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The hydrothermal treatment of a (NH,)ggsNag,Y zeolite was carried out in a flow reactor in order
to determine quantitatively the effect of the operating conditions (time, temperature, water pressure)
on the dealumination of this zeolite. X-ray diffraction was used to follow the process of dealumina-
tion and to characterize the variations of the crystallinity. The enrichment of the outer surface in
Al was measured by X-ray photoelectron spectroscopy (XPS). First the temperature of the zeolite
was raised rapidly to the temperature chosen for the hydrothermal treatment (260 to 820°C) under
nitrogen flow. During this rise in temperature there was a significant dealumination caused by water
physically adsorbed or liberated by dehydroxylation. This dealumination is accompanied by a
partial collapse of the zeolite framework. After the ceiling temperature was reached, the zeolite
was submitted to a flow of water vapor. Two periods could be distinguished, namely an initial one
in which dealumination was rapid, and a second one in which it was slow. Only the aluminum atoms
with which NH; (and not Na™) are associated could be extracted from the framework. For both
periods the kinetic orders with respect to these aluminum atoms and to water are equal to 1; the
apparent activation energy is about 20 kJ mol~! for the rapid dealumination and 70 for the slow
process. The first period would correspond to the dealumination of the protonic zeolite and the
second to that of the zeolite exchanged by cationic aluminum species. Under high water pressure
(>50 kPa) there is a relationship between zeolite dealumination and subsequent migration of extra-
framework aluminum species to the outer surface of the crystallites. However, these processes
are independent. Indeed during the self-steaming of the zeolite, dealumination occurs without
enrichment in Al of the outer surface. © 1991 Academic Press, Inc.

INTRODUCTION

The thermal and the catalytic stability of
Y zeolites is considerably improved by de-
alumination (/-3). This dealumination is
generally carried out through steaming at
high temperatures of a NH,Y zeolite. Al-
though this technique is currently used,
there exist few quantitative data concerning
the effect which the operating conditions
(time of steaming, temperature, water pres-
sure) have on the rate of dealumination. This

U Part I of this series is Ref. (15).
2 To whom correspondence should be addressed.
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technique causes the formation of extra-
framework aluminum species which can mi-
grate to the outer surface of the crystallites
(4-8). We show here how the operating con-
ditions determine the rate of dealumination
of a (NH,),sNa,,Y zeolite, the crystallinity
of the dealuminated samples, and the rate
of migration of the extra-framework species
to the outer surface of the crystallites. The
mechanism of dealumination is discussed on
the basis of the kinetic data.

EXPERIMENTAL

The dealumination was carried out by hy-
drothermal treatment of various samples of
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the same batch of NH,NaY zeolite
((NH ) sNa,,Al;Si,50584) in a flow reactor
under chosen operating conditions. The
NH/NaY zeolite resulted from a double ion
exchange of a NaY zeolite (chemical and
framework atomic Si/Al ratio equal to 2.1,
size of the crystallites =0.7 um) under the
following conditions: temperature 25°C, 10
cm? of 1.5 M solution of NH,NO, per gram
of zeolite, duration 20 h. For the hydrother-
mal treatment, about 2 g of zeolite in the
form of powder was used, the height of the
bed being equal to 0.5 cm. While the temper-
ature was increased to reach the treatment
temperature (5 to 10 min) the zeolite was
kept under nitrogen flow (170 N ¢cm® h™1),
Water (2 g h™!) was introduced when the
zeolite reached the treatment temperature
(time zero). All the samples obtained were
characterized by X-ray diffraction; the
“‘crystallinity’’ Cry and the unit cell parame-
ter a, were determined according to the
ASTM methods D3906 and D3542, the
NH,NaY sample being considered as refer-
ence. The number of aluminum atoms per
unit cell was deduced from g, by using the
equation proposed by Breck and Flanigen
(9). The Al/Si ratio of the outer surface of
the zeolite crystallites was determined by
XPS analysis with an ISA RIBER spec-
trometer.

RESULTS

Table 1 gives for all the dealuminated
samples the formula of the unit cell, the
number of extra-framework aluminum spe-
cies per unit cell (Ngp,y), the percentage of
dealumination, the atomic Al/Si ratio of the
crystallite surface ((Al/Si)yps), and the crys-
tallinity Cry . The unit cell formula and Ngg,,
are determined from the chemical composi-
tion of the zeolite (% Al, % Si, % Na) and
from N, the number of aluminum per unit
cell calculated from g, by using the equation
proposed by Breck and Flanigen (9). For
this determination it was supposed that the
extra-framework species contain no silicon
nor sodium atoms but only aluminum spe-
cies. This is not quite true since there is a
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partial destruction of the zeolite during the
increase in temperature under nitrogen flow
(see below) and the extra-framework spe-
cies thus formed obviously contain silicon
atoms. With this supposition, the percent-
age of dealumination is equal to 100 X
Nega/(NgpaL + Ny

1. Effect of the Treatment Time

The effect of the steaming time ¢ was stud-
ied at various temperatures (400, 500, 650,
and 700°C) with a pressure of water vapor
equal to 93.3 kPa. Moreover, at 650°C, two
other values of water pressure (20 and 53
kPa) were used. Whatever the operating
conditions, the percentage of dealumination
increases rapidly with ¢ during the first 2-3
h of treatment, then more slowly (Fig. 1).
The dealumination begins during the in-
crease in temperature under nitrogen flow.
At time zero the percentage of dealumina-
tion is equal to 1.6 at 400°C, 9.1 at 500°C,
and 23.1 at 650°C (Table 1). A decrease in
Crx is observed during the temperature in-
crease; afterwards, Cgy remains practically
constant (at 400°C) or increases slightly and
then remains constant (Fig. 1b).

The (Al/Si)ypg ratio of the dealuminated
samples increases strongly with time. This
atomic ratio passes from 0.34 for NH,NaY
(which is lower than the framework Al/Si
ratio : 0.48) to 1.16 after 40 h at 650°C under
a water vapor pressure of 93 kPa. This value
is about 10 times greater than the framework
Al/Si ratio of this dealuminated sample
(0.11). The increase in (Al/Si)ypg is particu-
larly pronounced during the first 3 h (Fig. 2),
i.e. duringthe period of rapid dealumination.

2. Effect of the Temperature

As shown in Fig. 1 the percentage of dea-
lumination increases with the steaming tem-
perature Tg. The effect of 75 on the dealumi-
nation was studied over a larger range of
temperature (from 260 to 820°C) for 3 h with
a water pressure of 93.3 kPa. The dealumi-
nation begins at low temperature (Fig. 3). It
is always accompanied by a loss of crys-
tallinity. This loss of crystallinity becomes
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TABLE 1
Conditions of Steaming and Characteristics of the Dealuminated Samples
Operating conditions Unit cell formula® NEgrFaL Deal. (Al/Si)yps Crx’b
(%)

1C0) Poaer 1(h)
400 0 0 Nay, ;Alg; 55113 50554 1 1.6 88
400 93.3 0.25 Nay, 4Alsg 6511334054 5 7.9 86
400 93.3 1 Ny 7ALss 751,36 30354 9.3 14.3 88
400 93.3 3 Nays2Alsg 7141 30384 16.7 24.8 87
400 93.3 13 Na[5A4Al49_OSi143.00384 19.2 28.1 86
400 93.3 20 Nal5A5Al4g>ISi]43_9O384 20.5 30.0 85
500 0 0 Nayy 4Alsg 1Si 3390154 5.8 9.1 80
500 93.3 0.25 Nay, 7Alss 45113660154 9.3 14.4 85
500 1 Nays Al 651141 40154 17.1 25.2 87
500 3 Nays9Aly 981148 10354 26.7 37.8 0.6 88
500 13 Nayg 4ALg 65115240384 33.1 45.5 85
500 20 Najg Al 45154 601584 36.3 49.2 85
650 0 0 Nays Als) 58114950344 15.5 23.1 0.34 76
650 93.3 0.25 Nays sAly7. 95114410384 20.8 30.3 85
650 1 Nayg 1Al 3Sis0 705 30.1 4.2 0.5 88
650 2 Nag gAlzs 95115610354 38.5 51.7 0.71 84
650 3 Na7 oAby oS58, 00s 41.4 54.9 0.85 83
650 4 Nayy Al 5Siyso Osge 43.6 57.3 83
650 5 Nay7 1AL Sije 205 4.6 58.4 82
650 8 Nay; (Al 15116290384 48.7 62.6 1.0 84
650 13 Najg Al 45116760354 55.5 69.5 83
650 20 Nag ;A1 38117070154 60.1 73.8 83
650 40 Nag sAl 1395117310384 63.6 77 1.15 80
650 65 Najg 5Al g 05117400154 65 78.3 81
700 93.3 3 Nay; sAlyg 18162 505 477 61.6 0.94 82
700 13 Nag sAlLy 4Sij7y 60354 61.4 75.1 80
260 93.3 3 NaH.zAlﬁosinZo}g“ 3 4.8 96
300 Na14A7A155_9Si]36_]O384 9 13.9 97
450 Nays 2Alg sSiyes 5O 2.9 33 87
600 Nayg 7ALg 551550154 37.2 74 84
760 Nayg 4Ab) 58117580154 60.3 74 54
800 10
820 0
650 0 3 Nays 9Aly 45114760384 26 36.9 0.34 87
9.33 Najg (Aly 35114980184 29.2 40.9 0.37 85
20.0 Najyg ;AL 75115130354 31.5 43.6 0.51 84
33.3 N316A4A139.4Si152.60384 33.4 459 84
533 Najg6Alz7.451154 40354 36.3 49.3 0.73 83
650 20 7 Na16A5Al39‘ZSi152_30384 33.7 46.2 84
650 20 13 Nayg 7ALg 6515540354 37.5 50.6 84
650 53.3 10 Na1743Al3,.3Si160.70384 46.4 59.7 83

2 The amount of protonic sites was not determined.
b Reference NH,NaY.
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FiG. 1. (a) Percentage of dealumination of the Y zeolite (Deal., %) as a function of the hydrothermal
treatment time (¢, h) under various operating conditions: T, temperature; P, water pressure. (b)
Crystallinity (Cgy, %) of the dealuminated samples as a function of the hydrothermal treatment time
(t, h) at various temperatures, with a water pressure of 93.3 kPa.

very significant for Tg above 700°C. The (Al/
Si)yps ratio is always greater than the total
Al/Si ratio and than the framework Al/Si
ratio. The higher 7 the greater the differ-
ence (Fig. 4).

3. Effect of the Water Vapor Pressure

As shown in Fig. 1 the greater the water
pressure (P,) the higher the percentage of
dealumination. The effect of P, on the de-
alumination was studied over a larger range
of pressures (from 0 to 93.3 kPa) for 3 h
at 650°C. The percentage of dealumination
increases with P,,. It must be noted that for
this temperature a very pronounced dealum-

ination of the zeolite occurs before adding
water (Fig. 5), a loss in crystallinity accom-
panying the dealumination. The addition of
water causes a slight decrease of the crys-
tallinity (Fig. 5). The (Al/Si)ypg ratio is prac-
tically the same for NH,NaY before and
after a 3-h treatment under nitrogen flow
(Fig. 6). On the other hand, under water
flow, (Al/Si)yps is greater than the frame-
work Al/Si ratio. The higher P, the greater
the difference between the ratios (Fig. 6).

DISCUSSION

The effect of the operating conditions of
the hydrothermal treatment on the dealumi-
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FiG. 2. Change of the atomic Al/Siratios as functions
of the hydrothermal treatment time (¢, h).

nation of Y zeolites is now well known (2,
4,8, 10, 11). However, practically no quanti-
tative relation between the rate of dealumi-
nation and the operating parameters (time of
treatment, temperature, pressure of water)
has been reported in the literature. Never-
theless, we can quote the kinetic order with
respect to the framework aluminum atoms
as being found equal to 2 for Y zeolites by
Martins et al. (12) and for ZSM-5 by Sano
et al. (13, 14).

1. Kinetics of Dealumination

1.1. Effect of time. An apparent order
with respect to the aluminum atoms can be

Deal. X
100

60

20

0
NHqNaY 250

T T
450 650 850
Tg °O)

F1G. 3. Percentages of dealumination (Deal., %) and
of crystallinity (Cgx , %) as functions of the temperature
of a hydrothermal treatment (75, °C) of 3 h with a water
pressure of 93.3 kPa.

463
Al/Si
1
-
surface /
0.6 F/
Lo 1 total
»
0.2
0
I e e B e
NHuNuY 500 600 700

Tg °0)

F1G. 4. Change of the atomic Al/Si ratios as functions
of the temperature of a hydrothermal treatment (T,
°C) of 3 h with a water pressure of 93.3 kPa.

deduced from the effect of the treatment
time ¢ on the composition of the unit cell. If
the unit cell is considered as a reactor the
following equation can be written:

_dNA]/dt = k/(NAl)a (1)

with k' the apparent rate constant of dealum-
ination for given values of T and P, . If the

Deal. % CRX 1
100 J' - 100
N
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FiG. 5. Percentages of dealumination (Deal., %) and
of crystallinity (Cyx, %) as functions of the water pres-
sure (P,,, kPa) used for a hydrothermal treatment of 3
h at 650°C of the NH,NaY zeolite.
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Fi1G. 6. Change of the atomic Al/Siratio as a function
of the water pressure (P,,, kPa) used for a hydrothermal
treatment of 3 h at 650°C of the NH,NaY zeolite.

reaction order is equal to 2 there must exist
a linear relation between 1/N, and ¢. Figure
7 shows that this is the case at least for 3 h
< t=<20h. Fort < 3 ha quasi-linear relation
is also obtained but the slope is considerably
greater. Two periods of dealumination could
therefore be distinguished, the initial period
with rapid dealumination and the other with
slow dealumination, the apparent kinetic or-
der with respect to aluminum being equal to
2 for both periods.

However, this kinetic order of 2 is ques-
tionable. Indeed, only the aluminum atoms
with which are associated NH; (and not
Na™) can be removed by hydrolysis (I, 10,
15). In agreement with this, the rate of de-
alumination at 650°C and 93.3 kPa becomes
practically equal to zero after 40 h reaction
(Fig. 1),i.e., when N,,, the number of alumi-
num atoms per unit cell, is close to Ny,,
the number of sodium atoms per unit cell.
Therefore in Eq. (1), N, must be replaced
by N = Na — Nna-

—dN%/dt = K'(N%)". )

With Eq. (2) the order with respect to
aluminum is no longer equal to 2 but to 1.
Indeed a linear relation is found between In
(N%) and ¢ (Fig. 8) both for the period of
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rapid dealumination and for that of slow de-
alumination. This order of 1 is in good
agreement with the observation by NMR
that the removal of Al atoms from the zeolite
framework proceeds step by step, with a
transformation of Si(n Al) into Si(n — 1)Al)
units (10, 16).

1.2. Effect of temperature. The values of
the apparent activation energy E for the two
periods of dealumination were calculated
from the rate constants drawn from Fig. 8
for 400, 500, and 650°C. E is 20 = 2 k] mol !
for the rapid dealumination and 70 = 2 kJ
mol ~! for the slow dealumination (Fig. 9). E
was also estimated from the experiments
carried out for 3 h at various treatment tem-
peratures T, with P, = 93.3 kPa. The value
of k' used for this estimation was

K = In (N3 N/t 3)

with (N¥), the value of N%, for the zeolite
after the increase in temperature under ni-
trogen flow. Only three values of (N%)), were
experimentally obtained (7, = 400, 500,
650°C). The other values were estimated by
extrapolation from the curve: (N%), = f(1/
T,). A value of E equal to about 25 kJ mol !,

3
107/Ny

Tg=650°C2 P,=93.3 kPo

301
Tg=500°C, P,=93.3 kPa

107
[;
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t

Fic. 7. Dealumination of the NH/NaY zeolite
through hydrothermal treatment under various op-
erating conditions. Checking of an apparent reaction
order equal to 2 with respect to the framework alumin-
ium atoms. N, number of these atoms per unit cell,
t(h) hydrothermal treatment time.



DEALUMINATION

OF ZEOLITES, II 465

T.=650°C,

S

——————— T.=500°C, Pw=93.3 kPa
TS=650°C, PH:2(§ kPa

TS=7[I)°C, Pw =93.3 kPa

T

S:400°C, P':93.3 kPa

Pw:53. 3 kPa

TS =650°C, Pw:93'3 kPa

T T T

10

20

40
t (h)

Fi1G. 8. Dealumination of the NH,NaY zeolite through hydrothermal treatment under various operat-
ing conditions. Checking of an apparent reaction order equal to 1 with respect to the framework alumi-
num atoms not associated with Na ions. N%, number of these atoms per unit cell; #(h), hydro-

thermal treatment time.

i.e., close to that determined for the rapid
dealumination, was obtained.

1.3. Effect of the water vapor pressure.
Figure 10 shows that the apparent order with
respect to water is 1 for the period of slow
dealumination at 650°C. The k' values used
for this determination are drawn from the

In k'
V]
4 T
~\~\\\\\\\\£<3h
N \
~2 1 x
t=3h
_q-
-6 T . y .
1 1.2 1.4
10°/7g

Fi1G. 9. Effect of the temperature of hydrothermal
treatment T on the rate constant of dealumination (k’,
h~!) under a water pressure of 93 kPa. Determination
of the apparent activation energy.

curves of Fig. 8 corresponding to the experi-
ments with different values of water pres-
sure P, for T = 3 h.

An approximate value of the order with
respect to water can also be obtained for the
period of rapid dealumination from experi-
ments carried out for 3 h at 650°C with differ-
ent values of P,,. The values of the reaction

in k'
-2 ’7
-3
slope=1.0
_q T T T T
3.0 3.8 4.6
In P

L]

FiG. 10. Effect of the water pressure P, on the rate
constant of dealumination at 650°C for times greater
than 3 h (k’, h™'). Determination of apparent reaction
order with respect to water.
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rate constant used for this determination are
those obtained from Eq. (3). An order value
of about 0.5 is found. This value is probably
lower than the real value, the period of treat-
ment (3 h) being intermediate between the
periods of rapid and of slow dealumination.

1.4. Kinetic equations. The kinetic equa-
tions found for the dealumination under wa-
ter flow are

Initial period:

—dNR = 0.6 €X|2400/TN§1P3&5

dt

after 3 h:
—A ‘;]tv A _ 105 e-S0INEP,

with ¢ expressed in hours and P, in kPa.
These equations differ slightly by the reac-
tion orders with respect to water and by
the values of the rate constants and of the
apparent activation energies.

2. Migration of Extra-Framework Species
to the Outer Surface

XPS analysis shows a significant enrich-
ment in aluminum of the outer surface of
the zeolite crystallites during the treatment
under water flow. This enrichment can be
explained by the migration to the outer sur-
face of extra-framework species rich in alu-
minum. There is a quasi proportionality
between the (Al/Si)yps ratio and the
percentage of dealumination calculated on
the removable aluminum (not associated
with sodium cations) of the samples treated
at 650°C under a water pressure P, of 93.3
kPa (Fig. 11). The values obtained for sam-
ples treated for 3 h under the same pressure
P, at 500 and 700°C or under P,, = 53.3 kPa
at 650°C follow the same relationship (Fig.
11). Under these conditions there is there-
fore a relationship between the zeolite dea-
lumination and the subsequent migration to
the surface of the extra-framework alumi-
num species (4, 8). However, for values of
P, lower than 50 kPa, smaller values of (Al/
Si)yps are obtained (Fig. 11), which shows
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that the migration of the aluminum extra-
framework species is slower. Moreover,
(Al/Si)ypg of the sample treated without ad-
dition of water for 3 h at 650°C is equal
to (Al/Si)yps of NH,NaY (Fig. 11). Without
addition of water (self-steaming) there is
therefore no migration to the outer surface
of aluminum species and this although the
percentage of dealumination is a significant
one (about 30%). This means that aluminum
migrates as hydroxylated species. The same
observations have been previously reported
by Fleisch et al. (4) for the dealumination of
REY.

3. Mechanism of Dealumination

Our experiments show that after the in-
crease in temperature under nitrogen two
periods of dealumination can be distin-
guished: an initial one in which dealumina-
tion occurs rapidly with a reaction order
with respect to water of about 0.5 and a
second one with slower dealumination, the
reaction order with respect to water being
1. For both periods the dealumination rate is
proportional to the number of hydrolyzable
aluminum atoms.

During the increase of temperature under
nitrogen (self-steaming) a rapid dealumina-
tion of the zeolite occurs and there is a loss
in crystallinity. The percentage of dealumi-
nation and the loss in crystallinity increase
with the temperature chosen for the hydro-
thermal treatment 7,. This is due not only
to the temperature increase but also to the
increase with 7, of the self-steaming time.
What are the phenomena which occur dur-
ing the period of self-steaming and the two
other periods?

It is well known that dealumination
through hydrothermal treatment consists of
hydrolysis of Al-O bonds with formation of
neutral and cationic aluminum species (8,
17). Then the defect sites created by dea-
lumination are filled by silicon atoms with a
consequent stabilization of the zeolite
framework.

3.1. Period of self-steaming. Reactions 1
to 4 (Fig. 12) can be proposed to explain the
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F1G. 11. Atomic Al/Si ratio of the outer surface of

the zeolite crystallites ((Al/Si)yps) as a function of

the percentage of dealumination calculated on the aluminum atoms not associated with Na ions (Deal.*,
%). (@) Ty = 650°C, P, = 93.3 kPa; (O) Ts = 650°C, ¢t = 3 h, (%)t = 3 h, P, = 93.3 kPa.

dealumination of a NH,;NaY zeolite during
the period of self-steaming. Deammoniation
(step 1) which begins at low temperature (/,
23) leads to a protonic zeolite in equilibrium
with the hydroxyl form. Reactions 2 to 4
correspond to the hydrolysis of the various
Si-O-Al bonds. However, the elimination
of aluminum from the framework as well as
the decrease in crystallinity could also be

provoked by NHj; liberated by zeolite deam-
moniation (24).

The following steps of the dealumination
are the migration of the aluminum species
generated by aluminum atoms extracted
from the zeolite framework and the filling
in by silicon atoms of the vacancies thus
created, which leads to a stabilization of the
framework (step 5). The loss in crystallinity

NH4 u

Si-0 0-Si 1 $i-0 0-Si Si-0 HO-Si
~ N~ - ~

n?l i P om

Si-07 ~o0-si si-0” " o-si $i-0 0-Si
2 +H20
$i-OH HO-Si R N N
AL{OH), <—— . " . N .

Si—OH HO-Si * 3 4 Si-OH HO-Si 3 $i-0 HO-Si
Si-OH HO-Si . Si-0_ 0-Si
Si_OH HO-Si U0, :Si\ ro4H,0
51-0H HO-51 si-0” o-si

F1G. 12. Mechanism of dealumination of a NH,Y zeolite.
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observed during the self-steaming means
that the filling in of the defect sites by silicon
(25, 26) is slower than the dealumination
process. Two reasons can be proposed to
explain this observation:

(i) As the amount of water is relatively
small, the migration of the silicic species,
which like extra-framework aluminum spe-
cies are hydroxylated species, occurs more
slowly than the dealumination steps.

(ii) With the starting zeolite having no ex-
tra-framework silicic species, the stabiliza-
tion of the zeolite framework cannot occur
initially. Parts of the zeolite framework hav-
ing undergone a pronounced dealumination
have numerous defect sites and therefore
collapse (27). This destruction of the frame-
work is necessary to create the extra-frame-
work silicic species necessary for the stabili-
zation of the zeolite. It seems probable that
the collapse of the framework occurs prefer-
entially in the crystallite parts which are the
richest in aluminum atoms.

It can be noted that a small increase in
crystallinity is found during the first half
hour of treatment under a water flow follow-
ing the self-steaming. This can be explained
both by an increase in the migration rate of
the silicic species due to the presence of a
large amount of water and by the large
amount of silicic species created by the par-
tial collapse of the framework during the
self-steaming.

3.2. Period of rapid dealumination under
water vapor flow. Steps 2 to 4 are probably
responsible for the dealumination occurring
during the first 3 h under water flow. Extrac-
tion of aluminum (step 4) is followed by the
migration of aluminum species to the outer
surface and by the filling in of the defect sites
by silicon. Since Cgy increases or remains
constant during this period, the formation
of hydroxylated silicon species, their migra-
tion, and the filling in of the defect sites (step
S) are more rapid than the dealumination.
Therefore, the low value of the apparent
activation energy is not due to limitations in
the diffusion of water or of silicon species.
On the other hand, there is a rapid increase
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in (Al/Si)xps, which shows that the migra-
tion of the aluminum species from the defect
sites to the outer surface is rapid. The de-
alumination process is therefore limited by
reactions 2 to 4. One molecule of water and
one framework aluminum atom intervene in
each of these elementary steps. If one of
these reactions is the limiting step, the reac-
tion orders must be 1 with respect to the
aluminum atoms and to water. A value of 1
is actually found for the reaction order with
respect to Al, but the value found for the
reaction order with respect to water is ap-
parently lower than 1. Imprecision concern-
ing this latter value is probably responsible
for this discrepancy.

3.3. Period of slow dealumination under
water vapor flow. The dealumination being
slower than during the previous period, the
mechanism or at least the limiting step must
be different from those proposed to explain
the rapid dealumination. According to
Fleisch er al. (4) the dealumination initially
rapid could simply result from the unstable
nature of Al-rich sites present on the starting
zeolite. The same authors propose another
explanation, namely that the rate of Al mi-
gration to the surface would be the limiting
factor. This seems to be unlikely. Indeed,
as shown here, dealumination can occur
rapidly without migration of extra-frame-
work aluminum species to the outer surface
of the crystallites (see dealumination before
time zero). Other explanations can be pro-
posed:

(i) limitations to the diffusion of water
caused by extra-framework species depos-
ited on the outer surface or on the walls of
the mesopores created by dealumination;

(i) exchange of the zeolite by cationic
extra-framework aluminum species, the
dealumination of the exchanged zeolite be-
ing slower than that of the protonic zeolite.

This latter hypothesis is the most likely.
Indeed it is well known that cationic extra-
framework aluminum species are formed
during dealumination. Moreover, the dea-
lumination of cationic zeolites such as REY
is slower than the dealumination of protonic
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F16. 13. Mechanism of dealumination of a Y zeolite exchanged by cationic aluminum species.

zeolites (4). The limiting step of the dealumi-
nation would be the formation of a protonic
zeolite by hydrolysis of the zeolite ex-
changed by cationic aluminum species such
as:

Si  AI(OH)F Si
/

AN
O 0]
iy
Al + H,0 — AlOH),
/7 N\
O O
/ N
Si Si
Si Si
N O HY
0] O
N -/
+ Al
/N
0] O
/ AN
Si Si

Another possibility could be that hydroly-
sis of Si—O—Al occurs directly on the zeolite
exchanged by cationic aluminum species
(Fig. 13). One of the steps of this hydrolysis

would be the limiting step and would be
slower than the limiting step of the dealumi-
nation of the protonic zeolite.

CONCLUSION

After the rapid rise in temperature of the
zeolite under nitrogen flow (self-steaming),
two periods of dealimination can be distin-
guished. A rapid dealumination of NH,NaY
occurs during the self-steaming under the
effect of the water physically adsorbed or
liberated by dehydroxylation and of NH,
liberated by deammoniation. The filling in
by silicon of the defect sites created by de-
alumination is slower than dealumination
and therefore a partial collapse of the zeolite
framework occurs. During the first period
under water flow there is a rapid dealumina-
tion and a small increase in crystallinity due
to the filling in of defect sites created during
self-steaming. After 2-3 h of hydrothermal
treatment the dealumination becomes
slower. For both periods the kinetic orders
with respect to water and to aluminum are
equal to 1. The first period would corre-
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spond to the dealumination of a protonic Y
zeolite and the second to that of the zeolite
exchanged by cationic aluminum species.
When the water pressure is equal to or
higher than 50 kPa there is a relationship
between the rates of dealumination and of
migration of extra-framework aluminum
species to the outer surface. However, dur-
ing self-steaming, although dealumination is
rapid, there is no enrichment in Al of the
outer surface of the crystallites. The migrat-
ing aluminum species are therefore hydrox-
ylated.

10.
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