyperfine lines and quite 
similar to ours. 

It is important to recall that when the 
samples undergo a SB treatment (procedure 
ii), the complex, 40 Oe wide, signal is ob- 
tained but never the 12-line spectrum. Thus, 
WC argue that the 12-line spectrum is con- 
nected with the migration of alumina oc- 
curring during the DB treatment. 

In some particular DB experiments on 
sample 1, we obtained the spectrum given in 
Fig. 4. This spectrum is mainly composed of 
a sextet (six lines of about equal intensity) 
wit#h gisO = 2.0048 and ai: = 9.5 Oe, 
superimposed on a small la-line spectrum. 
This sextet can be attributed to a hole of 

FIG. 4. 77°K X band spectrum of a UB Naa(NHq)51(A106)js(SiOz)136 zeolite irradiated at 300°K under 
vacuum. 
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an electron localized on an oxygen atom 
which is bonded to only one aluminum 
atom (I = 5/2). Its giso and aiso values 
are close to those observed for the la-line 
spectrum. Consequently, we are of the 
opinion that the 12-line spectrum corre- 
sponds to a dimer of an aluminated species, 
which gives rise to an isotropic six-line 
spectrum in a monomer form. 

Reactivity of the Paramagnetic Center 

The V center we are dealing with was 
found to be very reactive with oxygen even 
at 77°K. On sample 2, which gives the 
purest 12-line spectrum, an oxygen species 
stable at temperatures up to 250°C has been 
observed. Its ESR parameters are gz = 
2.0575, g, = 2.0085, and go = 2.0026 (Fig. 
5). This species is presumably an O,- spe- 
cies. The g, component value is much 
higher than expected for O,- adsorbed on a 
trivalent Al [gZ N 2.034 (IS) ] or a tetra- 
valent Si atom [gZ = 2.024 (14) 1, which 
may be due to a partially covalent bond 
between 0, and Al or Si, as pointed out by 
KBnzig et al. (16), or to adsorption on a 
divalent ion (16). When irradiation is car- 
ried out in the presence of 20 Torr of oxy- 
gen, two oxygen species are obtained. One 

has about the same ESR parameters as 
above and can be attributed to the same 
02- ion. It is stable up to 250°C. The other 
one, stable up to 5O”C, has different g-val- 
ues: gz = 2.0142, g, N 2.008, and gZ N 2.002 
(Fig. 5). In view of its g-values, the latter 
species can be attributed to an OS- ion (17) 
formed by adsorption of oxygen on an O- 
ion created by irradiation. 

No superhyperfine interaction of the un- 
paired electron of the oxygen species with 
aluminum atoms has been detected. This 
result can tentatively be interpreted as a 
proof of the adsorption of oxygen on an 
atom with a nuclear spin equal to zero, 
what is quite in agreement with the model 
we have suggested for the V center (I = 0 
for 0 atoms). 

Conditions of Paramagnetic Center 
Formation 

It was shown above that the paramag- 
netic center corresponding to the 12-line 
spectrum is connected with a peculiar alu- 
mina which originates from the migration 
of aluminum atotis under DB treatment. 
It turned out that the ESR technique per- 
mits us to follow this migration. 

In order to specify the” determining fac- 

Zeolite Na29,S (Al O~Z)~,, (Si 02) 136 

FIG. 5. 77°K X band spectra of a DB N~z~.B(NH~~.K(A~O~)~~.~(S’O ) I 2 la6 zeolite irradiated at 300°K in the 
presence of 20 Torr of oxygen. (a) Initial spectrum, (b) after warming at 150°C for 6 hr. 
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tor in this migration, samples were heat 
treated in controlled atmospheres. In these 
experiments, the zeolites were first outgassed 
at 4OO”C, in order to remove ammonia and 
water, and t,hen oxidized at the same tem- 
perature. Compounds which may play a 
role are water, ammonia, and oxygen. Con- 
sequently, a given gas or vapor (dry oxy- 
gen, water, dry ammonia, or water plus 
ammonia) was adsorbed overnight at room 
temperature on the 400°C pretreated sam- 
ples. We t,hen observed that only the 
H,O + NH, atmosphere produced the 12- 
line spectrum. It is also important to note 
that the NaY sample did not give a la-line 
spectrum even in DB geomet,ry, this being 
attributable to the absence of ammonia. 

In order to demonstrate that the 12-line 
spectrum is only observed when migration 
of alumina occurs, we have extracted this 
migrat,ed alumina by a 0.1 N NaOH solu- 
tion according to the method of Kerr (4). 
In all previous experiments, we found 
alumina but no silica by chemical analysis 
of the NaOH filtrate, only when the sam- 
ples underwent a DB or H,O + NH, atmo- 
sphere treatment. When this alumina was 
,dissolved, we have dried and heat-treated 
the samples according to procedure ii (SB) 
After irradiation no 12-line spectrum and 
no dissolution of alumina were observed. 

These results show that the 12-line spec- 
trum is connected with t.he migrated alu- 
mina and not with the ultrastabilized frame- 
work. However, one can also argue that 
the NaOH treatment may reorganize the 
aluminum deficient lat,tice with disappear- 
ance of t.he Al-O-Al species. Nevertheless, 
we have observed that the number of V 
centers varies as the amount of migrated 
alumina chemically determined in the 
NaOH filtrate. We have indicated above 
that the number of paramagnetic centers 
is roughly equal to 5 X 1Olg g-l, corresyond- 
ing to lo*” migrated aluminum atoms. In 
the DB treatment (sample l), the number 
of migrated aluminum atoms given by Kerr 
(4) equals 10.4 per unit cell, namely 5 X 
10zo g-l, which is in fairly good agreement 
with the ESR data. 

At this point it seems interesting to com- 
pare the behavior of two kinds of aluminum- 

deficient. zeolites undergoing the same DB 
treatment. The first sample is a Y-DB zeo- 
lite for which migrated alumina [lo.4 Al/ 
unit cell (4)] has been dissolved in NaOH 
solution. The second one is an AID sample 
(sample 2) from which 18 aluminum atoms 
have been chemically extracted. After a 
DB treatment only a small 12-line spectrum 
was obtained for the first sample, whereas 
the second one gave rise to an intense spec- 
trum (e.g., see Fig. 2). It may consequently 
be concluded that the alumina removal by 
chemical action still leaves Al ions sensi- 
tive to the action of steam and ammonia. 

DISCCSXON 

The paramagnetic V center with which 
we are concerned has been found to be 
strongly dependent on the nature of the 
heat treatment,. It has only been obtained 
for samples heated in drastic conditions 
allowing the alumina to be removed from 
the lattice. This center is connected with a 
quite peculiar aluminated species which 
originates from the zeolite framework. 

Kerr (4) has shown that cationic alumi- 
num is present in a zeolite which has under- 
gone the standard DB treatment and he has 
suggested a mechanism of formation of 
aluminum hydroxide and t.hen -41 (OH) ?+ 
cation. Kerr’s postulation of the formation 
of Al (OH), as part of the mechanism for 
aluminum removal agrees with our ESR 
findings. However, in view of the hyper- 
fine splitting constant which we observed, 
we feel that the mechanism for aluminum 
removal may bc somewhat different from 
that given by Kerr. An AI(O cation 
ionized by y-rays should give rise to a large 
hyperfine splitting of the unpaired electron, 
essentially localized on the aluminum atom. 
As a matter of fact, Hervd (18) observed 
an Al’+ center with the following ESR 
parameters: c,, = 212.5 Oe and c I- = 179 
Oe, g# = 2.0004 and gl = 2.0015, data 
which are quite far from our resulm. 

We have reported above that the ESR 
spectra are observable only when the DB 
heat treatment, is carried out in the pres- 
ence of both steam and ammonia. The alu- 
minum hydroxide, Al (OH) 3, formed accord- 
ing to the first step postulated by Kerr is 
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amphoteric. Consequently, it can be argued impurity within the solid. However, if the 
that over an ammoniated atmosphere the same sample is treated at 600°C in DB 
hydroxide is transformed into an ammo- geometry (instead of SB) and irradiated at 
nium aluminate which is decomposed at the 77”K, 1.25 Oe wide H lines are observed. 
elevated temperature of treatment into alu- This seems to show that in these conditions 
minic acid. Such an acid is known to be acidic OH groups may be formed. These re- 
stable as a dimer in liquid phase up to 30°C sults are in good agreement with the scheme 
(19). we have proposed. 

The mechanism of alumina removal, as 
we envisage it, is given below: 

In good agreement also with our ESR 
findings, Maher et al. (21) reported some [ !<;, 1 4- 

2Al [OHI l 2NH3 + 4HP- 
o 5OH 

h, -OH 

3 ‘0’ 2; 
4H’ 

7 X ray data obtained for ultrastable fauja- 

600% La, /o\u/ 
sites prepared according to the procedures 
described by McDaniel and Maher (1). 

- / \o/ \ They found that of the three hydroxyl 

k 
groups coordinated to each aluminum ion 
in S,, sites (migrated aluminum are shown 
to occupy cationic sites), two are shared 

Under irradiation at 77”K, this acidic with another A,. aluminum ion and the 
compound may lead to the formation of H other is not shared. Recall that in these zeo- 
atoms and V centers according to the 
scheme: 

lites the migrated alumina has not been 
eliminated from the sample. 

‘;’ 1 
8 

The V center corresponds to a dimer with 
tetracoordinated aluminum atoms. This 
structure may explain why we never ob- 
served such centers in other types of 
alumina. 

Moreover, in the mechanism of formation 
of Al (OH) 3 given by Kerr (4), extraction 
of alumina leads to the creation of a va- 
cancy of aluminum at,oms as shown below. 

We have shown previously (20) that ir- 
radiation at 77°K of a HY zeolite (NH,Y 
sample treated at 400°C according to pro- 
cedure ii) gives rise to trapping of H atoms 
whose ESR line width equals 1.25 Oe and 
which have been related to acidic OH 
groups. When the samples are treated at 
600°C in SB geometry, only a small num- 
ber of H atoms are trapped and the width 
of their ESR lines equals about 0.9 Oe. 
These H atoms have been related to a silica 

4i 

dH 
Si-OH HO-Si 

Such a vacancy may probably be ionized by 
y-rays into a paramagnetic V center which 
may presumably present a hyperfine inter- 
action with the surrounding protons. In 
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fact, we did not observe any change in the b. BEAUMONT, R., AND BARTHOMEUF, D., C. R. 
shape of the ESR spectra on dealuminated Acad. SC. Paris C 272, 363 (1971). J. C&al. 
samples compared to conventional HY 27, 45 (1972). 

zeolite after SB and DB t’reatments, the 3. KERR, G. T., J. Phys. Chem. 72, 2594 (1968). 

12-line spectrum excepted. In this labora- 4. KERR, G. T., J. Phys. Chem. 71, 4155 (1967). 

tory it has been shown by X ray work (%9) J. cutaz. 15, 200 (1969). 

that the Si, Al occupancy factor in the lat- 
6. JACOBS, P., AND UYTTERHOEVEN, J. B., J. Catal. 

tice remains equal to one when dealumi- 
nating the samples by chemical treatment. 
Consequently, ESR and X ray results can 
be interpreted in terms of migration of cer- 
tain Si at.oms towards the vacancies created 
by the aluminum atom removal. 

6. 
22, 193 (1971). 

CONCLUSIONS 

Using the ESR technique and r-irradia- 
tion, we have been able to show the im- 
portance of the heat-treatment conditions 
on the properties of the zeolite. Our experi- 
ments show that the formation of ultra- 
stable zeolite is strongly dependent on the 
geometry of the ammonium Y ieolite bed 
during thermal decomposition. 

The aluminum-deficient zeolites prepared 
by chemical action have been found to have 
still aluminum ions sensitive to the action 
‘of steam and ammonia. 

The migration of alumina has been shown 
to depend upon the presence of both wat’er 
and ammonia during the heat treatment at 
600°C. The proposed mechanism of migra- 
tion involves the formation of aluminum 
hydroxide by steam and its attack by am- 
monia giving rise to a dimer (or sometimes 
a monomer) of aluminic acid. Formation of 
Al(OH),+ or A1(OH)2+ species as well as 
aluminum vacancies in the framework dur- 
ing dealumination seems unlikely. 
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