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Hexane cracking and isomerization on decationieed Y catalysts were studied. The 
catalysts were found to deactivate. The catalysts with a higher percentage of de- 
cationization deactivate more readily, i.e., at a lower temperature. This deactivation 
is attributed to the surface reconstitution through the surface diffusion of oxide ions. 
The surface diffusion of the oxide ions imparts the dynamic (time-variant) charac- 
teristic to both the surface electric field and Lewis acids. 

A concept of dynamic (time-variant) Lewis acids is proposed. The time variance 
characteristic renders these acid sites capable of both activated adsorption and 
subsequent desorption and, thereby, continuously promotes catalytic reactions in a 
cyclic manner. 

INTRODUCTION 

In the preceding paper (1) hexane crack- 
ing and isomerization with CaY catalyst 
were reported. Definite relationships be- 
tween catalytic activities and surface elec- 
tric field were observed. In this, we con- 
curred with Pickert et al. (2) that these 
catalytic activities of CaY catalysts with 
respect to carbon-hydrogen bond activa- 
tion are attributable to the electric field 
near surface ions. In addition, we further 
postulated that the surface field is dynamic 
(time-variant). This time variance) of 
electrical field arises from the surface dif- 
fusion of the cations. This renders catalytic 
sites capable of both activated adsorption 
and subsequent desorption and thereby 
continuously promotes catalytic reactions 
in a cyclic manner. 

The study is now extended to decati- 
onized Y catalysts. The results of this 
study are reported here. 

EXPERIMENTAL PROCEDURE 

The decationized zeolite (molecular 
sieve) was made by first exchanging the 
Na+ with the NH,+ and subsequently de- 
composing the NH,+ by high-temperature 

calcination. The exchange was carried out 
on the same batch of NaY preparation 
using a 20% solution of NH&l and dilu- 
tions thereof in exactly the same manner as 
for calcium exchange (1). The percent de- 
cationization, defined here as synonymous 
with the percent of the original Na+ re- 
placed, was determined to be 93% [noted 
henceforth as decationized (93%)Y], 850/o, 
75%, Sl%, 47%, 36%, 25%, and 15%. The 
catalyst was first precalcined at 230°C and 
then calcined in situ in the microreactor at 
55O”C, as in the case of CaY catalyst. The 
same microreactor and reaction procedure 
were employed. Because of the compara- 
tively higher activity of the decationized 
catalyst, the temperature levels studied 
were lowered. They ranged from 200” to 
450” C at 50” increments. Both liquid prod- 
ucts and gas products were collected and 
measured. Gas composition and liquid 
composition were secured by gas chromato- 
graphic and mass-spectrometric analyses 
in the same manner as was reported pre- 
viously (1). 

Some catalysts were found to deactivate 
during their use. Additional experiments 
were performed to learn about this 
deactivation. 
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RESULTS 

A. Rate and Product Distribution 

The variation in rates is plotted versus 
the catalyst composition in Figs. 1 and 2. 
Figure 1 shows that the isomerization ac- 
tivity of the catalysts increases as tem- 
perature increases, reaches a maximum at 
35O”C, and then decreases on further in- 
crease in temperature. This activity de- 
crease may be ascribed to the fact that 
isomerization and cracking are competitive 
reactions, and the high temperature favors 
cracking at the expense of the isomerization. 

At a certain temperature level, the com- 
position dependence also exhibits a maxi- 
mum. For example, at 3OO”C, the peak 
isomerization activity was found to occur 
with decationized (85%)Y catalyst and 
decationized (93%)Y was less active. This 
suggests that the decationized (93%)Y 
could have been deactivated, for some 
reason, at this temperature level. It is to 
be noted that the peak positions shift to- 
ward the left side of the plot with the in- 
crease in the temperature level. From a 
deactivation point of view, it would mean 
that a catalyst with higher decationization 
level deactivates more readily or at a lower 
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FIG. 2. Cracking activity versus percent de- 
cationization of the catalysts. 

temperature. An approximate correlation 
between the catalyst composition (i.e., level 
of decantionization) and deactivation tem- 
perature is given in Fig. 3 where the solid 
line traces the peak composition of Fig. 1 
and the dashed lines at both sides trace 
the compositions that represent the average 
between the peak composition of Fig. 1 
and its two neighboring composition points. 
While the deactivations of the catalysts do 
not necessarily occur in exact coincidence 
with the peaks of Fig. 1, it must occur 
nearby these peak regions. Figure 3 sug- 
gests that a catalyst of a certain composi- 
tion tends to deactivate when the temper- 
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Fro. 3. Temperature of deactivation versus per- 
cent decationization of the catalysts. 
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ature reaches a point somewhere in the 
dashed line region. To the right of the 
dashed lines is the temperature region 
where the catalysts will deactivate. 

This Fig. 3, derived from isomerization, 
activity, can be applied to the cracking 
activity as well. It explains the rather un- 
usual activity reversal shown by the 400” 
and 450°C lines in Fig. 2. This activity 
reversal may be explained as follows: 
Below 36% decationization, the catalysts 
are not deactivated at 45O’C; therefore, 
activity at 450°C is expectedly higher than 
that of the lower temperature; namely, 
400°C. Between 36% and 75%, the cata- 
lysts are deactivated at 45O”C, but they are 
not deactivated or deactivated as much at 
400°C. An activity reversal is, therefore, 
observed. At 75% and above, catalysts are 
deactivated at both 450” and 400°C; and 
the activities of the catalysts at higher 
temperature thereby become higher again. 

The dotted lines shown in Figs. 1 and 2 
give the corresponding rates with the CaY 
catalysts (1). These lines indicate, in agree- 
ment with Rabo et al. (S), that the decat- 
ionized catalysts are more active than the 
CaY catalysts of the comparable composi- 
tion (i.e., same percent of Na+ removal). 
In contrast to CaY catalysts, the activity 
of decationized catalysts was enhanced even 
at low percentages of decationization. 

Some t,ypical product distributions are 
summarized in Table 1. The saturates/un- 
saturates ratios for C, to C5 aliphatics are 
quite high, especially at the lower tempera- 
tures. These ratios are higher than the 
corresponding ratios with the CaY cata- 
lysts (I). 

B. Catalyst Deactivation 

To confirm the observed catalyst deac- 
tivation, additional experiments were con- 
ducted where the variation of the cracking 
activit,y in terms of gas generation with 
the react’ion duration at a certain tempera- 
ture level was studied. A fresh batch of 
catalyst was used for the experiment con- 
ducted at each temperature level. Typical 
results for the decationized (47yo)Y are 
presented in Fig. 4. In agreement with Figs. 
2 and 3, the catalyst deactivates at 450°C; 

:::c’ 
280 - %\ 0-N 

% 

240 - \ 

200 - oc450 

I60 

I20 I\.- I 

- 1: 

L4”,” a 

so - o-------m-- ______ 2+-- 

35p’ , 1 , , , , 

.4 .s 1.2 1.6 2.0 2.4 2.6 3.2 3.6 4.0 

TOTAL VOLUME OF HEXANE FEED IIN MILLILETERS) 
CHARGED TO THE REACTOR 

FIG. 4. Deact,ivation of decationized (47%) Y. 
(The dotted line shows the gas generation rate of the 
catalyst previously used at 450°C and recalcined in 
air at 550°C for 4 hr.) 

and the activity at that temperature level 
drops below that of 400°C. Similar plots 
were obtained for catalysts of other com- 
positions. They all tend to confirm the de- 
activation curve of Fig. 3. 

Prolonged heating of the decationized 
(47%)Y catalyst at 450°C alone did not 
deactivate the catalyst. Therefore, deac- 
tivation occurred only after the hexane was 
admitted. Recalcination at 550°C in air of 
the deactivated catalyst failed to restore 
the catalytic activity. This is shown in 
Fig. 4. A deactivated catalyst at 450°C is 
shown to generate 52 ml of product gas per 
milliliter of hexane feed, while the same 
catalyst, after being recalcined in air at 
550°C for 4 hr, generated about the same 
amount of gas product as is shown by the 
dotted line. 

X-ray diffraction patterns for the de- 
cationized (47%)Y catalysts before and 
after the deactivation occurred were both 
taken, and no significant difference was 
detected. 

DISCUSSION 

A. Surface Sites 

The decationization process has been dis- 
cussed by Rabo et al., (4) and Utterhoeven, 
Christner, and Hall (5). One scheme that 
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is in accord with infrared evidence has been the Lewis acids or the surface electric 
suggested as follows: * fields. 

Structure B 

:\ /\ /\ I\ 
lA,/ ‘& \ 

I\ // 

Upon deamination, classical Bronsted 
acids (Structure A) are generated. At room 
temperature, IR evidence indicated that the 
equilibrium is in favor of the hydroxyl 
formation (Structure B) ; nevertheless, pro- 
tons are readily available upon the ap- 
proach of a base or at high temperature 
levels. 

The three-coordinated aluminum ions 
(Structure B), when accessible to foreign 
molecules, may function as conventional 
Lewis acids (6). Upon dehydroxylation, a 
surface group, consisting of an accessible 
three-coordinated aluminum ion, adjacent 
to a three-coordinated silicon ion, is formed. 
Both the aluminum and the silicon ions 
may function as Lewis acids. In addition, 
a surface field is created between the posi- 
tively charged silicon ion and negatively 
charged (AlO,)- group. 

The surface protons are undoubtedly 
important for a host of chemical reactions 
(e.g., alkylation, dealkylation, and olefin 

polymerization). For carbon-hydrogen bond 
activation, however, on account of the fact 
that silica-alumina surfaces are virtually 
ineffective, we believe (1) that the reac- 
tion sit,es most probably rest upon either 

*The square denotes an oxygen vacancy. 

B. Surface Diffusion and Catalyst 
Deactivation 

Deactivation of catalysts may arise from 
(1) carbon deposition; (2) collapse of the 
crystal structure; (3) surface reconstitution. 

The carbon deposition deactivation is 
unlikely because recalcination of the deac- 
tivated catalyst in air did not restore its 
activity (Fig. 4). Collapse of crystal struc- 
ture was not indicated by the X-ray dif- 
fraction pattern. The deactivation is most 
probably due to surface reconstitution. 

While one representation of the decat- 
ionized process was discussed, the actual 
process is most likely more complex and 
may generate a number of different kinds 
of surface groups or coexisting surface sites. 
The distributions of these surface groups, 
as first formed are not in their lowest 
energy states. Relaxation toward the lower 
energy states, however, may be a slow 
process at room temperature. One way to 
achieve this surface relaxation or reconsti- 
tution is through diffusion. The decation- 
ized Y catalysts, after deamination and 
dehydroxylation, probably have one oxygen 
vacancy for every two original ammonium 
cations in fully dehydroxylated form. No 
activation energy for generating vacancies 
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for diffusional purposes is needed. The over- 
all diffusional energy for the oxide ions 
could be fairly low. Deactivation, as ob- 
served, may be attributed to the relaxation 
of the surface from one distribution of the 
surface sites to another. The latter distri- 
bution has the lower energy and is cor- 
respondingly less active. An alternative 
and more specific relationship between sur- 
face diffusion and deactivation will be dis- 
cussed in the next section after some 
discussion of the reaction mechanism. 

When the diffusion is promoted ther- 
mally, we have thermal relaxation. In our 
present case, prolonged heating at 450°C 
alone did not deactivate the decationized 
(47%)Y catalyst. This indicates that the 
thermal energy at 450°C was not quite 
sufficient to overcome the energy barrier 
for diffusion of this particular catalyst. 
Additional promotion by the interaction 
of the n-hexane with the catalyst surface 
was necessary to deactivate the catalyst. 

The fact that the deactivation was pro- 
moted by the hexane-surface interaction 
tends to corroborate the view that dif- 
fusion plays a significant role in deactiva- 
tion. Interaction of hexane with the surface 
field tends to diminish surface field poten- 
tial and hence the diffusional energy bar- 
rier (1, 6). With the NaX catalyst, Sta- 
mires (6) reported a decrease in activation 
energy or an increase in electrical conduc- 
tivity upon the adsorption of n-hexane. 
Although only remotely related, we may 
also cite the discussion of the surface re- 
constitution of the nickel 110 face upon 
adsorption of foreign atoms by Germer and 
MacRae (7) . 

In evaluating catalytic activity of the 
decationized Y catalysts, the catalyst de- 
activation should be considered. 

C. Surface Diffusion and Catalytic Activity 

The diffusion of surface oxide ions has 
significant bearing upon the catalytic ac- 
tivity of the decationized Y catalysts. In 
the preceding paper (1)) it was suggested 
that diffusion of cations (e.g., Ca2+) in 
CaY catalyst makes the surface electric 
field on that catalyst dynamic (time-vu& 
ant). The importance of time variance of 

the field in the overall reaction was pointed 
out. Similarly, oxide diffusion will also 
render the surface field dynamic (time- 
variant) with the same effect on its cata- 
lytic activity. This may be illustrated as 
follows: 

A B 
Jqxide diffu+m 

Site Site 
A B 

From Structure C to Structure D, the posi- 
tively charged silicon ion becomes more 
remote from the negatively charged (AlO) 2- 
group. The field strength correspondingly 
decreases. That the fluctuation of the sur- 
face field renders catalyst sites capable of 
both activated adsorption and desorption 
and thereby continuousIy promotes cata- 
lytic reactions in a cyclic manner has been 
discussed in detail in the preceding paper 
and need not be repeated here. 

We would like to point out in this com- 
munication that the strength of Lewis acids 
also varies in accordance with the move- 
ment of oxide ions on the surfaces. Refer- 
ring to the previous representations, we 
may observe that, with Structure C (before 
the oxide diffusion), site A is neutral and 
site B is a Lewis acid; but, with Structure 
D (after the oxide diffusion), site A be- 
comes a Lewis acid and site B is neutral 
Because of this dynamic (time-variant) 
characteristic, a Lewis acid site (denoted 
by L’), which may otherwise be ineffective 
in inducing the following cyclic reactions, 

L+ + Cg --* L+H- + CR+ (1) 
CC+ -+ CG+ (iso; (2) 

L+H- + CS+ (iso) --f L+ + Cg (iso) (3) 

L+ + C6 -+ L+ + C6 (iso) 

because the hydride TI+H- in reaction (3) 
is too strongly bonded to the Lewis acid 
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site, may now induce the reaction cycle bines. Since the carbonium ions tend to 
smoothly as follows: * situate themselves nearby the negatively 

L1+ + cs + Ll+II- + co+ (4) 
charged (AIO,) - groups, the close proximity 

CS+ + Ca+ (iso) (5) 
of these groups to the Lewis acid sites is 

Oxide 
beneficial to the, hydride dislodging and 

diffusion 
Li+H- - LIH- (‘3 

perhaps the overall reaction rat,e if the 

LlH- + CO+ (iso) --f L1 + C6 (iso) 
(7) former is the rate-controlling step. From 

Oxide this viewpoint, the deactivation of a cata- 
diffusion 

Lz - L-2+ 
(8j lyst could be a direct consequence of the 

oxide diffusion which might result in a 
4+ + C6 + LZ + LI + C6 (iso) + Lz+ (9) larger separation between a Lewis acid 

Similarly, cracking may proceed in the site and an (AlO,)- group (c.g., Structure 
following manner: C changes to Structure D). 

Ll+ + Cg + Ll+H- + Cs+ (10) 

C&f -+ C,,+ + Cs.-n (olefin) (11) 
Ox do 

difi, ion 
L,+H- - LIH- (12) 
L,H- + C,+ --) 4 + C, (13) 

Oxide 
diffusion 

Lz-Lzf (14) 

L,+ + Cs + LZ -9 L, + C, + Ce-” (olefin) + L2+ 
05) 

It is to be pointed out that Eqs. (1) to 
(15) are merely the formal representations 
of the actual reactions occurred. We arc 
not proposing that full ionization of car- 
bon-hydrogen bonds is necessary. It is 
possible that the carbon-hydrogen bonds 
only need to be sufficiently polarized that 
they impart into their polarization ter- 
minals enough ionic properties that the 
isomerization or cracking steps (5) and 
(11) may occur. 

Hydride ion, on account of its small 
size, does not block oxide diffusion. Thus, 
we may visualize the diffusion as follows: 

It may be seen that the dislodging of 
the hydride ion is related to the proximity 
of the carbonium ion with which it com- 

* CS, Wise), G+, Ce-,(olefin) denote C6H14, 
iso-CgHj4, GHa+, Cc--nH12--2n with n < 6, etc. 

Because of this dynamic (time-variant) 
characteristics, the Lewis acids on decat- 
ionized Y could behave in a radically 
different way from the Lewis acids on other 
catalyst surfaces, e.g., silica-alumina, on 
the surface of which the oxide ions may 
not diffuse as readily. It is conceivable 
that the Lewis acids could promote carbon- 
hydrogen bond activation on decationized 
Y catalyst and not on the silica-alumina 
surfaces. 

On the CaY catalysts, the carbon-hy- 
drogen bond activation is essentially by 
the surface field. Few Lewis acids exist. 
On the decationized Y catalyst, both Lewis 
acids and surface fields can be effective. 
This is reflected by the high activity of 
the decationized Y catalysts. Furthermore, 
while the surface field on a CaY catalyst 
does not come into being below 50-60s 
Na+ removal, the Lewis acids and the field 
are created even at low percentage of de- 
cationization. This is also reflected by the 
experimental data. 
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