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NOTES 

Transformation of Hydrocarbons on Zeolites of Type Y 

I. Promoting Effect of Olefins on the Rate of Catalytic Cracking of Paraffins 

In 1949 Thomas (I) and Greensfelder et 
al. (2) postulated that olefin molecules 
could promote cracking reactions on amor- 
phous alumosilicates. Later this proposal 
was confirmed for reactions of cetane 
cracking (3, 4) and isomerization of 
paraffins (5, 6). 

The influence of unsaturated hydrocar- 
bons on the rate of paraffins cracking was 
found (7-l I) using the method based on the 
intermediate removal of olefins from the 
circulating reaction mixtures. By means of 
intermediate hydrogenation of unsaturated 
products resulting from n-octane cracking 
we have shown that the rate of paraffin 
cracking on the acid forms of Y zeolites and 
at low olefin concentrations is less than at 
higher olefin concentrations (12, 13). In the 
latter case the cracking reactions appear to 
be promoted by unsaturated products of 
cracking. We have studied the influence of 
olefin concentration in reaction mixtures on 
the rate and selectivity of n-octane splitting 
on Y zeolites containing various cations. 

Decationation was performed by treating 
an initial form of NaY zeolite with 0.1 N 
solution of NH&l + NH,OH and by peri- 
odic calcinating (between treatments) at 
400-450°C for 3-4 hr (Kerrs method). Poly- 
valent cations were introduced in zeolites 
by (i) ion exchange between NH,NaY 
zeolite and chloride solutions at pH 3-5 for 
La3+ Y3+ and Sc3+ cations; for readily 
hydrolyzing ions of Ti3+, Hf4+ and AP+ 
by (ii) sublimation of their chlorides on 
HNaY in a dry inert atmosphere. 

All the experiments were carried out 
under concentration and temperature gra- 
dientless conditions in reactors with a 
fluidized catalyst bed or in a flow-circula- 
tion system. 

A flow-circulation system with a reactor 

for the intermediate hydrogenation (12) 
was used to study the activity and selectiv- 
ity of zeolites at olefin concentrations in the 
reaction mixture no higher than 10m3 
mmole/liter. At the outlet of the reactor 
olefin concentration varied from lo-” to 
10e3 mmole/liter as a function of the mass 
of the catalyst. 

An installation with a catalyst vibro- 
fluidized bed (both pulse and flow versions) 
was employed to measure the activity and 
selectivity of zeolites in n-octane cracking 
at high concentrations of olefins, that is, 
under conditions of a fast deactivation of 
catalysts. Pseudo-steady-state conditions 
were ensured by using a mixture with a low 
concentration of paraffins and a pulse char- 
acter of the activity measurements. 

The catalytic activity of zeolites was de- 
termined as a ratio of the rate of n-octane 
cracking to octane concentration at the 
reactor outlet (W/C,). The activities of 
zeolites in the hydrogen redistribution reac- 
tions were evaluated from the relative 
yields of paraffin and olefin hydrocarbons, 
C,-C, (paraf/olef). The activity of zeolites 
in isomerization was determined from the 
ratio of isomers and paraffins C,-C, of the 
normal structure (iso/norm). 

A novel parameter has been introduced 
which we called a normalized residence 
time. It is calculated via formula (1) and is 
independent of the concentration of reac- 
tants in the reaction medium. 

m 
’ = Ci, . V, . A . V 

where m is the mass of the catalyst in g; A is 
its bulk weight in g/ml; C’iniet is an octane 
concentration at the inlet in mmole/liter; V, 
is a mole volume of octane vapor at stan- 
dard conditions; V is a volume of an intro- 
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TABLE I 

Composition and Properties of Zeolite Samples 

Number Sample Na 
(%I 

Content, 
% wt 

element 

Atomic 
ratio 
Si/Al 

Total 
content of 
cations in 

mg-equiv/g 

Degree of 
crystallinity 

(%) 

1 HNaY-I 2.2 - 2.0 1.0 100 
2 HNaY-2 1.7 - 2.0 0.7 100 
3 HNaY-3 1.4 - 2.0 0.6 90 
4 HNaY-4 0.9 - 2.5 0.4 70 
5 HNaY-5 0.6 - 2.5 0.3 80 
6 HNaY-6 0.5 - 2.5 0.2 80 
7 LaHNaY 1.0 3.7 2.5 1.2 50 
8 YHNaY 0.8 2.1 - 1.0 70 
9 ScNHaY 0.7 1.5 2.5 1.3 70 

10 TiHNaY 0.9 0.9 2.5 1.0 - 
11 HfHNaY 0.9 0.9 2.5 0.7 60 
12 AlHNaY 1.0 1.6 2.5 2.2 60 

duced mixture of reactants with an inert gas 
in liters/hr. 

To eliminate diffusion limitations the 
grain fraction of 0.25-0.50 mm was used. 
Concentrations of reactants and reaction 
products were analyzed chromatographi- 
tally on a column of 2.3 m in length filled 
with AW Hesasorb with polyphenyl ester at 
120°C (octane) and on a column of 3.2 m in 
length filled with TZK with white paraffin 
oil at 65°C. 

Crystallinity of zeolite framework was 
examined by X-ray analysis and by argon 
desorption. Prior to determination of the 
specific surface area, zeolite samples were 
dehydrated at 450°C for 3 hr. X-Ray pat- 
terns of zeolites were recorded on a URS- 
50 diffractometer on the Cu radiation for 
angles from 30 to 39”. The initial zeolite, 
NaY, served as an external reference. 

Composition and physicochemical prop- 
erties of zeolite samples investigated are 
compiled in Table I. 

Figures la and b show the activity and 
selectivity as a function of the residence 
time for decationized zeolites, HNaY and 
ScHNaY, at olefin concentrations in the 
reaction mixture no higher than 10s3 
mmole/liter. The change of the residence 
time by two orders of magnitude does not 

affect the W/C, value and selectivity of the 
process for both HNaY and ScHNaY. The 
rate of n-octane cracking in this region is 
described by the first-order equation with 
respect to the initial hydrocarbon concen- 
trations. Variation of olefin concentrations 
from 10m3 to 10-j mmole/liter does not 
change the reaction rate. A stable work of 
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FIG. 1. Plot of W/C, (a) and iso/nonn ratio (b) in 
products of *octane cracking vs contact time for 
HNaY-4 zeolite (1) and ScHNaY (2) during experi- 
ments in a flow-circulation installation with intermedi- 
ate hydrogenation. (Temperature of zeolite treatment, 
550°C; AP-56 catalyst for hydrogenation, 350°C; reac- 
tion temperature of cracking and hydrogenation, 350 
and 12O”C, respectively; volume ratio n- 
octane : hydrogen = 1 : 100; PH = 1.8 atm.) 
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the catalyst is observed under these condi- 
tions. 

At olefin concentration in the reaction 
mixture higher than 10e3 mmole/liter zeo- 
lites undergo deactivation as a result of 
coke formation. After the first hour the 
activity of samples decreases by a factor 
of 3-5. In a pulse mode, catalysts do not 
undergo deactivation when passing 5-10 
pulses of reactants. To calculate the ini- 
tial activities of zeolites, the averaged 
data of the first three pulses were used. 

The values of the initial catalytic activi- 
ties and selectivities are given in Figs. 2a 
and b for a number of decationized sam- 
(olefin concentration 10-3-10-1 mmole/ 
liter) as a function of the normalized 
residence time. 

The value of W/C, depends significantly 
on the residence time: for HNaY-I and 
HNaY-2 the activity is initially constant 
and then decreased by an order of magni- 
tude. For highly decationized samples with 
a sodium content from 1.4 to OS%, extreme 
variations of the W/C, values with the 
residence time increase are observed. A 
fraction of &-hydrocarbon in the product 
of cracking is about 70-90%. 
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FIG. 2. Plot of W/C, (a), paraf/olef (b), and 
iso/norm (c) ratios in products of *octane cracking vs 
contact time for decationized zeolite samples: HNaY-I 
(0), HNaY-2 (A), HNaY-4 (0). and HNaY-6 (@I) 
during experiments in a pulse installation. (Tempera- 
ture of zeolite treatment and cracking reaction, 450°C; 
volume ratio n-octane : helium = 1 : 100.) 

FIG. 3. Plot of W/C, vs concentration of olefin 
products of n-octane cracking for decationized zeolite 
samples: HNaY-I (O), HNaY-2 (A), HNaY-3 (@), 
HNaY-4 (0). HNaY-5 (01, and HNaY-6 (0. 

At a small catalyst weight the residence 
time is less than 10e3 hr (the conversion 
degree is l-2%), the catalytic activity is 
low, and the paraf/olef and iso/norm ratios 
observed are equal for different samples. At 
a high value of T the W/C, as well as the 
paraf/olef and iso/norm ratios are changing 
extremely. For highly decationized samples 
the redistribution and isomerization activi- 
ties grow more rapidly than for samples 
containing 2.2 and 1.7% wt Na. Note also 
that at T 5 lop3 the paraf/olef ratio is far 
less than unity. 

Values of W/C, as a function of the 
concentration of olefin in the reaction me- 
dium are shown in Fig. 3. For zeolite sam- 
ples containing 2.2 and 1.7% wt Na, the 
value of W/C, decreases as the concentra- 
tion of unsaturated products is increased. 
In this case, the rate of cracking is de- 
scribed by the kinetic equation of the type 

W = K, . C,H,, . C&. (2) 

For samples containing 1.4-0.5% wt Na, 
W/C8 increases as Colef is increased. The 
reaction order with respect to olefin prod- 
ucts observed in this case has a positive 
value close to unity. The kinetic equation is 
of the form: 

w = K, . C$IlS . GM. (3) 
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The data obtained on the catalytic activ- 
ity and selectivity for a number of zeolites 
with polyvalent cations are presented in 
Figs. 4a, b, and c. The main product of 
cracking is &-hydrocarbon (70-90%). It is 
seen that at small residence times the cata- 
lytic activity is low and the paraf/olef and 
iso/norm ratios are almost the same for 
different catalysts. An increase of the resi- 
dence time leads to an increase of the 
activity, redistribution, and isomerization 
ability of the catalysts. An increase of the 
activity and of the paraf/olef and iso/norm 
ratios is greater for samples with higher e/r 
value. It should be noted that for the cation- 
containing zeolites the paraf/olef ratio be- 
comes far less than unity as the residence 
time is decreased. 

Figure 5 shows the plot of W/C8 vs the 
concentration of unsaturated products for 
zeolites with polyvalent cations. For all the 
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FIG. 4. Plot of W/C, (a), paraf/olef (b), and 
iso/notm (c) ratios in products of *octane cracking vs 
contact time for zeolite samples with polyvalence 
cations: YHNaY (Cl), ScHNaY (O), TiHNaY (@), and 
HfHNaY (m). (Temperature of zeolite treatment and 
cracking reaction, 45oT; volume ratio R 
octane : helium = 1 : 100.) 

FIG. 5. Plot of W/C, versus concentration of olefin 
products of rroctane cracking for zeohtes with polyva- 
lence cations: LaHNaY (A), YHNaY (Cl), ScHNaY 
(O), TiHNaY (@I), and HfHNaY (m). 

catalysts, W/C8 increases as Cole. is in- 
creased. The reaction order with respect to 
olefin products is close to unity in agree- 
ment with Eq. (3). In all the cases the ratio 
i-C 4,norm-C4 is in the range I-2.0, i.e., is 
greater than it must be at thermodynamic 
equilibria for given conditions. 

The study of n-octane cracking at low 
concentrations of olefins in the reaction 
media on zeolites with various cations has 
shown that (i) all catalysts are not poisoned 
by coke, and (ii) for all the samples the rate 
of n-octane cracking follows the first-order 
equation with respect to the concentration 
of n-octane and is independent of the con- 
centration of unsaturated products. 

From the study of the process of cracking 
at high concentrations of olefins in reaction 
media the following conclusions may be 
drawn: 

(1) all samples are subjected to deactiva- 
tion by coke; 

(2) for all catalysts other than HNaY-I 
and HNaY-2, the rate of cracking depends 
upon the residence time extremely; 

(3) for all samples the rate of n-octane 
cracking depends upon the concentration of 
olefin products; 

(4) at small residence time the selectivity 
is almost the same for all catalysts. Upon 
increasing T, an increase of the paraf/olef 
and iso/norm ratios occurs. 
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Thus at small concentrations of olefins 
(small conversion degree) the reaction rate 
of n-octane cracking was shown to be inde- 
pendent of the concentration of olefin prod- 
ucts. The shape of the kinetic equation 
suggests that splitting of molecules of the 
initial product proceeds without inclusion 
of olefin molecules into an active complex, 
that is, through the direct interaction of 
hydrocarbon with the catalyst active sites 
(e.g., by the hydride-ion transfer). Small 
paraf/olef ratios obtained by extrapolation 
to the region of low T allow us to propose 
that olefins are the main products of the 
primary splitting. In general, the transfor- 
mation at this step may follow the scheme: 

C&H,, + A?-Zeol. G 
2 C4H8 + H, + A?-Zeol. 

At low concentrations of olefin products 
secondary reactions, in particular reactions 
of coke formation and redistribution of hy- 
drogen, do not occur. This idea is sup- 
ported by the fact that zeolites are charac- 
terized by stable work during prolonged 
tests. Hence this type of transformation 
may be termed as the range of primary 
reactions. 

It should be noted that in this region of 
olefin concentrations the selectivity with 
respect to isomer yields remains constant 
for different catalysts. This may be evi- 
dence for the common nature of active sites 
therein which catalyze the initial step of 
paraffin transformation. An increase of the 
decationation degree and variation of the 
nature of introduced polyvalent cations af- 
fect only the number of these sites. 

At high concentrations of unsaturated 
products in a reaction flow the reaction rate 
depends on their concentration and, in this 
case, a process as a whole may be consid- 
ered to be autocatalytic (14). 

Olefins may be involved in the reaction 
by modifying active centers of the zeolite 
framework to give small carbonium ions via 
the mechanism proposed in Refs. (I, 2) for 
amorphous alumosilicates and examined by 

Cant and Hall (15) for acid-base transfor- 
mations on zeolites. 

C,H, + HO-Zeol $ C,H,+O--Zeal. 

C,H,, + C,H,+O--Zeal. F? 
C&I8 + C,H,, + C,H,+O--Zeal. 

According to this mechanism, an in- 
crease of olefin concentration not only 
leads to the growth of the number of active 
sites (small carbonium ions) but also pro- 
vides a new route, probably through the 
hydride-ion transfer from the molecule of 
the initial substance onto these new active 
groups. However, another action of olefins 
should be noted too: they inhibit the 
process of cracking due to simultaneously 
proceeding reactions of coke formation. 
The shape of the kinetic equation for 
HNaY-I and HNaY-2 catalysts indicates 
that for zeolites with Na content exceeding 
1.4% n-octane cracking occurs with a pre- 
dominant inhibition by the product. On the 
other catalysts the process is predomi- 
nantly autocatalytic. In this case, the selec- 
tivity depends both on the catalyst compo- 
sition and the conversion degree of ,the 
reactants. This range of cracking processes 
may be called as a range of secondary 
transformations. 

Thus the process of cracking as a whole 
involves at least two steps: a primary reac- 
tion that in terms of autocatalysis may be 
called an inducing reaction and that leads to 
the formation of olefins which perform the 
function of cocatalysts at the second step. 
At the second step these products take part 
in the formation of new highly active sites 
and thus open a new reaction route. 

As far as the first step is concerned, it is 
valid to propose that catalysis of paraffin 
cracking occurs on active surface sites 
unmodified by hydrocarbons. Olefins are 
the main products of this transformation 
step. The second step proceeds through the 
interaction of reactants with the surface 
carbon products which are olefin com- 
plexes with active surface sites. 

High concentrations of olefins in the re- 
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action medium lead to the acceleration of 
transformations of olefins themselves, 
specifically, reactions of hydrogen redis- 
tribution and alkylation accompanied by 
the formation of saturated isomerized and 
condensed products. 

In the range of the secondary cracking 
the yield of isomerized &products is 
higher than at thermodynamic equilibrium 
and in the range of primary cracking. This 
is possible if the cracking includes alkyla- 
tion of carbonium-ion by olefins leading to 
the formation of a branched carbonium-ion 
and then to the elimination of isomerized 
saturated fragments. 

The branched structures are decomposed 
at a significantly higher rate than weakly 
isomerized compounds. This also contrib- 
utes to the increase of the overall rate of 
cracking. In this case primarily isomer- 
ized fragments are split, thus leading to a 
greater amount of isomers in products 
than might be expected for thermody- 
namic equilibrium conditions. 
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