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The kinetics of cracking of n-decane and n-hexane were investigated by observing the composition
of the gas phase in contact with zeolite catalysts H-ZSM-5 and HY in a well-mixed closed system
(gradientless batch-reactor). Catalyst temperature was varied from 200°C (473 K) to 500°C (773 K);
partial pressure of reactant paraffin between 0.5 and 20 mbar. For ZSM-5 the influence of crystal
size and of Si/Al-ratio on the Kinetics was investigated. At temperatures above 400°C (673 K), the
rates of cracking on H-ZSM-5 are first order in the partial pressures of paraffin; an estimate of
diffusivity under reaction conditions is obtained from the influence of crystal size on observed rates
at T > 700 K. Between 200°C (473 K) and 400°C (673 K), the rate of reaction of pure n-decane on
H-ZSM-5 exhibits a maximum near 300°C and decreases with temperature to a minimum near 360°C.
An induction period followed by autocatalysis was observed with n-decane as reactant in this
temperature-range, depending on Si/Al ratio and degree of deactivation of the zeolite. It can be
suppressed by addition of olefin to reactant paraffin. These phenomena are also observed in a less
pronounced way with dealuminated HY, which deactivates more rapidly. A mathematical model
based on a dual pathway of carbenium ion and protolytic cracking as postulated by Haag and Dessau
(in ““Proceedings 8th International Congress on Catalysis, Berlin 1984,” Vol. II, p. 303, Verlag
Chemie, Weinheim, 1984) represents the observations qualitatively and in an approximate way also

quantitatively. © 1992 Academic Press, Inc.

INTRODUCTION

The subject of this paper is the kinetics
of the cracking of alkanes (paraffins) in
zeolite catalysts, mainly ZSM-5. The abun-
dant literature on this commercially im-
portant subject has been reviewed by Ja-
cobs (1), Venuto and Habib (2), and by
Wojciechowski and Corma (3). This litera-
ture concerns mainly the merits of zeolites
as a component in commercial cracking
catalysts on the one hand, whereas on the
other hand the mechanism of the reaction
has been debated rather extensively, based
on observations obtained with integral re-
actors. Detailed quantitative kinetic data
are rather scarce. To obtain them from
observation of integral conversion at differ-
ent operating conditions is cumbersome

! To whom correspondence should be addressed.

and difficult if the properties of the catalyst
depend upon time-on-stream. We have
therefore adopted a novel experimental
procedure in order to observe the kinetics
in more detail, which consists in monitor-
ing the gas phase composition in a well-
mixed closed system (gradientless batch-
reactor) as a function of contact time be-
tween catalyst and hydrocarbons. Time-
on-stream and run time are here identical
when starting with a fresh or regenerated
catalyst; rate and product composition can
be obtained for a wide range of conversion
in a single experiment for a given catalyst,
temperature, and initial composition. This
experimental procedure mimics the condi-
tions in a commercial riser-reactor, where
catalyst and reacting hydrocarbons travel
together through the reaction zone. How-
ever, the experimental results described
below were obtained at partial pressures
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of hydrocarbons in the mbar range, so
extrapolation to the operating range of a
commercial unit should be done with
caution.

The maijn body of the investigation con-
cerns the reaction of n-decane on zeolite H-
ZSM-5; in addition we studied the influence
of paraffin chain length (n-CciH;y vs n-
C,oH,,) and of zeolite structure (HY vs H-
ZSM-5) on some of the observed phe-
nomena.

EXPERIMENTAL
1. Zeolites

Zeolites ZSM-5 were synthesized by crys-
tallization without agitation within 4 days
under autogenous pressure. Gel-composi-
tion corresponded to

with/ = 88 — 320, m = 7 — 28, n = 1000
— 4000 (PA = C,;H,NH,); Different crystal
sizes were obtained by variation of crystalli-
zation temperature (433 to 458 K) and of
pH. The resulting crystalline materials were
shown by XRD to correspond to the MFI-
structure with 100% crystallinity. The zeo-
lites were calcined in air at 823 K for 20 h,
then exchanged three times with excess 1 M
NH,Cl solution at 373 K for 4 h, and washed
and dried at 393 K. Through subsequent
calcination at 823 K in air for 20 h the ammo-
nium form was converted to the hydrogen
form (H-ZSM-5).

Zeolite HY with an Si/Al-ratio of 11 was
prepared by dealumination of NaY (Baylith
C-P 116 with Si/Al = 2.5 from Bayer AG,
Leverkusen) through reaction with SiCl, at
673 K, and subsequent treatment with 0.1
M HCI at 363 K, as described by Beyer
et al. (4a). Si/Al = 11 was determined by
chemical analysis, whereas Si/Al = 12 was
found from the lattice constant (g, = 2.44
nm), according to Breck and Flanigan (4b).
The Na-content was below 0.2 wt%.

Crystal sizes were determined by scan-
ning electron microscopy (SEM); the vari-
ance within each sample was less than
10%. The characteristic length [ is defined
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as the ratio of volume to (external) surface
of the crystals. Zeolites used as catalysts
are listed in Table 1; the designations of
zeolites ZSM-5 used in the following indi-
cate composition and crystal size. The
zeolites were pressed (1900 bar) into pellets
without any binder, the pellets were
crushed, and a particle-size fraction of
0.5-1 mm to be used as catalysts was
obtained by sieving.

2. Observation of Kinetics

The batch reactor used for kinetic mea-
surements is shown schematically in Fig.
1; the apparatus has been described pre-
viously (5). Before an experiment the mix-
ing turbine and the quartz-reactor are dis-
connected, the zeolite in the reactor
(between 0.05 and 0.3 g) is heated to 823
K in an air-stream for 2 h, then brought
to reaction temperature under nitrogen.
The mixing turbine (V = 7100 cm?) is kept
at 453 K as are all connecting lines and
valves; it is filled with nitrogen at atmo-
spheric pressure and the reactant hydrocar-
bon is added by injection through a septum.
The mixing turbine and the reactor loop
are connected at + = 0 to start a run, a
gas stream of 200 ¢m® s™! is then passed
from the mixing turbine through the cata-
lyst bed and back to the mixer by means
of a membrane pump operating also at
453 K. The reactor itself operates in the
differential mode and the gas phase in the
closed system consisting of mixing turbine
and reactor-loop can be considered as well-
mixed; its composition is determined peri-
odically by GC (capillary column of 0.2
mm diameter and 50 m length, methyl
silicone gum as stationary phase) with an
FID detector. The blind activity of the
system was negligible at temperatures of
the reactor up to 850 K; all observed
reaction rates were proportional to the
mass of zeolite catalyst in the system.
Besides clock time ¢, a modified time coor-
dinate 7 can therefore be used, defined as
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TABLE 1
Zeolites
Structure Si/Al Size 1 Designation
(um) (um)
[ 22 15 x 4 x4 0.9 22/9
44 2.6 dia. 0.4 44/4
44 9x3x3 0.6 44/9
MFI 44 14 x4 x4 0.9 44/9
(H-ZSM-5) 9 44 17 x 10 x 10 1.9 44/19
44 36 x 10 x 10 2.2 44/22
100 16 x 4 X 4 0.9 100/9
160 3.0 dia. 0.5 160/5
FAU (HY) 11 Y11
where m is the mass of zeolite in the reactor neini
Yi

and 7 is equivalent to modified space time in
a fixed bed with plug flow; conversion and
product composition depend only on 7 for a
given zeolite, temperature, and initial com-
position.

Gas-phase composition is described by
carbon fractions y;, defined as amount of
carbon in gaseous compound i divided by
the amount of carbon initially introduced as
reactant A

N
"_ﬂli"’ t=0 |Cu (pro)

Mixing turbine

V=7I

EncinAattz 0
We have

att =01 y, = 1;
att>0: X =1~ y,,

with X = conversion of reactant A.
The rate of the reaction

(A)gs — cracked products

Reactor loop
Vg = 280 mi
Vg = 200 ml/s

to GC

P Exhaust gas

F1G. 1. Batch-reactor system (schematic).
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in mol g~! s~! can be obtained from the

graphs of X vs 7 as

_i.<_%>
r’”_m dt

p
~ 1.91 x 10 *mol - —_. 94X

mbar dr’

(1)

where p, represents the initial partial pres-
sure of reactant A at t = 0. The integral
selectivity S, of conversion of reactant A to
hydrocarbon i is

Y; :&

Si:l——yA X

@

Reactants n-decane and n-hexane were both
standard for GC, obtained from Fluka
Chemie AG and used without further puri-
fication.

The observed rates of reaction were not
influenced by mass-transfer to the pellets
or by intercrystalline diffusion in the voids
within the pellet. Even for the highest rate
of reaction observed (n-decane on zeolite
44/4 at 773 K) for peliets of | mm diameter, a
Weisz number & tanh ® =~ 0.08 was evalu-
ated assuming Dy = 0.1 cm? s™! for the
intercrystalline diffusion.

x a
c
Q2
% 08
i
>
c
[e]
© 06
& 523K
04 ® 648 K
o 723K
0.2
0 — . —
o 1 2 3 4 5 8 7
7/(g-min)
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RESULTS
1. n-Decane/H-ZSM-5

Conversion X versus time 7 observed with
fresh zeolite 44/4 is shown in Fig. 2a for
three temperatures. The initial rate of reac-
tion decreases with increasing temperature;
at 648 K the S-shaped-curve of X vs 7 indi-
cates autocatalytic behavior. Figure 2b
shows the temperature-dependence of the
initial rate of reaction observed for constant
initial concentration of decane at low con-
version (X = 0.05). Itis ‘“N-shaped,’’ reach-
ing a maximum around 560 K, then decreas-
ing to a minimum around 630 K, whereafter
it increases monotonically. We shall first
consider the kinetics at high temperatures
(T > 673 K) and then in the range below
650 K.

(a) Kinetics ar T = 673 K. For initial
partial pressures of n-decane between 0.5
and 20 mbar, H-ZSM-5 did not deactivate
at T = 673 K. Kinetics were found to be
reproducible in successive runs without
treating the catalyst between runs with air
at 823 K. This result was corroborated by
observation of the reaction in an integral
reactor at 723 K, Pa, = 2.5 mbar in N,,
where conversion remained constant (X =
0.45) for more than 1 h. The conversion

@
2 1=
Tl b -
gt /’A’ N
9l @ / \
~ls 6 / \
g ‘,
{ i
! I
44 7 :
4 ( /ﬁ
} i
24 i 7
\ 7’
\YY.¢
0 Lx

440 500 560 620 680 740 800
T/K

F1G. 2. Influence of temperature on rate of reaction of n-decane on zeolite 44/4, p, = 2.5 mbar. (a)
conversion X vs r for three temperatures; (b) mass-specific rate of reaction at X = 0.05 as function of

temperature.
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F1G. 3. First-order plot of conversion vs 7 = ¢ - m
on zeolite 44/4 for different initial partial pressures of
reactant n-decane; m = 0.08 to 0.27 g.

of n-decane is first order in the concentra-
tion of reactant as shown in Fig. 3, where
1/(1 — X) is plotted logarithmically against
time 7, resulting in straight lines through
the origin which are independent of p, in
the range 0.5 to 20 mbar. The temperature
dependence of mass specific first order rate
constants k,, for the reaction

(CyoHy,), — products

is shown in Fig. 4 for three zeolites with
different Si/Al ratios.

The temperature coefficient corresponds
to an activation energy of 62 kl/mol, inde-
pendent of Si/Al ratio, whereas the fre-
quency factor was found to be approxi-
mately proportional to the square of the Al
content. Data points shown in Fig. 4 refer
torelatively small crystals of the most active
zeolite with Si/Al = 44. For larger crystals
the rate depends also on crystal size as
shown in Fig. 5 for zeolites of constant com-
position (Si/Al = 44) but different size. At
723 K (450°C) the rate decreases when crys-
tal size increases if the characteristic length
[ exceeds 1 um; at 773 K this influence is
already apparent for [ > 0.5 um.

(b) Kinetics at T < 650 K. At temperatures
below 650 K zeolite ZSM-5 deactivates to a
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F1G. 4. Dependence of mass-specific rate coefficient
k,, on temperature for cracking of n-decane on zeolites
H-ZSM-5 at T = 673 K.

limited extent in contact with reactant and
products. The zeolites can be fully regener-
ated by heating in a stream of air as de-
scribed above; rates and product distribu-
tions on the regenerated catalysts were
found to be identical to the respective obser-
vations on the fresh zeolites.

100
e o 773K
1
> o 723K
> 80
£
L
~
3
X
60
40
20

[/ um

F1G. 5. Dependence of rate coefficient ,, of decane-
cracking on crystal size for H-ZSM-5 with Si/Al = 44,
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Fi1G. 6. X vs 7 on zeolite 44/4 at 523 K; Pa, = 2.5
mbar. (O) first run on fresh catalyst; (/) second run
without preceding regeneration.

Deactivation does not cause simply a re-
duction of reaction rate but its effect is more
complex, as shown in Fig. 6, where conver-
sion at 523 K is plotted against 7 for the first
run on a fresh sample of zeolite 44/4 and
for the second run without regeneration, the
catalyst being kept under nitrogen between
the first and second experiment. An induc-
tion period ;,4 is observed in the second
run, which is operationally defined by the S-
shaped curve of X vs 7 as indicated in the
figure. Thereafter the rate of reaction at a
conversion around 60% almost equals the
value observed in the first experiment for
the not deactivated zeolite at the same de-
gree of conversion.

Induction period and autocatalytic behav-
ior, which results in an S-shaped curve of
conversion vs time, were also reproducibly
observed on fresh or regenerated catalysts,
depending on zeolite composition (Si/Al ra-
tio) and temperature. These observations
can be quantified somewhat summarily by
the length 7,4 of the induction period on the
axis of modified time = and the maximum
rate of reaction (r,)m.., Observed at the
point of inflection of X vs 7 if the curve is S-
shaped.

These data are listed in Table 2. The
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length of the induction period and the width
of the temperature interval where it can be
observed increase with Si/Al ratio in the
zeolite. 7,4 vanishes generally at tempera-
tures above 670 K and, depending on Si/Al
ratio, also at low temperatures. The maxi-
mum rate r, at a given temperature in-
creases with the aluminium content in the
zeolite; for a given zeolite (7)., decreases
with increasing temperature, goes through a
minimum and then rises in the high-tempera-
ture regime (T = 673 K) where no induction
period was observed. The data in Table 2
refer to the first run with virgin or regener-
ated zeolites, except for zeolite 44/4 where
observations in the first run at different tem-
peratures are compared with those obtained
in the second run at the same temperature
without regeneration (cf. Fig. 6). The effect
of deactivation is roughly equivalent to a
reduction of the Al content in the zeolite,
the values of 7,4 and (r,,)max 00 a deactivated
zeolite with Si/Al = 44 being intermediate
between those for virgin zeolites with Si/Al
= 100 and 160.

The acceleration of the rate during the
induction period could be due to a change
of the properties of the catalyst or due to the
changing composition of the gas phase. In
one series of experiments at 523 K the reac-
tion was interrupted at a conversion around
20% (that is after the induction period, when
the rate of reaction had attained almost its
maximum) by shutting off the reactor loop
from the mixing turbine. The catalyst was
left under a stream of N, at reaction temper-
ature while the large volume of the mixing
turbine was evacuated and filled anew with
pure n-decane in N,. The course of X vs 7
was then reproduced with an induction pe-
riod and a very low rate at the beginning
when the reactor was reconnected; the cata-
lyst itself did not ‘‘remember’’ that it had
been in a more active state. If the reactor
was disconnected for a period of up to 30
min without changing the composition of the
gas in the mixer, then the course of X vs 7
resumed at the elevated rate as if no inter-
ruption had occurred. A detailed account of
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TABLE 2

Induction Period 7,4 and Maximum Reaction Rate (r,).x (Initial Condition p AT 2.5 mbar)

Zeolite TIK 523 573 623 648 673
160/5 Jind _ 1425 1330 580 130 0
1009 { (@ gs 0 28 16 12 0

44/4 } 0 0 <6 10 0
44/4 (b) 420 250 0
160/5 10% )y 1.15 0.86 0.14 0.52 0.72
1009+ (a) mol - g™'s™ 33 27 20 8.6 25
44/4 4 50 37 33 13
44/4 (b) 8.6 26 2 12

Note. (a) 1st run on fresh catalyst; (b) 2nd run without preceding regeneration.

these experiments is given in Ref. (6). It was
concluded from these observations that the
acceleration of the reaction depends on the
formation of one or more components in the
gaseous products, leading to autocatalysis.
The modified time 7 is therefore the appro-
priate time-scale to measure the length of
the induction period (rather than clock time
t), because the rate of change of gas phase
composition is proportional to the mass of
catalyst in the gradientless closed system.
Several authors (7-9) have reported that
the rate of cracking of paraffins by solid acid
catalysts, especially zeolites, is enhanced
by addition of olefins to the feed. We found
that the induction period can be fully sup-
pressed if an olefin is added to the starting
material n-decane. Figure 7 shows X vs 7
on zeolite 160/5 (fresh) with and without
addition of propene at 523 and 723 K, re-
spectively. With addition of propene the in-
duction period otherwise observed at 523 K
vanishes, and the initial rate of reaction is
slightly higher than at 723 K, where the addi-
tion of propene has no influence on the
course of the reaction. A similar result was
obtained for zeolite 44/4 where an induction
period and autocatalysis was observed at
523 K in the second run if the zeolite was not
regenerated, but disappeared when propene
was added to reactant n-decane in the sec-
ond run on the partially deactivated zeolite
(Fig. 8). In Table 3 the dependence of 7,4
and (r,,)max On the partial pressure (pe,y ),

of C;Hg at r = 0at 523 K for fresh or regener-
ated zeolite 160/5 is shown. The promoting
influence of added C;H, reaches saturation
around pc,y, ~ 0.5 mbar. Without addition
of olefins to the reactant the acceleration of
the reaction rate ceased at about 50% con-
version when the partial pressure of (C;Hg
+ C;Hg) had reached about 0.4 mbar. Simi-
lar results were obtained with addition of
n-butene or n-hexene instead of propene,
whereas the addition of n-paraffins (C,~Cy)
had no effect on the kinetics.

0 20 40 60 80

©/(g-min)

FiG. 7. Influence of addition of propene to reactant
n-decane on rate of conversion on fresh or regenerated
zeolite 160/5; Pa, = 2.5 mbar. T = 523 K: (4A)
(Pc)o = 0, (A) (pcg)o = 1.5 mbar; T = 723 K: (O)
(Pcsnﬁ)a =0, (® (pCBHG)u = 1.5 mbar.
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F1G. 8. Influence of addition of propene to reactant
n-decane on rate of conversion in the second run on
partially deactivated zeolite 44/4 at 523 K; p A= 2.5
mbar.

(¢) Product distribution. Product distribu-
tion was determined as a function of conver-
sion X and of temperature for different Si/
Al ratios and crystal sizes of the zeolite.
Crystal size and Si/Al ratio were of minor
influence on product selectivities. A de-
tailed account of these results can be found
in Ref. (6). In Table 4 selectivities observed
with zeolite 44/4 and p, = 2.5 mbar at two
temperatures are listed. (S;), are initial se-
lectivities (extrapolated to X = 0) whereas
(S,), 5 are integral selectivities obtained at a
conversion of n-decane of 80%. More than
95% of the carbon initially present in decane
was generally found in gaseous products and
unconverted decane; products found in only
minor amounts are not listed in Table 4.
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2. n-Hexane/H-ZSM-5

The reaction of n-hexane on zeolite H-
ZSM-5 follows a pattern similar to that of n-
decane in the temperature range 673 to 773
K. It is first order in the concentration of
hexane as has been reported already by
Olson et al. (I11). With initial partial pres-
sures of n-C¢H,, between 2 and 20 mbar, no
deactivation of the catalyst was observed.
The dependence of the first order rate con-
stant on temperature is shown in Fig. 9 for
three zeolites with different Si/ Al ratios. k,,
for n-decane is about 10 times the value
found for n-hexane on zeolite 100/9 at 723
K. For n-hexane an activation energy of 75
kJ/mol is obtained vs 62 kJ/mol for decane,
independent of Si/Al-ratio. The data points
in Fig. 9 for the most active, relatively Al-
rich medium-sized zeolite 22/9 deviate at T
> 730 K from the Arrhenius line in a way
that suggests an influence of intracrystalline
mass transfer. On zeolites with Si/Al = 44
the mass-specific rate depends on crystal
size for characteristic length I > 1 pum at T
= 773 K, whereas at 723 K it is independent
of crystal size up to / = 2.5 pm (Fig. 10).

Product distributions observed with zeo-
lite 44/4 at 673 and 773 K and p,, = 4 mbar
are shown in Table 5 as initial selectivities
(8)),, which are defined as the ratio between
the amount of carbon in a given product and
the amount of carbon in all products. From
these data the initial molar ratio

. s.
( - ) 0B g
- dncsHM X=0 g

i

can be obtained, where ¢, is the carbon num-

TABLE 3

Influence of Initial Propene Concentration in the Reactant Mixture
on the Length of the Induction Period and the Maximum Rate (r,,) .«

(pCSHﬁ)O/mbar 0 0.10
Tind/ (5 * 8) 1425 648
(Fp)max % 107

mol-s~!-g7! 11 12

0.25 0.46 0.7 1.5
259 <6 0 0
13 20 21 21

Note. Catalyst 160/5; initial pressure of decane p A T 2.5 mbar; T

= 523 K.
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TABLE 4

Product Selectivities in the Cracking of n-Decane at X = 0 and X = 0.8.

Product i T=3523K =773 K

(5), x 100 (S)og x 100 (), x 1000 (S)es x 100

atX =0 at X = 0.8 atX =0 atX = 0.8
C,H, — 0.1 6.3 12.0
C,H, — — 2.3 2.3
C;H; 10.5 7.6 31.7 39.8
C;H, 6.2 6.0 4.8 7.0
C,Hg 16.1 18.0 22.0 17.1
n-C4Hyg 10.4 10.3 6.5 6.6
i-C,Hyy 10.2 10.1 — 0.5
n-CsH, 8.3 8.3 6.2 5.6
n-CgHyy 5.0 5.0 5.3 4.3
n-C;H g 1.9 2.0 3.3 2.1
Benzene -+ alkylbenzene — 0.3 — 1.0

Note. Catalyst 44/4; p, = 2.5 mbar.

ber of product . It follows from data in Table
5 that 0.75 mol of paraffins are produced per
mol of n-hexane reacting at 773 K, whereas
at 673 K this ratio is 0.80. The hydrogen
balance then requires that molecular hydro-
gen must also be a product.

-—T/K
773 723 673
. 100 . ! .
o 50l » s 22/9
g o 44/9
§ © 100/9
3
10
5 -
1 -
0.5 -
041 T T -
13 14 15
1000K/T

F16. 9. Dependence of mass-specific first-order rate
coefficient k,, for cracking of n-hexane on temperature
for zeolites H-ZSM-5 with different Si/Al ratios.

3. n-Decane/HY

Conversion X of n-decane vs 7 on dealum-
inated zeolite Y11 (Si/Al = 11) in the hydro-
gen form at 673 K is shown in Fig. 11 for
two initial partial pressures of reactant. An
induction period and autocatalytic behavior
was also observed with this zeolite, but only
at the low initial partial pressure of 2.5 mbar
in the temperature interval between 620 and
720 K. The induction period is prolonged if
the zeolite is partially deactivated and it can
be suppressed by addition of C;H to react-
ant decane. Initial rate of reaction versus
temperature exhibits a minimum around 670
K. The pattern of induction period and auto-
catalysis as well as the unusual temperature-
dependence of the reaction rate are thus not
phenomena which are peculiar only to zeo-
lite H-ZSM-5; however, they appear to be
much less pronounced in the case of HY
where they are not easily detected. Carbon-
aceous deposits are formed in HY at all tem-
peratures up to 773 K, leading to deactiva-
tion (/0). Detailed results concerning
kinetics and product distribution for the
cracking of decane and hexane in zeolite
HY and their dependence on Si/Al-ratio and
degree of coking can be found in Ref. (6).
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F16. 10. Dependence of rate coefficient £, of n-hex-
ane cracking on crystal size for H-ZSM-5 with Si/Al =
44.

DISCUSSION

Two phenomena reported above warrant
discussion and if possible an explanation:
these are the unusual temperature-depen-
dence of the rate of reaction of n-decane
with concomitant observations of an induc-
tion period and autocatalysis and the depen-
dence of cracking rates at elevated tempera-
tures on crystal size.

The ‘‘N-shaped’” temperature depen-
dence of the initial cracking rate (cf. Fig. 2b)
suggests a superposition of two processes in
parallel, one of them exhibiting a maximum
of rate vs. temperature. Two parallel mecha-
nisms of paraffin cracking on acid catalysts
have been postulated by Haag and Dessau
(12). Route (a) is the classical carbenium
ion mechanism of hydride transfer and -
scission (13, 14):
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RH + R — R* + R;H

R* — R} + olefin,

}(a)

where RH is the original paraffin. R is a
smaller carbenium ion, resulting from pro-
tonation of an olefin which is a prerequisite
of the closed sequence. Route (b) is suppos-
edly a monomolecular path of protolytic
cracking via a penta-coordinated carbonium
ion, requiring a Brgnsted acid center; it
leads to formation of olefins and molecular
hydrogen and can be summarized as
RH + H® — RH;
RH; — olefin + H, + H* (b)
olefin + paraffin + H'.
Protolytic and carbenium-ion mechanisms
have also been considered by Corma et al.
(I5) as simultaneous pathways of paraffin-
cracking on Y-zeolites. Haag and Dessau
(12) concluded from product distribution of
hexane-cracking on H-ZSM-5 and HY that
pathway (b) prevails at relatively high tem-
peratures, low partial pressures of hydro-
carbon and low conversion, the opposite be-
ing true for pathway (a), which is favored
by elevated olefin concentration in the gas
phase. This result was confirmed and ex-
tended to other zeolite structures with vary-
ing Si/Al ratio by Wielers et al. (16).

We found that the initial molar ratio of
paraffin produced to n-hexane converted on
ZSM-5 at T = 673 K is substantially smaller
than one, which shows that there is a contri-
bution from the protolytic route producing
molecular hydrogen. We now compare the
pattern of the kinetics of paraffin-cracking
to be expected for the dual mechanism pro-

TABLE 5

Initial Selectivities (S7), X 100 in the Cracking of n-Hexane on Zeolite 44/4

Product CH, GH, GCH, GCH, GH, CH, CH, GCH, IS x 100
T =673K 1 4 12 39 15 25 5 1 102
T=1753K 1.5 7 11.6 41 13 22.6 3.3 0.6 100

Note. (pCGHM)0 = 4.0 mbar.
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Fi1G. 11. Conversion X of n-decane vs 7 on zeolite
HY with Si/Al = 11 at 673 K for two initial pressures
of reactant.

posed by Haag and Dessau (/2) with the
experimental observations reported here.
Assuming as rate limiting hydride transfer
in sequence (a), formation of RH; in se-
quence (b), one obtains from simple mass
action the rate equations

o =ky - [H'], - Og; - [A] (4a)
ry = ky - [H], - (1 — ©g) - [A], (4b)

where [H*],, [A] are the intracrystalline
concentration of Brgnsted centers or educt
paraffin A, respectively, and 0 is the frac-
tion of Brgnsted centers occupied by carbe-
nium ions R*. The observable mass specific
reaction-rate r,, of educt A is then

m

1 dn,y
Cma STt

rmz[ka'®01+kb'(1 —®Ol)]'cA= (5)

where c, is the concentration of A in the
gas phase, proportionality [A] ~ ¢, being
assumed. %, and k, are mass-specific first-
order rate constants depending on zeolite
composition ([H"],) and temperature; their
units are [k,,] = cm® g~' s~'. A relation of
the approximate form

®* K.COI

07T+ K o ©

can be expected to describe the equilibrium
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(*) between Brgnsted centers occupied by
carbenium-ions and olefins in the gas
phase, wherein K decreases with increas-
ing temperature. If product-olefins are de-
sorbing we must have 8, > 0§;. Figure 12
depicts schematically that the antagonistic
temperature dependence of k, and k&, on
the one hand and of K on the other hand
can result in an N-shaped form of r,, vs T,
where a minimum in r, follows after a
maximum.

For the left-hand side of Eq. (5) we have
for our closed system

dX

P = V'CAO'E where V = 7100 cm’.

With
CA: CAO.(l ‘—X),

Eq. (5) can be rewritten in observable vari-
ables X and 7,

%:—g - %[ka "0 + kp(1 = Og)] - (1 - X),
@)

wherein @, can depend on X, T, and initial
conditions. The limiting case ®q, = 0, lead-
ing to the first-order law

L _ &,

Inl_X—VT

®)

has to be expected at sufficiently elevated
temperatures. We therefore tentatively
identify the first-order rate coefficient %,
obtained in the high-temperature regime of
decane- and hexane-cracking on ZSM-5 as
the rate coefficient k, of protolytic
cracking.

We will have 0 < O, < 1 when we go
to lower temperatures, where both terms
in the square brackets of Eq. (7) have to
be considered. In the temperature interval
between the extrema of the initial rate we
may approximate Oy as g = K - ¢ (cf.
Fig. 12) and let ¢ = vg - ¢4, - X, where
vy is a dimensionless stoichiometric num-
ber. We have then from Eq. (7)
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F1G. 12. Temperature-dependence of k,, ky,, and @,

leading to ‘“N-shaped’” form of r,, vs T for given gas-
phase concentrations ¢, and ¢ (schematic).

dX 1
—_—= "‘;[kb + (ky — k)

dr
“vo K cy - X1 = X)), (9)

which has the form

d—X=a-X-(1—X)+,8'(1~X) (10)
dr
with
(ka—kb)-K’-cAo ,
a= v ; K'=K-vq.
(11a)
_ K
B_V (11b)
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The first term on the right-hand side of Eq.
(10) is initially zero and increases with con-
version (autocatalysis); it reaches a maxi-
mum at X = 0.5. Integration of Eq. (10) with
initial condition X = 0 at 7 = 0 yields

nX + Bla

l 1 -X

=(e+ B 7+ InBla). (12)

According to Eq. (12) an induction period

_{aB 4+ D) -In(/B) — 2 (a/f + 1)
Tind = (@B + D+ B)

(13)

has to be expected if @ > 8 holds.

The ratio of the rates of cracking via
routes (a) and (b) depends on «/B and on
conversion X. Equation (12) simplifies to

ln1 i(X =g 7+ In(B/a) (14)
for B/ < 10~2and X > 0.01. The observable
patterns In X/(1 — X) vs rand X vs T accord-
ing to Eqgs. (12) and (14) are shown schemati-
cally in Fig. 13. They correspond to experi-
mental observations reported above for
cracking of n-decane on H-ZSM-5 at temper-
atures below 650 K and on HY between 620
and 720 K. The formalism (model) of Egs. (4)
to (14) must be viewed as an approximation
based on simplifying assumptions. Never-
theless it not only explains the peculiar tem-
perature-dependence of the reaction rate but
also a few other experimental observations.

An induction period and autocatalysis
were observed on H-ZSM-5 and HY only
at temperatures below certain upper limits.
According to the model, an induction period
and autocatalysis should be observed only
if the inequality «/8 > 1 holds. The inequal-
ity o/ > 1 is tantamount to

ka'K"CAO

—_—

L+ K" cy, b

as follows from Eq. (11). The equilibrium
constant K for the exothermic chemisorp-
tion of olefins must decrease strongly with
T; the phenomena of an induction period
and autocatalysis can therefore be expected
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/% = G

0.5 1

Tind =

In(a/B) — 2

FiG. 13. (a) In X/(1 — X) vs 7 according to Eqgs. (12) and (14); (b) X vs 7 according to Eq. (14).

to disappear at sufficiently elevated temper-
atures. The length of an induction period
was found to increase with the Si/Al ratio
and through deactivation of the zeolite. Ac-
cording to the model, 7,4 should be propor-
tional to (a + B)~! at constant «/8, which
means inversely proportional to the activity
of the zeolite. Very short induction periods
cannot be observed and their length then
appears to be zero.

The induction period and autocatalysis
can be suppressed completely when light
olefins are added to the reactant n-decane,
the initial rate of reaction then being slightly
higher than the maximum rate after an in-
duction period. The model predicts that sat-
uration of acid sites by carbenium ions is
reached (Oy; = 1) with increasing olefin con-
centration in the gas phase, so that Eq. (5)
simplifies to

P = Ky " Ca (15)
and the first-order rate equation
dxX k,
i 1 -X) (16)

results for K - ¢ > 1, By = 1.

Whereas the model predicts that autoca-
talysis and induction period vanish at ele-
vated temperatures, as was always ob-
served, it does not explain that these
phenomena can also vanish when the tem-
perature is lowered, as observed for H-
ZSM-5 with Si/Al = 100 (cf. Table 2). The
rate of desorption of chemisorbed olefin will
decrease strongly when the temperature is
lowered and the equilibrium assumption @,
= 0F which Eq. (9) implies is then perhaps
no longer applicable.

A quantitative evaluation of the experi-
mental results has to take into account that
zeolite ZSM-3 initially deactivates to a lim-
ited extent at T < 650 K, whereas the kinetic
formalism assumes k, and k, (and conse-
quently also « and B) to be constant in time.
Zeolite 44/4 lost about 70% of its initial ac-
tivity within 60 min at 523 K in a stream of
n-decane (2.5 mbar) and nitrogen, whereaf-
ter its activity remained constant. The Kinet-
ics of n-decane cracking were then observed
in the closed system on this partially deacti-
vated zeolite with now constant properties;
the result is shown in Fig. 14. From the
ordinate-intersection and the slope of In X/
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Fic. 14. Conversion of n-decane on zeolite 44/4 with
constant activity after partial deactivation at 523 K;
Pa, = = 2.5 mbar. Left ordinate: In(X/(1 — X)) vs 7 (Eq.
(14)) right ordinate: X vs 7.

(1 — X) vs 7 we obtain « = 0.58 g ' min~!,
B = 2.4 x 1073 g~ " min" ! and through Eq.
(11b) the rate coefficient of protolytic crack-
ingat 523 K as k, = 0.28 cm®g ' s™'. The
rate coefficient k, for the carbenium-ion
mechanism cannot be obtained from these
data because the coefficient o according to
Eq. (11a) contains the product k, - K'. How-
ever, k, can be obtained from the kinetics
with added propene, which was observed
for the same catalyst at 523 K, ‘bAo =25
mbar, (pc,g, )o = 1.1 mbar and found to fol-
low exactly Eq. (16) with k, = 29 cm® g™!
s~ L. For partially deactivated zeolite ZSM-
5 with Si/Al = 44 we then have &,/k, = 100
for the ratio of rate coefficients at 523 K.
The decline of activity of zeolites ZSM-5
and HY with time-on-stream (7o) during the
cracking of paraffins can be described by

rn, = flcompos., T} - Yot
- exp{—kqy * tos}

as has been shown previously (10). {2 is the
fraction of initial activity remaining at tgg;
Eq. (17) stipulates that kinetics of reaction
and deactivation are ‘‘separable.”’
Experimental results for virgin or regen-
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erated zeolite ZSM-5 at T < 650 K were
fitted to the rate equation

dX Q{tos}

dr

[ky + (ky — k)

K' ¢y l(1 - X), (18)
where #,g equals clock time 7 from the start
of the run. Figure 15 shows observed points
X{r} for n-decane cracking on virgin zeolite
160/5at 523 K and X vs rcomputed according
to Egs. (17) and (18) with fitted parameters
(ky — k) K'-cp, = S6cm’g 1s‘l,kb =0.17
emg sl kd=17><10 s L and Q, =
0.5. The dotted line was computed with the
same rate coefficients for ), = 1, that is,
without taking deactivation into account.
The rate constant k, of protolytic cracking
can be obtained independently for the fresh
catalyst 160/5 by extrapolating the first-order
rate coefficient k,, observed with this catalyst
at elevated temperatures (cf. Fig. 5), since it
was concluded that the rate at 7> 700 K and
Pa, =2 5mbarisessentially due to the proto-
lytlc pathway. ThlS extrapolation yields £,

(523K) = 0.12cm’g s 1, in fair agreement
with the value of0.17cm’g~!'s ~! obtained by
multiparameter-fitting in Eq. (18). The pat-
tern of the kinetics thus agrees in a rather
wide range of temperature with expectation

0.8 A s

0.6

0.4 1

0.2 4

0 20 40 60 80 100

7/(g-min)

Fic. 15. Conversion X of n-decane on fresh zeolite
160/5 versus 7 at 523 K; pa = = 2.5 mbar. Experimental
observation (O) and reproductlon through Eq. (18),
taking into account deactivation (—) or assuming cofi-
stant activity (-—-). For parameters, see text.
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assuming the dual mechanism postulated by
Haag and Dessau (12).

An influence of crystal size on cracking
rates was observed only for rather large
crystals ({ > 1 um) of ZSM-5 with Si/Al <
50 in the temperature range above 720 K.
Intracrystalline mass transfer resistance
therefore needed not to be considered as a
possible complication in the above discus-
sion of the kinetics at temperatures below
650 K. The observed influence of crystal
size on cracking rates of hexane and decane
at elevated temperatures (cf. Figs. 5 and 10)
can be understood as resulting from super-
position of first-order reaction and diffusion
of reactant paraffin in the crystal, following
classical theory (17, 18). From the ratios
of the rates observed on small and large
crystals, respectively, we obtain the follow-
ing intracrystalline effectiveness factors 7
and Thiele numbers ¢ in zeolite H-ZSM-5,
Si/Al = 44, crystal size 36 X 10 X 10 um?®
({ = 2.2 um):

for n-hexane at 773 K: n = 0.80;
¢ = 0.86
for n-decane at 723 K: = (0.66;
=132

From these data the intracrystalline diffu-
sivity D;, ., under reaction conditions can be
estimated as

Lz'km'pz

D -
n- ¢

intra : CA/EA ’ (19)
where L = 5 pm is half the thickness of the
plate-shaped crystals, p, = 1.8 g cm? is
their density, and ¢,/¢, is the ratio of gas-
phase concentration ¢, of reactant A and its
volumetric concentration é, in the zeolite
crystal (19). For n-hexane in H-ZSM-5 one
obtains Dy, = 2.5 x 107" m?s~'at 773 K
with ¢ /¢, = 0.25, in reasonable agreement
with Voogd and van Bekkum (20). For n-
decane at 723 K we have D, ., = 107" m?
s~!, assuming c,/é, = 0.03. These values
of Dy, appear to be rather low compared
to diffusivities characterizing the rate of
sorption into ZSM-5 at the much lower tem-
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perature of 300 K, diffusion in zeolites being
an activated process. The rate of sorption of
n-hexane into H-ZSM-5 (Si/Al = 35) corre-
spondstoD>7 x 10" °m?s1at 298 K (21).
The discrepancy is probably due to the pres-
ence under reaction conditions of less mobile
products and intermediates (such as carbe-
nium ions) which are absent when rates of
sorption of pure paraffins are observed. Ithas
been shown that small amounts of olefins or
benzene in zeolite ZSM-5 retard rates of
sorption and self-diffusion of paraffins con-
siderably (22, 23). It follows that diffusivities
obtained from sorption Kinetics or self-diffu-
sion of pure compounds in zeolites at room
temperature are of limited significance with
respect to the rate of catalytic reactions at
more elevated temperature.

APPENDIX: NOTATION

concentration of re- mol/cm?
actant A in the gas
phase at t = 0 and
at ¢, respectively

Ca volumetric concen-
tration in zeolite
crystal

Co concentration of
olefins in the gas
phase

K equilibrium con-
stant for chemisorp-
tion of olefins at
Brensted centers,
eq. (6)

k, rate coefficient for
autocatalytic
cracking

kg, rate coefficient for
protolytic cracking

k,, observed mass-spe-
cific first-order rate
coefficient

[ characteristic
length of crystal
(volume/surface)

m mass of zeolite cat- g

alyst in the reactor

initial pressure of

Cagr CA

mol/cm?

mol/cm’

cm?/mol

cm?/(g - s)

cm?/(g - s)

cm’/(g - s)

um

Pa, mbar
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reactant A

r reaction rate of re- mol/(g - s)

actant A per unit

mass of catalyst

selectivity of con- —_

version of reactant

A to hydrocarbon

i, Eq. 2)

t clock time from S
start of reaction

o3 time on stream of s
catalyst

T temperature of cat- K
alyst

\% volume of closed cm
system

X conversion of —
reactant A

v carbon fraction —

a, B phenomenological g

rate coefficients,

Eq. (10)

carbon number of —

compound i

] intracrystalline —
effectiveness factor

Oy fraction of Brgn- —
sted centers occu-
pied by carbenium
ions

p density of crystal g/cm?

T modified time ¢t - m g - s

Tind induction period g-s
(Fig. 6)

@ intracrystalline —
Thiele number,
characterizing zeo-
lite crystal

o intercrystalline —
Thiele number,
characterizing
pellet

QO fraction of initial —
activity remaining
at 7og
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