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A simple mechanism that models the fouling of a supported-metal-reforming catalyst accompa- 
nying the dehydrogenation of methylcyclohexane is presented and compared with published data 
for this system. The model of the fouling process is a Rideal-Eley type of mechanism. It correlates 
the data on catalytic reforming well in the region of high activity that is of greatest interest 
industrially. Published results from eight different fouling studies of reforming and catalytic crack- 
ing are used to obtain a more general fouling correlation between catalyst activity and reaction time 
and serves as an extension to the mechanistic model. The model and the empirical correlation 
provide a general framework for discussing some poorly understood questions including the defini- 
tion and measurement of initial activity, the role of high pressure in commercial reforming, the low 
stability of cracking catalysts, and an explanation of the range of powers that are observed in power 
law rate expressions for catalyst fouling. 

A great deal of research has been aimed 
at trying to obtain a basic understanding of 
the phenomena causing deactivation with 
the hope of developing more stable catalyst 
configurations (1-3). Deactivation phe- 
nomena are generally interpreted in terms 
of a separable deactivation function-a 
function that is a simple multiplier in front 
of the reaction rate expression (4). Al- 
though there are a few examples which do 
not fit this simple form such as nonideal 
surfaces (5) and nonlinear site balances (6), 
the separable deactivation function is al- 
most exclusively used to describe catalyst 
deactivation. 

In fundamental studies, the deactivation 
function is assumed to depend upon the ki- 
netic variables of the system, such as tem- 
perature and concentration of the various 
species in the reaction mixture, for the 
same reasons that the rate of the main reac- 
tion depends upon these variables (7, 8). In 
applied studies, the deactivation function is 
assumed to be an empirical function of the 
time that the catalyst has been on steam 
(9), or the amount of a particular poison or 
foulant on the catalyst (IO). Some authors 
have addressed the relationship between 
the fundamental and empirical approaches 

from a mathematical standpoint (4, 9). It 
has been demonstrated that the commonly 
used empirical correlations between activ- 
ity and catalyst age (i.e., linear, exponen- 
tial, and hyperbolic) can be derived from 
power law rate expressions for the main 
and fouling reactions with reasonable as- 
sumptions about the powers used for the 
activity factor (4). 

In the cases cited here and in many 
others concerning the application of power 
law rate expressions to surface reactions, it 
is commonly assumed that the number of 
sites required to perform a given reaction 
and the exponent used on the activity factor 
in the rate expression are equal. The nu- 
merical calculations performed by Her- 
rington and Rideal (II) cause considerable 
concern over the applicability of simple 
power law rate expressions for demanding 
surface reactions such as fouling. In fact, 
there is a definite need to verify the com- 
monly made assumptions concerning the 
number of sites involved and the applicabil- 
ity of power law rate expressions in these 
reactions. 

A model reaction system that has been 
studied under well-defined conditions with 
respect to fouling is the dehydrogenation of 
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methylcyclohexane (MCH) over a sup- 
ported-platinum-reforming catalyst Jos- 
sens and Petersen have reported the results 
of a detaded process vanable study for this 
model reaction system (12) Then- study 
was conducted using a vanable space ve- 
loclty reactor which allowed the acqmsltlon 
of fouling data under reaction condltlons 
that were held constant m both space and 
time (13) This constant environment study 
provides an unprecedented opportunity to 
develop and test the kmetlcs of a model 
fouhng reaction 

The ongmal goal of the present work was 
to denve a simple rate expression for the 
fouhng reaction from a reasonable reaction 
mechamsm for the MCH system and com- 
pare the theoretical results with the data of 
Jossens and Petersen The comparison re- 
vealed some mterestmg problems such as 
the ablhty to define and measure the mltlal 
activity of a catalyst and the variation of 
reaction order with respect to actlvlty 
These problems lead to the observation of a 
fouling correlation that IS common to both 
reforming and cracking The purpose of this 
paper IS to present the proposed mecha- 
nism and the emplncal fouling correlation 

FOULING REACTION MODEL 

The deactlvatlon process m catalytic re- 
formmg consists of progressive dehydro- 
genatlon, lsomenzatlon, and polymenza- 
tlon of hydrocarbon molecules on the 
active metal catalyst surface sites (Z4), with 
paraffimc molecules and aromatic mole- 
cules both contnbutmg to the loss of cata- 
lytlc actlvlty A reasonable foulmg mecha- 
nism might therefore begm with a paraffimc 
molecule bemg sequentially adsorbed onto 
a group of active metal sites losing a large 
number of hydrogen atoms m a series of 
reversible dlssoclatlve adsorptlon steps 
This multlply bound surface carbon skele- 
ton reacts with gas-phase aromatic mole- 
cules m a Rldeal-Eley manner that lmtlates 
a site-consuming polymerlzatlon process 
For MCH dehydrogenatlon, it will be as- 
sumed that MCH IS bound to a sextet of 
sites on the surface losmg all 11 hydrogen 
atoms m the rmg, and that toluene 1s the 
only source of aromatic molecules This 
fouling mechanism IS depicted as an mte- 
gral part of the mam reactlon mechanism m 
Fig 1 

The mam reactlon mechanism shown m 

rds 

FIG 1 Six-de fouling mechamsm as a parallel pathway to the mam reaction mechamsm (* repre- 
sents active metal sites) 
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Fig 1 IS slmllar to other presentations of 
cyclohexane dehydrogenatlon (15) It 1s as- 
sumed that the surface reactlon step be- 
tween the multlply bound carbon skeleton 
and toluene 1s the rate-deLermmmg step 
(r d s ) for the fouling process By applymg 
the equlhbrmm approxlmatlon for all the 
preceding steps, the rate expression for the 
loss of active sites shown m Eq (1) can be 
obtained (see Appendix) 

dst- 
dt 

- -6kfKgSv6 

A relationship between the number of va- 
cant &es (S,) and the number of unfouled 
sites (S,) must be introduced m order to m- 
tegrate Eq (1) Product mhlbltlon of the 
mam reaction has been observed at the con- 
ditions of Interest, and the mhlbltlon 1s pro- 
portional to toluene to -5 power (12) This 
can be interpreted as a surface heavily cov- 
ered with adsorbed toluene where the cov- 
erage 1s proportional to S, and toluene to 5 
power as shown m Eq (2) This emplncal 
result from the mam reaction kinetics per- 
mlts the mtegratlon of the rate expression 
(Eq (1)) The result 1s a hyperbolic activity 
decay function (Eqs (3) and (4)), assummg 

that activity 1s proportional to thenumber of 
unfouled sites The mltlal condltlon used m 
the integration IS S, = 1 Note that this mte- 
gratlon now hmlts the apphcatlon of Eqs 
(3) and (4) to deactlvatlon m a reactor envl- 
ronment that 1s held constant throughout 
the deactivation process 

S, = K3S,[TOL]“3 (2) 

a = (1 + Xt)-“5 (3) 

3okfK6[McH] 
k = K,6[TOL][H,]“” (4) 

It 1s now useful to compare Eqs (3) and 
(4) with the results of Jossens and Petersen 
The fouling data can be plotted as actlvlty 
to the -5 power versus time m order to 
obtain numerical values of the parameter, 
k However, because of the large negative 
value of the exponent, such plots are very 
sensitive to experlmental error The actual 
values of k are best determmed by looking 
at log-log plots of activity versus time from 
which the appropriate values for k are eas- 
11y obtained 

The values for k and the fouhng data at 
various process condltlons are shown m 
Fig 2 where the appropriate k values have 

Temp 

(0 

@ 352 
3 352 
0 352 
P 352 
c 352 

Part Press (Tom) k 

18 7 413 23 
34 19 403 25 
34 12 405 4 6 

A 351 32 2 405 30 
0 3-n 18 7 405 33 9 

v 352 18 I 220 45 e 
0 400 18 7 405 150 m 

I3 oo3> 
16’ IO0 10’ IO2 IO3 10’ IO5 

Foulmg Time k t 

FIG 2 Six-site foulmg model Foulmg data for the dehydrogenatlon of methylcyclohexane over a 
Pt/A1203 reforming catalyst (Ref (12)) 
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been used to nondlmenslonahze the time 
coordmate The curve shown m Fig 2 rep- 
resents the model (Eq 3) The dependence 
of k on the various process variables 1s 
shown m Figs 3-6, the sohd lines m Figs 
3, 4, and 5 Indicate the effect predlcted by 
the model (Eq (4)), and m Fig 6 the lme 
mdlcates an apparent activation energy of 
74 kcal/mol for the fouling reaction 

It must be pointed out that the data 
shown m Fig 2 have been corrected to ac- 
count for fouling that occurs prior to the 
first activity measurement The mltlal actlv- 
lty 1s determined by assummg that the 
steady state solution (Eqs (3) and (4)) 1s 
applicable during the mltlal reactor tran- 
slent prior to any activity measurements 
That is, the fouling reaction 1s zero order 
with respect to the gas-phase concentra- 
tions during the transient, and the magm- 
tude of the k defined m Eq (4) 1s deter- 
mined by the steady-state condltlons This 
has already been shown to be a very good 
approxlmatlon for determmmg the activity 
loss during the reactor transient (6) 

VARIABLE REACTION ORDER 

The curvature of the data away from the 
model that 1s so apparent m Fig 2 lead to 
the mvestlgatlon of a variable order power 
law model A vanable order power law ac- 
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FIG 4 Toluene dependence Effect of toluene partial 
pressure on specific foulmg rate for MCH dehydro- 
genatlon over Pt/A1203 (lme represents the theoretlcal 
slope m Eq (4)) 

tivity decay correlation is partly consistent 
with the phenomenologlcal hyperbolic de- 
cay model discussed m the hterature (4, 9) 
The form of this model 1s reviewed m Eq 
(5), and the followmg termmology IS used a 
IS the deactlvatlon function, t 1s reaction 
time, m 1s the foulmg reaction order, n 1s 
the mam reaction order, and k IS a specdic 
fouling reaction rate defined as the rate of 
fouling divided by the fraction of active 
sites remaining raised to the mth power 
This hyperbohc expression collapses mto 
the simpler power law expresslon when kt 
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FIG 3 MCH dependence Effect of methylcyclo- FIG 5 Hydrogen dependence Effect of hydrogen 
hexane partial pressure on specdic fouling rate for partial pressure on specific fouling rate for MCH dehy- 
MCH dehydrogenatlon over Pt/A1203 (hne represents drogenatlon over Pt/A1203 (Ime represents the theoret- 
the theoretical slope m Eq (4)) 14 slope m Eq (4)) 
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FIG 6 Temperature dependence Effect of tempera- 
ture on specdic fouling rate for MCH dehydrogenatlon 
over Pt/A1203 (lme represents the apparent actlvatlon 
energy for fouling) 

1s much greater than umty It IS Important 
to emphasize that the power law decay 
function 1s a special case of the hyperbohc 
function, since the former 1s undefined at t 
= 0 Moreover, the continually changmg 
slope observed m Fig 2 Implies that the 
order of either the mam reaction, the foul- 
mg reaction, or both, vary as the actlvlty 
changes due to fouling 

a = (1 + ktp(1-m) (5) 

FIG I Dlmenslonless fouhng correlation Vanable reactlon order foulmg correlation for 
range of specific foulmg rates 

The observed “vanable reaction order” 
1s even more pronounced if Fig 2 IS ex- 
tended to incorporate a broader spectrum 
of foulmg data Fig 7 shows the data from a 
wide range of fouling studies where the re- 
action orders cover a range of values such 
that the quantity nl(m - 1) varies from -0 2 
to -0 5 The sources of the foulmg data m 
Fig 7 are indicated by the reference num- 
bers m the symbol key The placement of 
the mdlvldual data sets onto Fig 7, and 
therefore the magnitude of k, IS chosen to 
provide a smooth contmuous curve between 
the high reforming activity of Jossens and 
Petersen (12), and the low cracking activity 
of Blandmg (16) The location of these two 
extremes 1s not arbitrary since both stud- 
les provide a reasonable estimate of the 
Initial catalyst activity 

DISCUSSION 

The data used to test the fouling model 
were obtamed from a well-characterized re- 
actlon system m which the particle effec- 
tlveness factor was quite close to umty 
(13) This 1s Important smce It has been 
suggested that fouling kinetics can be 
masked by mass transfer hmltatlons (17) m 
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a manner very analogous to the well-estab- 
hshed behavior for mam reactlon kinetics 
(18) It IS interesting to note that Blandmg 
(16) observed (n/m - 1) = 0 5 on a reaction 
system that was slmdar, except for catalyst 
particle size, to that for which Voorhles 
(19) observed (n/m - 1) = 0 2 This change 
m reaction orders may be due to the effect 
of mass transfer on the fouhng reactlon or- 
der and it 1s du-ectlonally consistent with 
the theoretlcal work on parallel fouling 
(17) 

The observation of decreasmg activation 
energy with increasing temperature for sys- 
tems that are not hmlted by mass transfer 
or chemical eqmhbnum IS often attnbuted 
to foulmg that occurs prior to the mltlal ac- 
tivity measurement Jossens and Petersen 
observed such an effect (12) One of the 
benefits this model provides 1s a means of 
estlmatmg the fouling that has occurred 
pnor to the first activity measurement (1 e , 
extrapolate to t = 0) 

In Fig 8, the mltlal actlvlty data are 
shown along with the estimated amount of 
fouling that has occurred pnor to the mltlal 
measurement on an Arrhemus plot This 
result supports the contention that the actl- 
vatlon energy 1s Indeed constant and the 
usual ratlonahzatlon of this phenomenon 1s 
remforced by the model 

Another phenomenon that 1s supported 
by the model 1s the mhlbltlon of fouling by 
aromatic products It was first shown by 
Hememann (25) that adding small amounts 
of benzene reduced fouling that occurs dur- 
mg the lsomerlzatlon of methylcyclopen- 
tane over a chromla-alumma catalyst A 
slmllar effect 1s observed here, as demon- 
strated by the dependence of k on toluene 
concentration (Fig 4) The explanation of 
this effect 1s competltlve adsorption and 1s 
consistent with the emplncally observed 
product mhlbltlon of the mam reaction (12) 

The model 1s especially interesting m that 
it provides a functional explanation of the 
high pressures used m commercial re- 
formers It 1s often noted that the stability 
of a reformmg catalyst 1s a function of both 

- -O- - measured value 
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FIG 8 Mam reaction Arrhemus plot Effect of foul- 
mg on mam reactlon Arrhenms plot for MCH dehydro- 
genatlon over Pt/A1203 

the hydrogen to hydrocarbon ratio and the 
absolute value of their concentrations It 1s 
apparent from the concentration depen- 
dence shown m Figs 3-5, that k has about 
a -j-order dependence on hydrogen and a 
much less significant dependence on the hy- 
drocarbon concentrations If the model 1s 
applicable at the higher pressures used m a 
commercial reformer, k 1s the order of m- 
verse years (due to the high hydrogen pres- 
sure) thereby accounting for the stablhty of 
the catalysts m these reactors The pros- 
pect of extrapolating high seventy results 
to predict those of low seventy IS of course 
the major Impetus for this study and studies 
of high seventy fouling m general 

The remarkably high activation energy 
for fouling of 74 kcal/mol obtamed m Fig 6 
IS worthy of some discussion We note the 
bond dlssoclatlon energies for some pertl- 
nent bonds m benzene and toluene m Table 
1 It 1s well estabhshed that free radicals 
play a maJor role m the fouling of catalytic 
cracking catalysts So we speculate that 
radicals formed by rupturing one of the 
bonds listed m Table 1 are involved m the 
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TABLE 1 

Selected Bond Dlssoclatlon 
Energies (Ref (26)) 

Bond D(R-H)” 
(kcal/mol) 

C6HS-H 103 
C6HS--CH3 91 
C6HSCH2-H 77 

u The bond dlssoclatlon energy 
IS defined as the heat of reac- 
tion for the formatlon of the two 
separate gas-phase radicals from 
the gas-phase molecule (e g , 
C6Hc-H + CsHS + H ) 

D(C6H5-H) = AHOF(C6HS ) 

+ AH”F(H ) - AH”&HS-H) 

r d s of fouling for this model reforming 
system Thus, the aromatlc molecule acts 
as a source of these gas-phase radicals 
Such a role can explain the first-order de- 
pendence on toluene shown m Eq (1) and 
the order of magmtude of the actlvatlon en- 
ergy shown m Fig 6 

The success of this model at high catalyst 
activity 1s certainly very mterestmg and It 
provides some useful perspectives on the 
overall foulmg process However, it IS un- 
doubtedly a hmltmg case as shown by Fig 
7 In the case of commercial reformers, this 
limited region may be more than sufficient 
to describe the fouling process, since re- 
formmg catalysts are not taken to very low 
levels of activity Catalytic cracking cata- 
lysts, on the other hand, are known to deac- 
tivate so rapidly that within a few seconds 
on stream the catalyst has lost more than an 
order or magnitude of actlvlty (26) 

The data m Fig 7 come from a variety of 
reactlon systems hydrogenation of lsobu- 
tene over nickel on kleselguhr (20), dehy- 
drogenatlon of MCH over molybdenum on 
alumma (7), lsomerlzatlon of methylcyclo- 
pentane over platinum on alumma (21), hy- 
drogenolysls of cyclopropane over platl- 
num on alumma (23), dehydrogenatlon of 
butene over chromla-alumma (24, crack- 

mg of hexadecane over zeohte (22), and 
cracking of petroleum gas 011 over a syn- 
thetlc cracking catalyst (16) Unfortu- 
nately, these studies do not provide the 
type of process variable study that 1s avad- 
able for the MCH system, and therefore it 
1s not possible to develop a model that can 
explain the all the data 

The curvature (variable reaction order) 
observed m Fig 7 makes it lmposslble to 
develop a successful fouling model based 
on any single power law rate expression for 
the fouling reaction So for catalysts that 
are fouled over a large range of activity, it 
can be said that there are a number of pro- 
cesses that are competing to foul the cata- 
lyst, and as the activity changes so does the 
dominant mechanism for fouling Wlthm 
any small range of activity, 1 e , less than a 
decade change, the slope of the empirical 
curve m Fig 7 does not change slgmfi- 
cantly As a consequence, fouling models 
based on a reasonable fouling reaction or- 
der appear valid The dominant fouling 
mechanism may not change wlthm these 
limited ranges Accordmgly, some simple 
and useful correlations would be expected 
between k and the pertinent process van- 
ables 

The trial and error procedure used to 
construct Fig 7 1s based on the property of 
logarlthmlc coordmates that the shape of a 
curve does not change when multlphed by a 
constant Thus, the orientation of any given 
set of fouling data 1s fixed, but the magm- 
tude of k 1s chosen to provide contmulty 
between the various fouling studies There 
were only two references that provided an 
mltlal activity These are Jossens and Pe- 
tersen (12) and Blandmg (16) It was the 
remarkable contmulty between these two 
sets of fouling data taken on entirely dlffer- 
ent reaction systems that encouraged the 
development of this empirical correlation 
The asymptotic approach to an mltlal actlv- 
lty seen m Fig 7 1s not obvious from any of 
the low activity expenments, and kept con- 
sclentlous workers from developing any 
such log-log correlation 
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It must be mentioned that all of the data 
m Fig 7 are susceptible to expenmental er- 

MCH(g) + 6* 2 

ror, and that the exact location of the em- 
MCH*6 + 11/2 H*(g) (A-l) 

pincal curve 1s not well established In fact, MCH*6 + TOL(g) 2 Fouled Sextet (A-2) 

the location of the emplncal curve 1s sensl- dst 
tlve to the value of the mltlal activity, and dt= 

-6kdMCH*6}[TOL] (A-3) 

smce only two references provided such 
measurements it must be concluded that [MCH] S, 

the location of this curve 1s somewhat ten- 
{MCH*d = K6 [Hz]1112 (A-4) 

tative Nonetheless, Fig 7 correlates all the 
foulmg data for a large group of reactlon 
systems 

a 

SUMMARY 

The proposed mechamsm for catalyst 
fouling models the MCH dehydrogenatlon 
reaction system very well at high levels of 
catalyst activity This mechamsm appears 
to be a “hmltmg case” of an emplncal foul- 
mg correlation that spans more than 3 or- 
ders of magnitude m catalytic activity This 
fouhng correlation has several distinct at- 
tributes a defimtlon of mltml actlvlty that 
has a well-defined upper hmlt asymptotl- 
tally approached as fouling time ap- 
proaches zero, a dlmenslonless coordinate 
system that greatly increases the utlhty of 
the correlation for design and evaluation 
purposes, and a smgle parameter that IS a 
quantltatlve measure of catalyst stability 
Moreover, the correlation appears to unify 
otherwise unrelated collections of data and 
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LIST OF SYMBOLS 

activity function for main reaction 
bond dlssoclatlon energy 
heat of formatlon 
fouling parameter m hyperbohc 
decay function 
rate constant for r d s of foulmg 
reactlon 
adsorption equlhbrmm constant for 
toluene 
adsorption eqmhbnum constant for 
fouling precursor 
fouling reaction order 
mam reactlon order 
number of unfouled sites 
number of vacant sites 
used to indicate gas-phase concen- 
trations 
used to mdlcate surface species 
concentrations 

APPENDIX 

The fouling reactlon path proposed m 
Fig 1 can be summazed by an eqmhbnum 
step (Eq (A-l)) followed by a slow step 

f 

(Eq (A-2)) The rate of loss of sites 1s given 3 
by the forward rate of the slow step (Eq 
(A-3)) The concentration {MCH*6} can be 4 
wntten m terms of the equdlbnum expres- 
slon (Eq (A-4)) These equations lead dl- 

z 

rectly to the expression introduced m the 6 
body of the paper (Eq (1)) 
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