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Fouling of a platinum reforming catalyst during the dehydrogenation of methylcyclohexane 
was studied under reaction conditions varying between 350 and 4oo”C, 200 and 600 Torr hydrogen, 
10 and 30 Torr MCH, and 2 and 12 Torr toluene. Each experiment was carried out at constant 
temperature and constant reaction mixture composition. During the early stages, the deactivation 
was totally reversible, that is, the initial activity of the catalyst was recoverable in a stream of 
hydrogen. The deactivation during this stage was essentially zero order and the activation energy of 
the deactivation rate was 8 Kcal/gmole. At times in excess of about 40 min on stream, the 
deactivation was only partially reversible and the rate of deactivation was proportional to the rate 
of dehvdroaenation of MCH. The activation energy of the deactivation rate in the latter stage was 
39 Kcal/gnYole . 

INTRODUCTION 

Understanding the deactivation charac- 
teristics of a naptha reforming catalyst is 
important not only in the operation of a 
commercial reforming unit, but also in the 
future development of more stable cata- 
lysts. Catalyst deactivation can occur 
through several routes the most common of 
which are fouling, impurity poisoning, and 
sintering. 

The fouling characteristics of catalysts 
using model reforming reactions can be fol- 
lowed in laboratory test reactors in which 
very severe conditions are maintained to 
accelerate the deactivation process. This 
paper concerns the accelerated fouling be- 
havior of a chlorinated Pt-y-alumina cata- 
lyst using the dehydrogenation of methyl- 
cyclohexane (MCH) as a model reforming 
reaction. This highly selective dehydro- 
genation reaction yields toluene as its major 
product, and should serve as a probe to 
determine the effect of fouling on the metal- 
lic sites of this bifunctional reforming cata- 
lyst (I). 

Constant reactant and product concen- 
trations were maintained in each of the 
fouling studies presented in this paper. This 

experimental approach allows the direct 
comparison of observed reaction rates for a 
deactivated catalyst to the initial reaction 
rate. In addition, the time response of the 
system is rapid thereby obviating the need 
for long extrapolations of rate data back to 
zero time in order to obtain an initial reac- 
tion rate. 

In an adjoining paper, changes in the 
fouling characteristics resulting from the 
addition of rhenium to the platinum reform- 
ing catalyst and by the effects of 
presulfiding each of the catalysts will be 
presented. 

EXPERIMENTAL 

Apparatus. Two reactors are used in this 
study: an external recycle single-pellet re- 
actor and an external recycle dilIerentia1 
reactor. Details of the apparatus, pretreat- 
ment conditions, reaction mixture, and cat- 
alyst were described previously (2). 

RESULTS AND DISCUSSION 

Initial rate kinetics. The kinetic behavior 
of this catalyst in the non-deactivated state 
is important for two reasons: first, it facili- 
tates the comparison of reaction rates de- 
termined for a deactivated catalyst at 
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FIG. 1. MCH initial rate kinetics. 

specified temperature and reaction mixture 
composition to that of a fresh catalyst at 
identical conditions, and second, it serves 
as a reference to determine if there are 
mechanistic changes in the model reaction 
as the catalyst deactivates. The ability to 
determine initial reaction rate kinetics at 
reaction conditions that will yield catalyst 
fouling depends upon the low nominal resi- 
dence time of the reactor system and the 
completely reversible behavior of the short- 
term deactivation reaction. 

Figure 1 shows the production rate of 
toluene resulting from the dehydrogenation 
of MCH at 350°C and 400 Torr hydrogen 
pressure. Selectivity for the production of 
toluene is in excess of 95% at these reaction 
conditions. The measured MCH dehydro- 
genation rates shown in Fig. 1 are not 
masked by the reverse reaction of toluene 
hydrogenation because the equilibrium 
strongly favors the forward reaction (ther- 
modynamic data from Ref. (3)). 

The dehydrogenation reaction appears to 
be first order in MCH concentration below 
6 x lo-’ gmole/cm3, whereas at higher con- 
centrations the order decreases and may 
approach zero order asymptotically. This 
zero-order dependency would be in agree- 
ment with that reported by Sinfelt et al. (4) 
who used MCH concentrations in excess of 
15 x lo-’ gmole/cm3 while the first-order 
behavior is consistent with the results re- 
ported by Herz et al. (I) for the dehydro- 
genation of cyclohexane at low concen- 

trations over a platinum single-crystal 
catalyst. 

Under the reaction conditions of 350°C 
and 400 Torr hydrogen pressure, product 
inhibition is observed. The effect can be 
expressed empirically as toluene concen- 
tration to the negative 0.33 power as shown 
in Fig. 2. Increasing temperature increases 
toluene inhibition while increasing hydro- 
gen partial pressure strongly decreases tol- 
uene inhibition. For example, at 425°C and 
1 atm hydrogen partial pressure, there is 
virtually no toluene inhibition. This is in 
agreement with the work of Sinfelt et al. (4) 
whose results were measured at hydrogen 
partial pressures of 1 atm or more and a 
temperature of 315°C. In related studies, 
product inhibition has been reported in 
three studies involving the dehydrogena- 
tion of cyclohexane: by Mencier et al. (5) 
using a Pt-SiO, catalyst, by Andreev et al. 
(6) using a Ni-ZnO catalyst, and by Herz 
et al. (I) using a platinum single-crystal 
catalyst. All three studies were carried out 
at hydrogen partial pressures of less than 1 
atm. Herz et al. (I) also found marked re- 
duction in inhibition with increasing hydro- 
gen partial pressure. 

The effect of varying hydrogen partial 
pressure on initial reaction rates is compli- 
cated by the fact that the reaction order 
with respect to toluene concentration is a 
function of the hydrogen partial pressure. 
Between 600 and 1000 Torr a zero order 
behavior is observed with respect to hydro- 
gen partial pressures. Below 600 Tot-r hy- 
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FIG. 2. Toluene inhibition. 
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drogen partial pressure the initial reaction 
rates increase with increasing hydrogen 
partial pressure. For example, the ratio of 
two initial rates, one conducted at 600 Torr 
and the other at 200 Torr, is 1.4. Product 
inhibition effects are not presented at 200 
Torr because rapid self-deactivation occurs 
under these conditions as shown in Fig. 6. 

An Arrhenius plot for toluene product is 
shown in Fig. 3. The apparent energy of 
activation is about 17 Kcal/mole for tem- 
perature between 200 and 350°C. At tem- 
peratures in excess of 370°C the apparent 
activation energy decreases owing to in- 
creased toluene inhibition. Over the tem- 
perature range of this plot, the effectiveness 
factor changes less than 10%. 

The reaction rates presented above are 
very much larger than those presented in 
the literature for methylcyclohexane (4, 7). 

There are many reasons why the experi- 
mentally determined reaction rates can be 
low, such as intraparticle mass transfer lim- 
itations and fouling of the catalyst prior to 
the initial reaction rate determination, 
From a study to determine intraparticle 
mass transfer limitations it is known that a 
catalytic effectiveness factor of 0.4 would 
be obtained by just increasing the size of 
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FIG. 3. Arrhenius plot of initial MCH reaction rates. 

the catalyst particles to 0.05 cm, while the 
half-life of this catalyst during the dehydro- 
genation of MCH is approximately 7 min at 
352°C and 400 Torr hydrogen partial pres- 
sure. 

Fouling rate kinetics. There are four sys- 
tem variables that determine the fouling 
characteristics of a Pt catalyst accompany- 
ing the dehydrogenation of MCH. They 
are: MCH concentration, toluene concen- 
tration, hydrogen partial pressure, and cat- 
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0 100 200 300 400 500 600 700 
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FIG. 4. MCH deactivation kinetics at constant reactant concentration at 352°C. 
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alyst temperature. Figures 4 through 7 are 
characteristic plots that demonstrate the ef- 
fect of each system variable. In each of 
these plots, three variables are held approx- 
imately constant to demonstrate the effect 
of the fourth. Deactivation data are ex- 
pressed as catalytic dehydrogenation activ- 
ity versus time. Catalytic activity, (a), at 
time t is defined as the ratio of observed 
reaction rate at a specified time, R(t), to 
initial reaction rate, RO, determined 15 set 
after the initiation of the deactivation ex- 
periment . 

Each deactivation curve has a similar 
characteristic shape: a rapid deactivation 
for about the first 40 min, designated as 
Region I, followed by a much slower deac- 
tivation, designated as Region II. Figures 4 
and 5 respectively, present the effect of 
MCH concentration and toluene concentra- 
tion on the self-deactivation behavior of the 
Rt catalyst. During approximately the first 
20 min there appear to be only small differ- 
ences in behavior with varying MCH or 
toluene concentration. In Region II, the 
logarithm of activity, In (a ), varies approx- 
imately as a linear function of time. This 
characteristic linear behavior is also dis- 

0 

playedin Figs. 6 and 7, respectively. The 
linear relationship between In (a) and time 
in Region II leads to the following propor- 
tionality 

OWI _ dt --P. (1) 

Although the empirically determined values 
of k* differ from one fouling experiment to 
another they can all be related by a simple 
proportionality to initial reaction rate 

k+ = kR,, (2) 

where k is a simple constant for all experi- 
ments at a given temperature and hydrogen 
partial pressure. Thus in Fig. 4, positive- 
order MCH kinetics results in an increased 
initial reaction rate for the higher MCH 
concentration case and the observed deac- 
tivation rate is higher. Similarly, in Fig. 5, 
decreasing the toluene product concentra- 
tion increases the initial reaction and deac- 
tivation rates. Therefore, Eq. (1) can be 
written as 

d[ln(a)l = 
dt 

-kR 
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FIG. 5. Toluene deactivation kinetics at constant reactant concentration. 
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FIG. 6. Hydrogen deactivation kinetics at constant reactant concentration at 352°C. 

Figure 8 shows this relationship as deter- erated by extrapolating the long-term deac- 
mined at CI equal to 0.25. tivation curve back to zero time, or 

Integration of Eq. (3) leads to z?(t) = (a INT)& exp(-&d. (5) 
(a) = (UINT) exp(-k&d9 (4) Equation (5) implicitly accounts for the ef- 

where (~2,~~) is a pseudoinitial activity gen- feet of toluene concentration on the fouling 

18 torr MCH 

0 too 200 300 400 500 600 

Time (min) 

FIG. 7. Thermal characteristics of a Pt catalyst, constant reactant concentration. 
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FIG. 8. Time rate of change of activity for a Pt 
catalyst evaluated at (a ) = 0.25. 

rate during the long-term deactivation pe- 
riod by altering the value of R,. This equa- 
tion predicts a decreased rate of deactiva- 
tion for increased toluene concentrations. 
The work of Myers et al. (8) is consistent 
with this idea. Myers found that by switch- 
ing from a naptha-hydrogen feed to a tolu- 
ene-hydrogen feed and then back again to 
a naptha-hydrogen feed he could increase 
the yield from a partially deactivated plati- 
num reforming catalyst. Tetenyi and Ba- 
bemics (9) in their work on chemisorption 
of carbon-labeled benzene on platinum 
found that chemisorbed benzene is revers- 
ible in a stream of flowing hydrogen. This 
indicates that the benzene ring alone does 
not polymerize to form coke. 

Another distinguishing characteristic be- 
tween the observed deactivation behavior of 
Regions I and II is that short-term deactiva- 
tion is totally reversible. Removing reac- 
tants from the inlet feed stream while main- 
taining constant hydrogen partial pressure 
will result in increased activity for a par- 
tially deactivated catalyst. This partial re- 
versibility was noted by early workers on 
Et-y reforming catalysts (8). If MCH is re- 
moved from the inlet feed stream at a time 
such that the catalytic activity is still 
greater than (a,), the lost activity is to- 
tally reversible by a flowing stream of hy- 
drogen at the temperature and hydrogen 
partial pressure of the deactivation experi- 
ment. Allowing the deactivation to con- 

tinue beyond an activity level equal to 
(uINT) results in a catalyst which cannot be 
totally regenerated in hydrogen at reaction 
operating conditions in a time span of about 
8 hr. Activity of this partially regenerated 
catalyst (uREG) was found to be approxi- 
mately related to the deactivated state of 
the catalyst at the time MCH is removed 
from the feed stream, (a), by 

(a > --EL= 
(a) G-5. (6) 

values for (unvT) are only weakly depen- 
dent on initial reaction rate, as shown in 
Figs. 4 and 5, and temperature, Fig. 7. As 
shown in Fig. 6, the hydrogen partial pres- 
sure has the greatest effect on the magni- 
tude of (uINT). The total reversible nature 
of the self-deactivation in Region I and Eq. 
(6) suggest that (uINT) can be correlated to 
hydrogen partial pressure by an equilibrium 
expression of the form 

K = (1 - bm)) 
(U,NT) rHz1, (7 

where (uINT) is proportional to the active 
surface and (1 - (uINT)) is proportional to 
the reversibly poisoned surface. The nomi- 
nal linear behavior of Fig. 9 suggests the 
plausibility of an equilibrium between ac- 
tive and reversibly poisoned sites in Region 
I. 

Increased hydrogen partial pressures re- 
duces the deactivation rate during Region 
II. This effect, though monotonic with hy- 
drogen partial pressures, does not correlate 
as well as the effect of (uiNT) versus hydro- 
gen partial pressure. A possible explanation 
for the observed relationship between long- 
term deactivation rates and hydrogen pres- 
sure is that both active and reversibly poi- 
soned sites interact with a reaction 
intermediate to yield an irreversibly poi- 
soned site. This can be stated as 

where (a& is the fraction of the surface 
irreversibly poisoned and (uREv) is the fi-ac- 
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tion of the surface reversibly poisoned. By 
use of Eqs. (6) and (7) and a site balance 

temperature on observed deactivation be- 
havior: 

(1) Em, energy of activation for initial 
rates at a fixed toluene concentration, 

& = AAGmJ exp EIN 
( > - FT . (14) 

(2)E,,, energy of activation for deactiva- 
tion at time zero, Fig. 10, 

d(a) 
dt = AZ exp (1% 

(3) ELD, energy of activation for the slow 
deactivation period, Fig. 11, deactivation 
rates determined at (a) = 0.25, 

&RR) + (a REV) + (a) = 1, 
Eq. (8) can be written as 

(9) db(a )I = && exp 
dt (16) 

0 > -= -(a)&{ dt 
t1o) 

where the k of Eq. (3) is now 

(11) 

Equation 11 displays a nonlinear relation- 
ship between k and hydrogen pressure. 

It also follows quite generally from Eqs. 
(6), (7), and (9) that 

but) = 1 - [l +&]w (12) 

and 

q+ - [l + &I!!$.. (13) 

In determining the energy of activation for 
deactivation at time zero (Es,) it is neces- 
sary to approximate the derivative, i.e., 

(17) 

where At is taken between t = 0.25 and t = 
6 min and A (a ) is calculated from the corre- 
sponding activities. 

Numerical values for these activation en- 
ergies are: 

(1) 17 Kcal/mole for initial rate, 
(2) 8 Kcal/mole for the rapid deactivation 

period, Region I. 
(3) 39 Kcal/mole for the slow deactiva- 

tion period, Region II. 
As shown by the magnitude of these en- 

From these expressions it is evident that at 10 I I 1 I 1 I 

elevated hydrogen pressures the amount of EDS = 8 kcolhole 

reversible poisoning is reduced and in the 
limit the change in activity during the long- 
term deactivation period is due to irrevers- 6 _ 
ible poisoning. 

As. already noted in Figs. 4 through 7 bo,At = a(0.25min)-a (6 min) 

there are differences between the observed 4 5.75 

deactivation characteristics of Regions I 4 , I I I 1 I 
1.48 1.52 1.56 1.60 

and II. Temperature effects in these regions Reciprocal Tamp x IO3 (P/‘K) 

are also quite diflerent. The following three FIG. 10. Arrhenius plot for the rate of initial deacti- 
activation energies describe the effect of vation of a Pt Catalyst, evaluated at 405 Torr I& 
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FIG. 11. Arrhenius plot for the long-term deactiva- 
tion of a Pt catalyst, evaluated at (a) = 0.25 and 405 
Torr H,. 

ergies of activation, temperature is a com- 
plex variable, and there appears to be at 
least two district deactivation domains. The 
deactivation during Region I is rapid and 
reversible while that in Region II is slow 
and partially reversible. Deactivation in Re- 
gion I is not strongly dependent on temper- 
ature and only slightly dependent on reac- 
tant and product concentrations. Slow 
deactivation is strongly dependent on tem- 
perature and intrinsic initial reaction rate. 

Additional information concerning the 
reversible deactivation behavior of Region 
I can be derived from a single-pellet experi- 
ment. The philosophy behind the use of the 
single-pellet experiment is that it permits 
the experimental measurement of the reac- 
tant concentration at the center of a pellet. 
This technique has been described in detail 
elsewhere (IO). Briefly, catalytic particles 
are pressed into a slab configuration of 
which only one surface of this slab is ex- 
posed to bulk reactant flow. The other sur- 
face then becomes equilvalent to the cen- 
ter-plane of a pellet which is twice as thick 
and has both surfaces exposed to bulk reac- 
tant flow. The reactant concentration at the 
simulated center-plane is followed as a 
function of time along with the bulk reac- 
tant concentration during a deactivation ex- 
periment. A plot of apparent catalytic 
activity versus center-plane concentration 
permits discrimination among possible de- 

activation models. Reduced center-plane 
concentration is defined as 

W) - WO) 
1 - q(o) ’ 

where q(t) is equal to the ratio of the cen- 
ter-plane reactant concentration to the bulk 
reactant concentration at time t. 

The single-pellet results for the dehydro- 
genation of MCH are presented in Fig. 12 
for two pellets each having a thickness of 
0.1 cm and an initial catalytic effectiveness 
factor 0.21. In addition to the experimental 
results, three limiting deactivation cases 
are also presented on this plot: pore mouth 
poisoning which is indicative of either reac- 
tant fouling or strong impurity poisoning, 
uniform poisoning which indicates that 
reactant and products are equally effective 
in fouling, and core poisoning which is in- 
dicative of product fouling. These curves 
are generated for the dehydrogenation of 
MCH using slab geometry and physical pa- 
rameters which match the experimental 
pellets. The dehydrogenation is described 
by first-order kinetics in MCH and negative 
0.33 order kinetics in toluene. 

Data taken during the reversible deacti- 
vation period, Region I, have apparent cat- 
alytic activities between 1.0 and 0.6. The 
data for this period suggest that the deacti- 
vation is caused by both MCH and toluene 
and with the toluene being slightly more 
effective as a deactivating agent. 
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FIG. 12. Diagnostic deactivation curves evaluated at 
405 Torr hydrogen and 352°C. 
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From experiments conducted with the 
differential recycle reactor the extent of de- 
activation occurring in the initial deactiva- 
tion period was found to be defined by 
@iNT), whose magnitude is relatively inde- 
pendent of the hydrocarbon concentra- 
tions. Thus, data from both reactors sug- 
gest that the deactivation in the initial 
period is nearly zero order in MCH and 
toluene concentration. 

DEACTIVATION MODEL 

A phenomenological model capable of 
describing the fouling of a platinum reform- 
ing catalyst during the dehydrogenation of 
MCH must be compatible with the follow- 
ing observed deactivation behavior: 
A. During the initial deactivation period: 

(1) The deactivation kinetics are nearly 
zero order in MCH and toluene concentra- 
tion. 

(2) The extent of initial deactivation as 
measured by (aINT) is correlated by a sim- 
ple equilibrium expression involving hydro- 
gen. 

(3) Deactivation is totally reversible in a 
stream of flowing hydrogen at the experi- 
mental conditions. 

(4) The energy of activation is low. 
B. During long-term deactivation: 

(1) The rate of deactivation is propor- 
tional to overall MCH dehydrogenation 
rate. 

(2) Deactivation is partially reversible in 
a stream of flowing hydrogen at experimen- 
tal conditions. 

(3) The energy of activation is large. 
These characteristics suggest at least a 

two-step poisoning model. We postulate 
that during the short-term deactivation pe- 
riod the metallic surface develops an equi- 
librium state between active and reversible 
nonactive sites. This equilibrium is estab- 
lished through a simple dehydrogenation 
step with the resultant product being a re- 
versible nonactive species on the catalyst 
surface. 

The long-term deactivation is attributed 
to the subsequent reaction between an in- 

termediate generated from the overall 
MCH. dehydrogenation reaction with some 
surface species. This final reaction pro- 
duces an irreversible deactivated site. 

The observed structure insensitivity of 
the MCH dehydrogenation reaction and the 
agreement between the MCH dehydrogena- 
tion kinetics for fresh and spent catalyst 
suggest that the MCH dehydrogenation 
mechanism remains constant during a deac- 
tivation experiment. This evidence sug- 
gests further that the surface concentration 
of reaction intermediates involved in the 
production of irreversible deactivated sites 
should remain constant through a deactiva- 
tion experiment. Analytically this would 
result in an expression for the time rate of 
change of catalytic activity which would be 
proportional to the initial reaction rate 
times the catalytic activity. 

The dehydrogenation of MCH is thought 
to occur either on a clean platinum surface 
or on a carbonaceous overlayer covering 
the metallic platinum surface (1). Delinea- 
tion of the true active surface is not conclu- 
sively possible from the characteristics ob- 
served by these authors. But, the assertion 
that the active surface is a carbonaceous 
overlayer seems to best fit the observed 
deactivation characteristics. In their work 
on the dehydrogenation of cyclohexane 
over a platinum single crystal, Davis and 
Somorjai (I I) found that a complete carbo- 
naceous overlayer developed during the 
first 10 to 200 set of contact at a reaction 
temperature of 150°C and hydrogenation 
concentration of low6 Torr. They also ob- 
served that the overlayer coverage in- 
creased with reaction temperature, was ef- 
fectively irreversible at temperatures in 
excess of 120°C and was not a function of 
hydrocarbon concentration. The very fast 
development of a carbonaceous overlayer 
followed by the equilibration of this over- 
layer into active and reversibly poisoned 
sites is a possible explanation for the near 
zero-order dependency of initial deactiva- 
tion rates to hydrocarbon concentrations 
found in this work. 
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