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A kinetic model for the n-hexane cracking reaction over H- 
ZSM-5 has been developed. This model describes hydrocarbon 
transformations in the following reaction steps: protolytic crack- 
ing of n-hexane, hydrogen transfer between n-hexane and light 
olefins, oligomerization, and cracking of olefins. The activation 
energy of the protolytic cracking steps is 75.6-152.4 kJ/mol, de- 
pending on the reaction products, and that of the hydrogen trans- 
fer steps is 4.1-8.9 kJ/moi, depending on the olefin involved in 
the reaction step. It is demonstrated that a considerable contribu- 
tion from hydrogen transfer to n-hexane cracking manifests itself 
in the autocatalytic character for the reaction at 400°C. At 538°C 
(the temperature of the c~-test) hydrogen transfer does not play an 
appreciable role in hexane cracking over H-ZSM-5 zeolites. 
t~ 1994 Academic Press, Inc. 

INTRODUCTION 

The paraffin cracking reaction over  zeolite catalysts is 
of prime importance in gas oil cracking and catalyst de- 
waxing processes.  This reaction has also been used for 
the characterizat ion of the catalytic properties of various 
zeolites by the a- test  (cracking of n-hexane) (1-4) and the 
Constraint Index (cracking of n-hexane and 3-methylpen- 
tane) (5). 

The mechanism of  the paraffin cracking reaction has 
been extensively investigated (for a review see Refs. (6-  
8) and papers cited therein). Most recent studies (6-15) 
have demonstra ted that the reaction proceeds via two 
mechanisms:  

Mechanism A. Monomolecular  paraffin cracking via 
nonclassical pentacoordinated carbonium ions RH~,  

R H  + H + ~ RH~ ~ reaction products. 
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Mechanism B. Hydrogen transfer steps followed by 
/3-scission of tricoordinated carbenium ions R +, 

R H  + R ~ ~ R  + + RIH 

R + --, reaction products,  

where R H  = original paraffin, Ri ~ = smaller carbenium 
ion. 

Investigation of the product selectivities during the 
cracking reactions of n-hexane and 3-methylpentane, 
performed by Haag and Dessau (6), has shown that 
mechanism B predominates when the reaction is carried 
out over  the large pore zeolite Y, whereas mechanism A 
is more important  with the medium pore H-ZSM-5 zeo- 
lite. It has also been shown (6) that the ratio between the 
contributions of  mechanisms A and B to the overall con- 
version is a strong function of temperature,  paraffin par- 
tial pressure,  and conversion level. 

In the present paper  we report on a kinetic model for 
the n-hexane cracking reaction over  H-ZSM-5 based on 
the above mechanisms.  The kinetic model is used in con- 
junction with experimental  data for (1) quantitative char- 
acterization of the contributions of mechanisms A and B 
to hexane conversion over  H-ZSM-5 under various reac- 
tion conditions, and (2) analysis of the a-test  based on a 
simple first order kinetic model. 

EXPERIMENTAL 

The conversion of n-hexane was studied at 400, 450, 
500, and 538°C in a flow system using a quartz microreac- 
tor. The initial concentrat ion of n-hexane in the mixture 
with nitrogen was 40 mol%. The reaction products were 
analysed by gas chromatography 7 min after the begin- 
ning of the reaction. It has previously been shown (14) 
that experimental  data obtained in this way characterize 
the catalytic propert ies of  the fresh zeolites under sta- 
tionary conditions of  the reaction. The data were ob- 
tained at relatively low hexane conversions (x < 30%) in 

87 
0021-9517/94 $6.00 

Copyright © 1994 by Academic Press, Inc. 
All rights of reproduction in any form reserved. 



88 LUKYANOV. SHTRAL, AND KHADZHIEV 

the absence of secondary olefin aromatization process. 
Three H-ZSM-5 zeolites with SIO2/A1203 ratios (R) of 34, 
240, arid 280 (samples defined as Z-34, Z-240, and Z-280, 
respectively) were used. Details of the catalyst prepara- 
tion and catalytic measurements are reported elsewhere 
(14) .  

Protolytic cracking of the C-H bond, 

I'CH = kcHPc,[Z]; 

Protolytic cracking of the C-C bond, 

rcc = kcc(n)Pc,[Z]; 

RESULTS AND DISCUSSION 

Kinet ic  Mode l  

In order to describe the pathways of the hexane crack- 
ing reaction over H-ZSM-5 zeolites we developed a ki- 
netic model which included 16 group components: nine 
olefins CTT-C~, six paraffins CI-C6, and hydrogen H:. 
The kinetic model was developed on the basis of the 
following reaction scheme, where Z is a zeolite catalytic 
site: 

1. Protolytic cracking of the C-H bond in the n- 
hexane molecule, 

kcH 
C6 + Z ) C 6 Z  + H2. 

2. Protolytic cracking of the C-C bond in the n-hexane 
molecule, 

kcc(n) 
C6 -~- Z ) C ~ Z  -+- C6- n 2 --< n --< 5. 

3. Hydrogen transfer between n-hexane and light ole- 
fins, 

k rrff n ) 
C6+ C-~Z ~ C6Z + C, 2 -<n- - -5 .  

Hydrogen transfer, 

I'HT = K,,kHT(n)Pc~PcT[Z]; 

Olefin oligomerization and cracking, 

ro = Kak~(n, m)PcTPcz[Z] - Kako(n, m)PcT.m[Z]. 

In these equations kcH and kcc(n) are the rate constants 
for protolytic cracking of C-H and C-C bonds, respec- 
tively; kilT(n) is the rate constant for hydrogen transfer; 
k~(n, m) and kS(n, m) are the rate constants for olefin 
oligomerization and olefin cracking, respectively; [Z] is 
the concentration of vacant catalytic sites; and Pc,, and 
Pc7 are the partial pressures of C6 and C~, respectively. 
The dependence of the rate constants on the number of 
carbon atoms in olefin molecules reflects (1) the change 
of the reactivities of olefins (hydrogen transfer steps, ole- 
fin oligomerization and cracking steps) with an increase 
in olefin molecular weight, and (2) the different probabili- 
ties of formation of C2-C.~ olefins in hexane protolytic 
cracking steps. 

The kinetic model for hexane cracking reaction con- 
sists of a set of 16 equations describing the rates of trans- 
formation of 16 components in 25 reaction steps, 

4. Olefin oligomerization and cracking, 

k~(n,m) 
+ CruZ. " CT+mZ 

ko (n,ra) 

2 < - n , m < - 8 , 4 < - n  + m < - 10. 

5. Olefin adsorption and desorption, 

Ka 
C - ~ + Z .  ' C ~ Z  2 -<n -<  10. 

The kinetic model was developed with the following 
assumptions: 

(a) adsorption equilibrium is established; 
(b) the adsorption constant Ka is independent of the 

olefin molecular weight. 

In this case the rates of the reaction steps are as fol- 
lows: 

25 

r i=  ~ uisrs 1 - - i -<  16, 
s=l 

where r; is the rate of transformation of the ith compo- 
nent, vis is the stoichiometric coefficient of the ith compo- 
nent in the sth reaction step, and rs is the rate of the sth 
reaction step. Steady-state concentration of vacant cata- 
lytic sites is calculated using the following equation: 

Izl= , / ( l+  
n=2 

In the present work the rate constant values were de- 
termined for the steps of protolytic cracking of n-hexane 
and for the steps of hydrogen transfer. This procedure 
was carried out by comparison of the mathematical mod- 
eling results with the experimental dependence of the 
product distribution on contact time (WHSV-q for n- 
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hexane conversion over  various catalysts at 400, 450, 
500, and 538°C. The values of the rate constants of olefin 
oligomerization and cracking steps were determined ear- 
lier (16) on the basis of experimental results on ethene 
and propene conversions.  

Figure 1 shows that good agreement was attained be- 
tween simulated and experimental data on the n-hexane 
cracking reaction over  Z-240 zeolite. It should be noted 
that the agreement was practically the same for the de- 
scription of this reaction over all three zeolites used in 
this study. 

Rate Constants 

In order to define the effect of the aluminum content on 
HZSM-5 activity in the steps of protolytic cracking of the 
C - H  and C -C  bonds in the n-hexane molecule and in the 
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FIG. 1. Cracking of hexane  over  Z-240 zeolite at 500°C. Experimen- 
tal data (points) and simulated curves  for the concentrat ions of reaction 
products as function of contact  time. 

TABLE 1 

Activation Energy and Relative Values of the Rate Constants of 
Protolytic Cracking Steps on Z-240 Zeolite at 500°C 

Relative rate 
Reaction step constant  value Ea. kJ/mol 

C, + Z---, C6Z + H2 I 99.8 
C6 + Z---, C TZ + C~ 0.20 75.6 
C6 + Z---, C~Z + C3 1.39 96.7 
C6 + Z - - ,  C~Z + C2 1.66 109.4 
C6 + Z ~ C~Z + CI 0.54 152.4 

Note. Rate constant  value for C - H  bond cracking step has been 
taken as unity (absolute value of this rate constant  is 12.6 mmol • 
g- lh-I) .  

steps of hydrogen transfer between n-hexane and light 
olefins, we compared the values of the rate constants of 
these steps determined at 500°C for Z-34, Z-240, and Z- 
280 zeolites. The comparison has shown that zeolite ac- 
tivity in all the above reaction steps is strictly propor- 
tional to the zeolite aluminum content. Such a 
dependence was reported previously (16) for the steps of 
olefin oligomerization and cracking. These results further 
support the conclusion, made in a number of papers (3, 4, 
14, 17, 18), that HZSM-5 of different SiOJA1203 ratios, 
when prepared in the absence of water vapor, contains 
catalytic sites of only one type: bridging hydroxyl groups 
associated with framework aluminum atoms. 

Table 1 demonstrates the values of the rate constants 
for protolytic cracking of n-hexane over Z-240 zeolite. 
The presented data indicate that the most probable event 
is the cracking of C -C  bonds with formation of C2 and C3 
paraffins and C4 and C3 olefins, respectively. The rela- 
tively high probability of hydrogen formation in the C - H  
bond cracking step should be also noted. 

Rate constant values presented in Table 2 show that 
the rate of hydrogen transfer between n-hexane and ole- 
fins increases sharply from ethene to butenes and does 

TABLE 2 

Activation Energy and Relative Values of the Rate Constants of 
Hydrogen Transfer Steps on Z-240 Zeolite at 500°C 

Relative rate 
Reaction step constant  value Ea, kJ/mol 

C6 + CTZ ~ C6Z + C,. 1 8.9 
C6 + CTZ ~ C6Z + C3 48.3 7.4 
C6 + C~Z---~ C~Z + C4 73.3 4.1 
C6 + C-'~Z--* C~Z + C~ 73.3 4.1 

Note. Rate constant  value for the step of  n-hexane interaction with 
adsorbed ethene has been taken as unity (absolute value of this rate 
constant  is 8.8 mmol • g- lh- t ) .  
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not change with further increase of olefin molecular 
weight. We suppose that such a dependence is due to the 
difference in the probabilities of existence of primary, 
secondary, and tertiary carbenium ions, which are gener- 
ally accepted (6, 7, 19) to be intermediate species in hy- 
drogen transfer reactions. Using the data of Table 2 we 
come to the conclusion that the relative probabilities of 
existence of primary, secondary, and tertiary carbenium 
ions are 1, 48.3, and 73.3 respectively. It should be noted 
that C4 olefins (n-butene and isobutene) were treated as 
one component. Thus, the value 73.3 should be consid- 
ered as the lower estimation of the relative probability of 
the existence of tert-butyl carbenium ions. 

Using the kinetic model for the analysis of the experi- 
mental data on hexane conversion at different tempera- 
tures, we have been able to estimate quantitatively the 
activation energy of hydrogen transfer steps. Table 2 
shows that for the steps of n-hexane interaction with the 
adsorbed ethene, propene, and C~-C.~ olefins, the acti- 
vation energy is 8.9, 7.4, and 4.1 kJ/mol, respectively. 
The activation energy of protolytic cracking steps is in 
the range 75.6-152.4 kJ/mol (Table 1), depending on the 
reaction products. It is shown below that such an essen- 
tial difference in the temperature dependence of proto- 
lytic cracking and hydrogen transfer is the reason for the 
sharp decrease of the contribution of hydrogen transfer 
steps in hexane conversion with increasing temperature. 
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FIG. 2. Effect of conversion and initial n-hexane concentration 
(mol%) on the contribution of hydrogen transfer steps in the conversion 
of n-hexane at 400 and 500°C. 

Contribution of Hydrogen Transfer to Hexane Cracking 

In order to estimate quantitatively the contribution of 
hydrogen transfer steps in the overall hexane conversion, 
we used the results of mathematical modeling performed 
in the following manner. At first, the hexane cracking 
reaction was simulated using the rate constant values 
corresponding to the real catalyst (Z-240). In that way the 
simulated dependence of the reaction rate r~ on hexane 
conversion was obtained. After that, the rate constants of 
hydrogen transfer steps were equated with 0, and the 
simulated dependence of the reaction rate r2 on hexane 
conversion was obtained. The contribution of hydrogen 
transfer steps Cnx (%) was defined as the ratio 100(r~ - 
r2)/rl, using the values of rl and 1"2 corresponding to the 
same hexane conversion. 

Figure 2 indicates that with increasing initial hexane 
concentration and conversion level, and with decreasing 
temperature, the contribution of hydrogen transfer steps 
in the overall hexane conversion increases appreciably. 
Table 3 shows that the quantitative estimates obtained on 
the basis of the proposed kinetic model are in reasonable 
agreement with the estimates obtained previously by 
Haag and Dessau (6). 

The contribution of hydrogen transfer steps in hexane 
transformation manifests itself in the autocatalytic char- 

acter of the reaction (see Fig. 3). In agreement with the 
aforementioned data, the magnitude of the autocatalytic 
effect decreases sharply with increasing temperatureL 

a-Activity 

The reaction of n-hexane cracking has been used (1-4) 
as a test reaction (a-test) for the catalytic activity of zeo- 
lite catalysts. In the modified a-test (3, 4), catalytic activ- 
ity was evaluated by determining the first-order rate con- 
stant of cracking n-hexane at 538°C and initial n-hexane 
concentration of 13 tool%. 

The results of the previous (6, 12-15) and present stud- 
ies demonstrate that n-hexane cracking proceeds via two 
reaction mechanisms. A question arises as to the nature 
of the catalytic activity measured in the a-test: it could be 
activity in protolytic cracking steps, or activity in hydro- 

TABLE 3 

Contribution of Hydrogen Transfer Steps to n-Hexane Cracking 
over H-ZSM-5 at 450°C (conversion 10%) 

Initial hexane concentration, mol% 10 20 100 

Cwr, % (data from Ref. (6)) 21 40 78 
CHr, % (data of this work) 15 24 54 
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FIG. 3. Effect of n-hexane conversion on the rate of the reaction 
over Z°240 zeolite at 400 and 500°C: Experimental data (points) and 
simulated curves. 

gen transfer steps, or a combination of these two activi- 
ties. 

In order to solve this question we performed mathe- 
matical modeling of  the n-hexane cracking reaction over 
real Z-240 catalyst and two hypothetical Z-240(1) and Z- 
240(2) catalysts (activities of these catalysts are charac- 
terized by the data shown in Table 4). Simulations were 
carried out under the conditions of the a-test, and the 
dependence of  n-hexane conversion on contact time 
(WHSV -t) was obtained for the three mentioned cata- 
lysts. After that simulated data were plotted in coordi- 
nates of the first-order kinetic equation (see Fig. 4), 
where contact  time was determined as the ratio between 

TABLE 4 

Relative Values of the Rate  Cons tants  of Proto- 
lytic Cracking  Steps and  Hydrogen Transfer  
Steps, and  the First  Order  Rate  Cons tan t  (k~) for 
Z-240, Z-240(1), and  Z-240(2) Catalysts  

Relative value 

Rate constant Z-240 Z-240(I) Z-240(2) 

kcH I 5 1 
kcc 1 5 1 
kilt 1 I 5 
k, 1 4.7 1.3 

Note. Rate constant values for Z-240 catalyst have 
been taken as unity. 
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FIG. 4. First-order plots for simulated n-hexane conversion (T = 
538°C, C~, = 13 tool%) over Z-240, Z-240(1). and Z-240(2) catalysts. 
Points correspond to the kinetic modeling results. 

the catalyst sample weight and the feed molar rate. Fig- 
ure 4 shows that the n-hexane cracking reaction, which 
proceeds via two mechanisms, can be described (under 
the chosen conditions) by first-order kinetics, as has been 
already reported previously (4). From Figure 4 it follows 
that for Z-240 catalyst the first-order rate constant k~ is 
equal to 135 mmol • g-~h -I. This value coincides practi- 
cally with the sum of the rate constants of protolytic 
cracking steps over this catalyst (at 538°C this sum is 
equal to 133 mmol • g-th-t). 

Table 4 compares the first-order rate constants corre- 
sponding to Z-240, Z-240(1), and Z-240(2) catalysts with 
the rate constants of different reaction steps over these 
catalysts. From the presented data it is clear that a-activ- 
ity is governed by the activity in protolytic cracking 
steps, and slightly depends on the activity in hydrogen 
transfer steps. This finding, as well as the correctness of 
the first-order kinetics for n-hexane cracking under the 
conditions of the a-test, can be explained by the low 
contribution of hydrogen transfer steps to overall hexane 
conversion under such reaction conditions (high temper- 
ature and low n-hexane concentration in the feed). 
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