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A series of dealuminated Y samples with between 12 and 48 framework aluminum species per 
unit cell (NAI) were prepared by steaming of a NH4NaY zeolite. A treatment with dilute HCI solution 
was applied to the samples in order to eliminate, without modifying the framework composition, 
the extra-framework aluminum species (EFAL) created by steaming. The activity, stability, and 
the selectivity in n-heptane cracking at 350°C of the two series of samples were compared. For high 
values of NA~, EFAL species have a promoting effect on the rates of isomerization, cracking, 
hydrogen transfer, and coking but increase the deactivating effect of coke. An inductive influence 
of their Lewis acid sites on the protonic sites of the zeolite ("superacid sites") would be responsible 
for these effects. For NAI < 15 the reaction rates do not depend on the EFAL species probably 
because they are too far from the protonic sites. With all the reactions the activities of the dealumi- 
nated samples pass through a maximum for NA~ between 35 and 40. The cracking activity of the 
highly dealuminated samples of the series containing few EFAL species is proportional to the 
number of the framework acid sites whereas for hydrogen transfer and for coking the activity 
depends also on the acid site density. This is attributed to the fact that these two reactions 
require many bimolecular steps and therefore demand the participation of several acid sites in their 
catalysis. © 1991 Academic Press, Inc. 

INTRODUCTION 

It is the remarkable thermal and catalytic 
stability of high silica zeolites which make 
them interesting for numerous industrial 
processes. Depending on the pore structure, 
these zeolites can be directly synthesized 
(e.g., MFI) or obtained through dealumina- 
tion of low silica zeolites (e.g., faujasite). 
The methods of preparation of aluminum- 
deficient Y and mordenite zeolites were re- 
cently reviewed by Scherzer (1). The most 
used methods for industrial purposes con- 
sist of the calcination of the ammonium (or 
protonic) form of the zeolite at high temper- 
ature in the presence of steam. The alumi- 

i To whom correspondence should be addressed. 

num species extracted from the framework 
remain in the zeolites; the defect sites cre- 
ated by dealumination are filled in to a large 
extent by silicon, which leads to a high sili- 
con framework. Different types of non- 
framework aluminum species (EFAL), neu- 
tral or cationic, can be formed depending on 
the conditions of the hydrothermal treat- 
ment and on the characteristics of the start- 
ing zeolite (1-5). EFAL species are respon- 
sible for the appearance of Lewis acidity (6, 
7) and also for the presence of IR hydroxyl 
bands at 3700 and 3610 cm- 1 generally con- 
sidered as non-acidic (7-9). However, a part 
of the hydroxyl groups vibrating at 3610 
cm-I could be superacid (10). 

It is well demonstrated that EFAL species 
formed during mild steaming of ZSM-5 are 
responsible for an enhancement of the activ- 
ity of this zeolite. All investigators (11-15) 
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explain this enhancement by an interaction 
of BrCnsted acid sites of H-ZSM-5 and of 
Lewis sites of EFAL. The possibility of an 
inductive influence of Lewis sites on the 
protonic acidity of zeolites was mentioned 
a long time ago (16, 17). According to Miro- 
datos and Barthomeuf (18), this influence 
could explain why during toluene dispropor- 
tionation steamed mordenite samples could 
activate hydrogen and thus reduce coke for- 
mation (19). However, with Y zeolites, the 
situation is more complex. Certain authors 
(20-22) claim that EFAL species have a neg- 
ative effect on the activity of steamed zeo- 
lites while others authors (2, 23-25) found 
the contrary. Several proposals can be made 
for explaining these differences, as follows. 

(i) The steaming conditions are not identi- 
cal and consequently the nature (neutral or 
cationic), the size, and the location of the 
EFAL species could be different. 

(ii) The conditions of the acid treatment 
generally used for eliminating EFAL spe- 
cies of the zeolite are often different. This 
acid treatment cannot only dissolve the 
EFAL species but can also eliminate resid- 
ual sodium atoms and even, in certain cases, 
can provoke a supplementary dealumina- 
tion of the zeolite framework. Moreover, 
the change in acidity with the elimination of 
the EFAL species from the zeolite depends 
on their nature; thus protonic sites are 
formed only by elimination of cationic 
EFAL species. 

(iii) The sites active in the model reactions 
used to characterize the zeolites can be dif- 
ferent. Thus while it seems clear that the 
isomerization and disproportionation of al- 
kylaromatics and the cracking of various al- 
kanes (26, 27) are catalyzed by protonic 
sites, Lewis acid sites (such as these of 
EFAL species) could participate in other 
reactions, e.g., oligomerization of ethylene 
(25). 

(iv) EFAL species deposited on the outer 
surface of the crystallites or on the walls 
of the mesopores created by dealumination 
(28) could limit the diffusion of bulky re- 
actants to the active sites. This is probably 

the case during the cracking of vacuum gas 
oil (29). 

(v) The initial deactivation of the Y zeo- 
lites is generally very rapid. There is there- 
fore a great imprecision in the comparison 
of the initial activities of the samples with 
and without EFAL species, all the more so 
since the rates of deactivation are not identi- 
cal (22). 

The objective of this work is to specify 
the effect of EFAL species on the catalytic 
properties of Y zeolites dealuminated by hy- 
drothermal treatment, n-Heptane cracking 
at 350°C was chosen as a model reaction 
and the activity, stability, and selectivity of 
steamed zeolites were compared before and 
after elimination of EFAL species by acid 
treatment. The conditions of steaming were 
varied so as to obtain samples with different 
values of NAI (number of framework alumi- 
num atoms per unit cell) and hence it was 
possible to specify the effect of NA~ on the 
catalytic properties. 

EXPERIMENTAL 

The dealuminated samples were prepared 
by hydrothermal treatment in a flow reactor 
of a NH4NaY zeolite ((NH4)48Na14AI62 
8i1300384). The procedure used for this dea- 
lumination was described in Part II (30) and 
the operating conditions are specified in Ta- 
ble 1. The acid treatment used for eliminat- 
ing extra-framework species formed during 
hydrothermal treatment was carried out un- 
der the following conditions: temperature 
25°C and addition of a dilute solution of hy- 
drochloric acid (0.01 to 0.1 N) to a stirred 
mixture of water and of zeolite. To avoid 
supplementary dealumination of the frame- 
work the addition of hydrochloric acid was 
stopped when the pH became equal to 2.7 
(8). The amount of hydrochloric acid used 
depended on the number of EFAL species 
in the samples. This amount varied from 1.7 
x 10 -3 tool h-~g -1 zeolite for sample la 
to 8.0 × 10 -3 for sample 8a. This amount 
corresponded to 1-1.3 molecules of hydro- 
chloric acid per extra-framework AI atom 
(16). In order to obtain samples with differ- 
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TABLE 1 

Conditions of Preparation and Physicochemical Characteristics of the Samples 
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Series Steaming conditions Samples Chemical analysis X-ray diffraction 

T Pwater t % Na Si/AI a 0 Si/AI CRX '~ 
(°C) (kPa) (h) 

l 500 93.3 1 a 0.38 2.1 24.605 3.03 89 
b 0.21 2.65 24.605 3.04 90 

2 500 93.3 13 a 0.30 2.1 24.543 3.73 89 
b 0.19 3.04 24.538 3.80 88 

3 600 93.3 4 a 0.38 2.1 24.498 4.43 87 
b 0.21 3.68 24.498 4.43 87 

4 650 93.3 8 a 0.29 2.1 24.455 5.31 83 
b 0.24 2.84 24.455 5.31 84 
c 0.24 4.11 24.457 5.28 83 

5 760 0 h 3 a 0.40 2.1 24.433 5.90 81 
b 0.39 2.50 24.432 5.91 82 
c 0.35 2.88 24.433 5.91 82 
d 0.37 2.92 24.433 5.90 79 
e 0.36 2.98 24.433 5.90 81 
f 0.40 4.58 24.431 5.94 80 

6 550,700 93.3 3 a 0.21 2.1 24.401 6.94 85 
b 0.1 5.74 24.4006 6.95 86 

7 540,750 93.3 3 a 0.30 2.1 24.322 11.7 83 
b 0.16 9.80 24.324 11.5 82 

8 540,820 0 b 3 a 0.23 2.1 24.291 15.7 69 
b 0.1 9.33 24.291 15.7 69 

N o t e .  Samples a have undergone steaming, two exchanges with NH4, and calcination under dry nitrogen flow 
at 500°C. Samples b - f  have undergone acid treatment after steaming and calcination under dry nitrogen flow at 
500°C. 

Reference untreated NH4NaY 
i, Pwater = 0, self-steaming 

ent amounts of extra-framework species (se- 
ries 4 and 5, Table l) smaller quantities of 
hydrochloric acid were added to the zeolite. 
The duration of the acid treatment was 3 
h, after which the samples were thoroughly 
washed with water until no Cl- was de- 
tected. 

The n-heptane transformation was carried 
out at 350°C in a flow reactor under normal 
pressure with a nitrogen/n-heptane ratio of 
9. The reaction products were analyzed by 
on-line gas chromatography, using a 50-m 
fused silica PLOT A1203 capillary column. 
The temperature was programmed as fol- 
lows: 6 min at 80°C, 20°C/min increase to 
200°C, then 30 rain at 200°C. The percentage 
of coke was determined by CNRS Solaize: 

the coked sample was treated at 1050°C un- 
der an excess of oxygen, the gases formed 
flowed through a CuO bed so as to complete 
the combustion, and CO2 was determined 
by coulometry. 

RESULTS 

1. Physicochemical Characteristics 
of the Zeolites 

Table 1 gives the conditions of steaming 
used to prepare the samples and the infor- 
mation obtained from their chemical analy- 
sis (wt% Na, atomic Si/A1 ratio) and from 
X-ray diffraction (unit cell parameter a0 and 
crystallinity CRX estimated by ASTM meth- 
ods). The number of aluminum atoms per 
unit cell NA1 (and therefore the atomic 
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TABLE 2 

Unit Cell Formula and Catalytic Properties of the Dealuminated Samples 

Series Samples Unit cell formula NEFAL Ao/CRx Af/AO Coke (s/o)o (iC4/nC4) ~ 
(mmol • h- lg- i) (%) 

1 a Na2A147.78i144.30384 21.1 46.9 0.06 4.36 12.2 4.0 
b NaIAI47,7Si144.30384 6.8 31.7 0.13 3.70 9.1 4.0 

2 a Na2A14o.6Silsi.40384 31.6 56.3 0.05 6.53 18.5 5.1 
b NaiA14o.oSimO384 9.2 38.6 0.06 5.39 13.0 4.2 

3 a NazA135.4SiI56.60384 39.3 67.2 0.06 5.60 19.6 5.2 
b NalA135.4Si156.60384 7.2 33.7 0.11 9.1 4.5 

4 a Nal.sA13o.4Si161.60384 46.6 47.1 0.033 4.24 27.0 6.4 
b Nal.3A13o.45i161.60384 25.5 30.4 0.041 3.35 16.7 6.0 
c Nal 3A130.4Si161.60384 8.9 27.6 0.063 3.10 7.7 5.1 

5 a NazAI27,sSi164.20384 50.5 32.9 0.044 4.10 17.8 6.9 
b Na2AI27.sSi16420384 37.9 27.3 0.040 3.05 13.3 7.0 
c Nal.sAlz7.sSi164.20384 29.2 24.6 0.052 2.87 i 1.8 6.5 
d NazAI27.8Si164.20384 28.4 25.8 0.071 - -  7.7 4.8 
e Nal.8A127.8Sii6420384 27.3 25.9 0.088 2.81 6.7 4.6 
f NazAlz7.6Si164.20384 8.1 24.1 0.0083 2.60 7.7 4.0 

6 a Na1A124.2Si167.80384 55.8 25.5 0.061 2.41 7.7 4.8 
b Nao.sA124.1Si167,90384 5.0 21.2 0.066 1.88 5.3 4.0 

7 a Nal.6AIIs.1SiI%.90384 69.2 12.6 0.11 1.57 5 4.3 
b Nao.8A115.3Sii76.70384 2.9 11.9 0.10 1.47 4.2 3.8 

8 a NalAlu.sSi18o.50384 74.6 9.81 0.15 0.47 3.5 4.0 
b Nao.sAlii.sSilso.50384 7.8 10.3 0.12 0.49 3.5 3.9 

a At 10% converison. 

framework Si/AI ratio) was calculated from 
a 0 by using the equation proposed by Breck 
and Flanigen (31). The unit cell formula and 
the number of extra-framework species 
NEFAL (Table 2) were determined from the 
chemical composition of the samples (per- 
centage Al, Si, Na) and from NAI. For this 
determination it was supposed that the ex- 
tra-framework deposits were mainly com- 
posed of aluminum species and contained 
practically no silicon or sodium atoms. 

Table 2 shows that a large part of the 
EFAL species can be eliminated through 
treatment with hydrochloric acid solutions 
without supplementary framework dealumi- 
nation. However, the elimination of these 
species was accompanied by a partial ex- 
change of the sodium ions (Table 1). 

2. Activity, Stability, and Selectivity of  
the Zeolites 

On all the zeolite samples n-heptane was 
transformed into isomers and cracking prod- 

ucts. Figures la and lb show as examples 
how the activities of the zeolites of series 1 
and 2 change with time on stream. Whatever 
the sample, the activity decreases very rap- 
idly during the first 20 rain and then more 
slowly. For the samples of series 4 and 5, 
the higher NEFAL the higher A0, the activity 
after 2 min (Fig. 2). However, Fig. 3 shows 
that A0 is higher for samples with a large 
amount of EFAL species at least for high 
values of NAI (>20). Whatever the samples 
(with high or low NEFAL ) A 0 passes through 
a maximum for a high value of NAI (35 and 
40). In order to obtain the real activity per 
gram of zeolite, A 0 was divided by the crys- 
tallinity CRX. 

The deactivation of the samples increases 
when NEFAL increases. Table 2 shows that 
for most of the series of samples Af/A o, the 
ratio of the activities after 70 min and after 
2 min is greater for samples with a low 
amount of EFAL species. This has as a con- 
sequence that Af is greater for samples with 
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FIG. 1. C r a c k i n g  a c t i v i t y  A c (10 -3 mol  • h -~ g - i )  as  a func t ion  of  t ime  on s t r e a m  t(min)  • (a) s e r i e s  

l ,  (b) s e r i e s  2. 

few EFAL species while A 0 is smaller (Table 
2). 

Figure 4 shows that the percentage of 
coke formed after 70 min is, at least for 
NA~ > 20, greater on samples with a large 
amount of EFAL species. This promoting 
effect of EFAL on coking was confirmed by 
a kinetic study of the coke formation on the 
samples of series 4 (Fig. 5). The ratio mk/ 

Ao(lO-3mo I .h-lg -1) 

40- serie / 

20. 

2'5 sb 
NEFAI 

FIG. 2. In i t ia l  a c t i v i t y  A 0 (10 -3 mol  • h - j  g - l )  as  

a func t ion  of  NEFAL, the  n u m b e r  of  e x t r a - f r a m e w o r k  
a l u m i u m  spec i e s ,  for  the s a m p l e s  of  se r ies  4 and  5. 

mc between the amounts of n-heptane trans- 
formed into coke and into desorbed prod- 
ucts (isomers + cracking products) in- 
creases also with NEFAL (Fig. 6). For NAI > 
20, mk/mc during 70 min of reaction is 
greater on the samples with a large amount 
of EFAL species. If for samples with high 
or low NEFAL, mk/mc (Fig. 7) and the per- 
centage of coke (Fig. 4) pass through a maxi- 
mum for a high value of NAI. 

On all the samples, the isomerization/ 
cracking rate ratio I/C increases with time 
on stream, the deactivation apparently af- 
fecting the cracking more than the isomer- 
ization. This can be related to the fact that 
cracking is consecutive to isomerization and 
therefore is more favored for high conver- 
sions (Fig. 8). For the same value of conver- 
sion (e.g., 10%, Fig. 9)) I/C is higher on the 
samples with many EFAL species than on 
the samples with few. It passes through a 
maximum for a number of aluminum per 
unit cell of about 35 (Fig. 9). In the cracking 
products C3 and C4 are always the main com- 
pounds (>80%). The iso/nC 4 ratio is always 
high (between 4 and 7 at 2 rain). This ratio 
decreases with the conversion (with increas- 
ing time on stream). For the same value 
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Ao/CRx(IO-3mol , h-lg -1) 
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40 

20 

L 

20 40 
NAI 

FIG. 3. Initial activity after correction of  the crys- 
tallinity (Ao/CRx, 10 -3 mol • h - l g  -I) as a funct ion of  
Nal, the number  of  f ramework  a luminum a toms per 
unit cell. (a) Samples  with a large amoun t  of  extra- 
f ramework  a luminum species,  (b) samples  with a small 
amount .  

of conversion, i so /nC 4 is higher on samples 
with many EFAL species; it passes through 
a maximum for NAI equal to about 35. The 
alkane/olefin ratio in the cracking products 
(s/o), initially much higher than 1 (Table 2) 
increases rapidly with time on stream (Fig. 
10). At least for NAI > 12 the value of s/o 
obtained initially (after 2 min reaction), 
(s/O)o is smaller for samples with many 
EFAL species than for those with few spe- 
cies. For both types of samples (s/o)o passes 
through a maximum for a high value of NAI. 

DISCU S S ION 

We discuss successively the effect of 
NEvAL and NAI (number of extra-framework 
species and framework aluminum atoms per 
unit cell) on the activity, stability, and selec- 
tivity of the dealuminated samples. 

1. Activity 

The initial activity of the samples (A0) de- 
pends on NAI and on NEFAL (Fig. 3). For N M 

> 15 the activity of the samples with many 
EFAL species (20 to 55 per unit cell) is 
greater than that of the samples treated by 
hydrochloric acid and therefore have few 
EFAL species. For NA~ < 15 the activity of 
the samples with many and with few EFAL 
species are identical. The acid treatment can 
have effects other than the simple elimina- 
tion of EFAL species. In particular, there is 
a partial exchange of sodium cations (Table 
1) and also of cationic extra-framework spe- 
cies with formation of protonic sites. It is 
obvious that this increase in the number of 
protonic sites cannot explain the decrease 
in activity provoked by the acid treatment 
of the samples with NA~ > 15. The acid treat- 
ment could also cause a supplementary de- 
alumination of the zeolite, consequently de- 
creasing the number of acid sites and 
possibly the activity. However, Table 1 
shows that the dealumination caused by the 
acid treatment is quite negligible. EFAL 
species could limit the rate of diffusion of 
the reactant and thus the rate of n-heptane 
cracking. If this were the case, the elimina- 
tion of EFAL species would cause an in- 
crease in activity. Inaccuracies, due to deac- 
tivation, in the determination ofA 0 (activity 

C% 

f 
2b ,~o 

NAI 

FIG. 4. Percentage of  coke formed after 70-min reac- 
tion as a funct ion of  NAI, the number  of  f r amework  
a luminum a toms per unit cell. (a) Samples  with a large 
amount  of  E F A L  species,  (b) samples  with a small  
amount .  
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C% 

eNEFAL-50,5 
~NEFAL=57.9 
~NEFAL=29.2 
#NEFAL 27.3 
o NEFAL-8.1 

0 l b  ' :~0 ' 5'0 ' 7b  
t ( m i n )  

FIG. 5. Change with time on stream t (min) of the 
percentage of coke formed on the samples of series 5. 

after 2 min reaction) cannot explain the dif- 
ferences between the values of A 0 of the 
samples rich in EFAL species and poor in 
EFAL species. Indeed, the deactivation of 
the samples rich in EFAL species is the 
more rapid and therefore the difference be- 
tween the initial activities of the samples (at 
time zero) is greater than that between the 
A0 values. 

The greater activity of the samples rich in 
EFAL species is therefore due to a direct or 
indirect participation of EFAL species in n- 
heptane cracking; the acid sites of EFAL 
species are mainly Lewis sites (6) which are 
often considered as inactive for cracking of 
alkanes such as n-heptane. If it were really 
the case, the positive effect of EFAL spe- 
cies on the cracking activity would be due 
to an inductive influence of the Lewis sites 
of EFAL species on the protonic sites of the 

zeolite (superacid sites). The fact that the 
effect of EFAL species depends on NAI 
(hence on NEFAL (Table 2)) can be explained 
by a change in the nature of EFAL and/or 
in their location as a function of the condi- 
tions of the hydrothermal treatment. Ac- 
cording to various authors (3, 32), EFAL 
species formed at low temperatures would 
be located as small particles in the su- 
percages of the zeolite. Samples with NAI  > 
15 for which EFAL species play a significant 
role were obtained by hydrothermal treat- 
ment at relatively low temperatures. Proba- 
ble interactions between small particles of 
EFAL species located in the cavities and the 
hydroxyl groups of the zeolite could explain 
the positive effect of EFAL species on the 
activity. At high temperatures of hydrother- 
mal treatment, EFAL species migrate out 
of the micropore system toward the zeolite 
surface or to the mesopores created by 
steaming forming clusters by condensation 
(5). There is no possible interaction between 
the Lewis acid sites of these clusters and the 

m k ~ c  

18 

12 

0 

• NEFAL=50.5 

o NEFAL~37.9 

NEFAL=29.2 

~, 0 ,~ NEFAL=27 3 

• NEFAL=8.1 

f o  ' a b  ' s'o 7'o 
t ( r a i n  ) 

FIG. 6. Change with time on stream t (min) of mk/ 

mc, the ratio of the amounts of n-heptane transformed 
into coke and into desorbed products, on the samples 
of series 5. 
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I/C 

0 i 2'o i 4tO 
NAI 

FIG. 7. Ratio (mk/mc) of the amounts of n-heptane 
transformed into coke and into desorbed products for 
70-min reaction as a function of NA~, the number of 
framework aluminum atoms per unit cell. (a) Samples 
with a large amount of EFAL species, (b) samples with 
a small amount. 

hydroxyl  groups of  the zeolite and hence no 
posit ive effect of  E F A L  species. 

For  samples rich or poor  in E F A L  species 
the activity passes  through a max imum for 
NA~ between 35 and 40. Below this value 
the activity of  the samples  with few E F A L  
species is quasi-proportional  to NA~ and 
therefore to the number  of  acid sites 

6 

0,4 -  

0,2 

o ' 2 ' o  ' 4 ' o  
X (1 )  

FIG. 8. Ratio (I/C) of the cracking and isomerization 
rates on the samples of series 4 as a function of the 
conversion X (%). 

llC 

0,2- 

0,1 
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' 23 ' go 
NAl 

FIG. 9. Ratio (I/C) of the cracking and isomerization 
rates for 10% of n-heptane conversion as a function of 
NAt, the number of framework aluminum atoms per 
unit cell. (a) Samples with a large amount of EFAL 
species, (b) samples with a small amount. 

((NArNNa). The activity becomes  equal to 
zero for NAj equal to about  2, i.e., for 
NArNNa equal to zero. This change in activ- 
ity with NAj is the one expected  f rom the 
topological model p roposed  by D. Bartho-  
meuf  (33, 34). The max imum cor responds  
to the value of NAI below which none of  
the AI04 is in a next-nearest  neighborhood 
situation. Below this NA~ value the strength 
of each acid site is maximum.  Therefore  the 
activity per  acid site must  be the same for 
all the zeolites (see Fig. 6). The value of NAI 
corresponding to the max imum (35-40) is 
slightly higher than the value es t imated by 
Bar thomeuf  (33) f rom the topological 
model.  

2. Coke Formation and Zeolite Stability 

The change with NEFAL and NAI of  the 
coking activity is practically the same as the 
one found for the cracking activity (Fig. 4)" 
E F A L  species increase the coke  format ion 
at least for high values of  NAI. For  samples  
rich or poor  in E F A L  species the coking 
activity passes  through a max imum for NA~ 
equal to about  40. Howeve r ,  below this NAI 
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FIG. 11. Weight of coke formed per mol of framework 
acid site after 70-rain reaction (Wcoke, g/mol site) as a 
function of the number of framework acid sites per unit 
cell (N~-NNa). (a) Samples with many EFAL species; 
(b) samples with few EFAL species. 

FIG. 10. Change with time on stream t (min) of the 
alkane/olefin ratio (s/o) in the cracking products on the 
samples of series 5. 

value the coking activity of the samples with 
few EFAL species is not proportional to the 
number of acid sites (NArNN,) as was the 
case for the cracking activity. Figure 11 
shows that the greater the density of the acid 
sites in the zeolite the greater their coking 
activity. This is what is generally found and 
attributed to the fact that the formation of 
a coke molecule requires numerous steps 
which are often bimolecular and therefore 
requires the participation of numerous acid 
sites (35, 36). 

EFAL species play a negative role in the 
zeolite stability. The ratio of the final to the 
initial activities Af/A o generally increases 
when the EFAL species are eliminated from 
the zeolite (Table 2). Moreover, the higher 
NA~ the lower the stability. The changes in 
stability with NEFAL are to a large extent due 
to the promoting effect EFAL species have 
on coking. However, it is also partly due to 

difference in the deactivating effects of coke 
for samples with many and with few EFAL 
species. This is shown clearly in Fig. 12 for 
the series 5 samples: the deactivating effect 
of coke decreases when NEFAL decreases. 

At/A o 

1 

~ , , , , ~  • NEFAL=50.5 

\ \ \ "  

c t- c o (%) 

FIG. 12. Change of At/A o the ratio of the activities 
after a certain time of reaction t and after 2 min reaction 
as a function of Ct-Co (%), the difference between the 
percentages of coke deposited at time t and at 2 min, 
respectively. 
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The deactivation of Y zeolites occurs 
through blockage of the access of the re- 
actants to the supercages in which coke is 
deposited (37), which means that EFAL 
species participate with coke in the 
blockage. Coking (and cracking) occurs 
consequently to a significant extent in the 
cavities containing EFAL species. This is 
in good agreement with the hypothesis of 
superacid sites created by an inductive ef- 
fect of Lewis acid sites of EFAL species 
on the framework protonic sites. Again this 
effect of EFAL species on the coking rate 
and on the stability (Table 2, series 7 and 8) 
does not exist for the samples with low NAI 

values in which EFAL species are mainly 
located on the outer surface or in meso- 
pores. 

3. Selectivities 

n-Heptane cracking probably occurs 
through the following steps (38): 

(1) Formation of a nC3 carbenium ion 
through hydride transfer from n-heptane to 
a preexisting carbenium ion; 

(2) isomerization of the nC~ carben- 
ium ion into an iC~ carbenium ion through 
protonated cyclopropane intermediates 
(30); 

(3)/3-scission of mono- or bibranched iC~ 
carbenium ions. 
Step 1 is generally considered the limiting 
step. Moreover, as the iso/nC4 ratio is high 
the main scissions are those occurring from 
carbenium ions with a 2,2- or 2,4-dimethyl- 
pentane skeleton which can lead to isoC4, 
e.g., 

+ + 

C--C--C--C---C --~ C---C--C + C----C--C 
1 L 1 
C C c 

This type of scission which involves one 
tertiary and one secondary carbenium ion 
(type B (40)) is faster than the scission of 
carbenium ions with methylhexane skeleton 
which involves two secondary carbenium 
ions (type A), e.g., 

+ 

C--C--C--C--C--C --~ 
L 

C 

+ 

C--C--C + C----C--C--C 

The olefins resulting from cracking un- 
dergo numerous secondary reactions, with 
the result that the alkane/olefin ratio (s/o) is 
always greater than 1 (ratio which would 
be obtained without secondary reactions). 
These secondary reactions, namely oligo- 
merization, alkylation, and hydrogen trans- 
fer, lead to the formation of coke. Hydrogen 
transfer (from naphthenes compounds to 
olefins) is the reaction which consumes the 
largest amount of olefins and s/o can there- 
fore be considered in a first approximation 
as representative of the ratio of the hydro- 
gen transfer to cracking rates; the higher 
s/o the greater this ratio (41, 42). 

The elimination of EFAL species by acid 
treatment causes some changes in selectiv- 
ity: decrease in the alkane/olefin ratio 
(s/o), decrease in the ratio isomerization to 
cracking rate (1/C) and in the iso/nC4 ratio. 
As already shown for the activity and for 
coking/cracking rate ratio the effect of 
EFAL species is less pronounced for highly 
dealuminated samples. Changes in the na- 
ture and/or in the location of the EFAL spe- 
cies with the dealumination level probably 
explain these observations. 

3.1 Alkane/olefin ratio (s/o). EFAL spe- 
cies have a positive effect on this ratio (Fig. 
13) and therefore on the ratio of the hydro- 
gen transfer to cracking rates. Since they 
have also a positive effect on the cracking 
rate (Figure 3), we can conclude that EFAL 
species have a more pronounced positive 
effect on hydrogen transfer than on crack- 
ing. This was the case for coking compared 
to cracking (Fig. 6). The change with NAI of 
S/O and therefore of the hydrogen transfer 
to cracking rate ratio (Fig. 13) is quite similar 
to the change of the coking to cracking rate 
ratio mk/mc (Fig. 6): s/o, like mk/mc, passes 
through a maximum for NAI equal to 35 for 
the samples with many EFAL species and 
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(s/o) o 
50 

2G A • 

i0 ' 3b ' 50 
NAI 

FiG. 13. Initial alkane/olefin ratio (s/o) o in the crack- 
ing products as a function of NAI, the number of alumi- 
num atoms per unit ceil. (a) Samples with a large 
amount of EFAL species, (b) samples with a small 
amount. 

to 40 for the samples with few such species. 
There is therefore definitely a relationship 
between hydrogen transfer and coking, 
which is quite normal since hydrogen trans- 
fer is a significant step of coking. The 
hypotheses we have proposed to explain the 
change of the coking rate with NEFAL and 
with NAI could thus explain that of the rate 
of hydrogen transfer. 

3.2. Isomerization/cracking rate ratio (I/ 
C) and iso/nC 4 ratios. EFAL species have 
a positive effect on the values of these ra- 
tios. Both ratios pass through a maximum 
for NAI o f  about 35 whether it be for the 
samples with few or with many EFAL spe- 
cies. The similar change of the two ratios 
with NA, and with NEFAL is quite normal: 
indeed, the higher the isomerization rate 
compared to the cracking rate the more sig- 
nificant the amount of carbenium ions with 
a dimethylpentane skeleton which lead by 
cracking to isoC4 products. However, it is 
more difficult to explain why EFAL species 
increase the isomerization rate more sig- 
nificantly than the cracking rate. An in- 
crease in acid strength (such as that caused 
by the inductive effect of EFAL species on 

the protonic acidity) should favor the most 
difficult reaction, i.e., the cracking of carbe- 
nium ions with a methylhexane skeleton 
(type A scissions) which leads to nC 4 prod- 
ucts. Moreover, the elimination of EFAL 
species could allow a faster diffusion of the 
reactant and of the product molecules in the 
zeolite but should favor the formation of 
branched products (isomers, isoC4), i.e., the 
contrary of what was observed. The change 
with NA, of I/C is similar to the change ob- 
served for the coking/cracking rate ratio 
(Fig. 6) and for the hydrogen transfer/crack- 
ing rate ratio (Fig. 13). Modifications with 
NA~ of the characteristics of the acid sites 
(in particular strength and density) could 
therefore be responsible for this I/C 
change. 

CONCLUSION 

The activity, stability, and selectivity for 
n-heptane cracking of dealuminated sam- 
ples are strongly influenced by the numbers 
of framework aluminum atoms (NA0 and 
of extra-framework aluminum species 
(NEFAL). For high values of NAI, EFAL spe- 
cies have a promoting effect on the rates 
of isomerization of cracking, of hydrogen 
transfer, and of coking. This can be ex- 
plained by an inductive influence of the 
Lewis acid sites of these species on the pro- 
tonic sites of the zeolite. However, EFAL 
species increase the deactivating effect of 
coke. For NAt < 15, EFAL species have 
practically no effect on the reaction rates, 
probably because they are too far from the 
protonic sites. For all the reactions, the ac- 
tivities of the dealuminated samples pass 
through a maximum for NA, between 35 and 
40, i.e., for a value slightly higher than that 
estimated from a topological model (33). In 
agreement with this model the cracking ac- 
tivity of the highly dealuminated samples 
which have few EFAL species is propor- 
tional to their number of acid sites. This is 
not the case for reactions such as hydrogen 
transfer and coking which require several 
acid sites for their catalysis. For these latter 
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reac t ions  the dens i ty  of  acid sites has also a 
p r o n o u n c e d  posi t ive  effect on  the act ivi ty .  
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