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Transient response data for the cyclohexane dehydrogenation reaction on a commercial Pt- 
A&O3 catalyst at 1.2 atm and in the temperature range of 555-672°K was best correlated by a 
surface coverage type model with simultaneous catalyst deactivation followed by regeneration to 
the initial level of activity. The nature of the response can be exploited to yield kinetic information 
on the mechanistic steps of the overall reaction. Preliminary findings on the reaction kinetics 
indicate that surface reactions of the adsorbed hydrocarbon species and benzene desorption are 
very rapid (cyclohexane adsorption and hydrogen desorption are slow) and that hydrogen coverage 
impedes cyclohexane chemisorption. Q 1986 Academx Press, lnc 

INTRODUCTION 

In a previous study we investigated the 
use of the reversible cyclohexane dehydro- 
genation-benzene hydrogenation reaction 
on Pt-A1203 catalyst 

(AHR = 52 kcal/mol) 

as a promising candidate for energy collec- 
tion and retrieval in a thermochemical cycle 
and presented steady-state rate data (1). 
Since the mode of operation of the endo- 
thermic reactor used for energy collection 
is inherently transient (focused solar collec- 
tors are to be used as an energy source), 
simulation and design of the endothermic 
reactor will require a dynamic model. In 
addition, the dynamic model may also be 
useful in the study of the start-up character- 
istics and/or control of perturbations of a 
reactor. 

With the objective of testing various dy- 
namic models, we have obtained transient 
data for the cyclohexane dehydrogenation 
reaction on Pt-Al203 catalyst at 1.2 atm in 

’ Present address: Chung Cheng Institute of Tech- 
nology, Ta-Hsi, Tao-Yuan, Taiwan. 

Z To whom correspondence should be addressed. 

the temperature range of 555-672°K em- 
ploying an internal recirculation reactor. 
The data consistently exhibited an ovcr- 
shoot type of response followed by a steep 
minimum in the benzene fraction of the ef- 
fluent hydrocarbons (Eq. (1)). We have 
found out that, for the indicated reaction 
conditions, the data cannot be explained by 
invoking the pseudo-steady-state approxi- 
mation for the active site concentrations. In 
this study we will illustrate that the re- 
sponse can be predicted if allowance is 
made for the variation of the active site 
concentrations with time provided that the 
following conditions for the surface kinetics 
are applicable: (a) surface reactions of the 
adsorbed hydrocarbon species and benzene 
desorption are very rapid whereas cyclo- 
hexane adsorption and hydrogen desorp- 
tion are slow, (b) surface coverages of the 
adsorbed hydrocarbons are negligibly low, 
(c) the adsorbed hydrogen impedes cyclo- 
hexane adsorption and covers the majority 
of sites as steady state is approached, (d) 
catalyst deactivates early in the reaction 
but is regenerated to the initial level of ac- 
tivity as more hydrogen is produced in the 
gas phase. It is believed that the study here 
sets the stage for further experimentation 
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which could eventually yield all the rate 
constants for the individual mechanistic 
steps over the complete temperature and 
concentration ranges of interest. 

METHODS 

The experimental system consisting of a 
Berty type recirculation reactor has been 
described in a previous communication (I). 
A commercial &in. cylindrical reforming 
platinum catalyst was employed. Data col- 
lection was initiated with the introduction 
of cyclohexane to the reactor which con- 
tained only nitrogen and had been pre- 
heated to the desired temperature. Gas 
chromatograms were obtained at 3-min in- 
tervals. The gas analysis technique con- 
sisted of a Carbowax column equipped with 
a flame ionization detector which allowed 
for the detection of the hydrocarbon frac- 
tions of both benzene and cyclohexane but 
not the detection of either hydrogen or ni- 
trogen. The chromatograms displayed two 
major peaks, one for cyclohexane and the 
other for benzene. The area percentages of 
other hydrocarbons which appeared on the 
chromatogram were negligibly small. 

Data were collected at 1.2 atm in a tem- 
perature range of .555-672°K for a range of 
space velocities. Typical sets of data are 

shoivn in Figs. 1,2, 3, and 5 where the frac- 
tion of benzene in the effluent defined by 

4 = YBI(YA + YB> (1) 

is plotted vs time. 4 represents the benzene 
fraction of hydrocarbons in the effluent 
since the amount of hydrocarbons in the 
product other than cyclohexane (A) and 
benzene (B) is negligibly small. From Eq. 
(1) it is apparent that $J would represent cy- 
clohexane conversion at steady state. The 
value of b(O) was not measured due to the 
difficulty in obtaining accurate measure- 
ments near time zero. However, one can 
infer that 4(O) = 0; although YA(O) and ya(O) 
are both zero, it is apparent from Eqs. (2), 
(3), and (4) that 

y,;. = qtEo = 0 
whereas 

dYA 
dt t=o > ‘* 

As illustrated in the figures, an overshoot 
type of response immediately followed by a 
minimum is discernible in all the data sets. 

The residence time in the reactor ranged 
from 40 to 435 min. The duration of each 
experiment was typically l-2 residence 

t(min) 

FIG. 1. Reproducibility of data. Data points indicated by triangles and circles represent subsequent 
experiments. 
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T=555'K P=1.2 atm 

' NAo = 0.0276 snol/hr 

. NAo = 0.0684 gmol/r 

A NAP = 0.137 wal/hr 

0.00 50.00 100.00 150.00 200.00 
t(min) 

FIG. 2. Experimental data. 

times. Therefore, although 4 values at the 
end of the experiments approach steady 
state, they cannot be assumed to represent 
the steady state. 

Reproducibility of the data is presented 
in Fig. 1. There is some discrepancy in the 
4 values early in the experiment. The ob- 
served variance can probably be ascribed to 
both deviations from perfect mixing at very 
low hydrocarbon concentrations and the 

imprecision of the measurements at low hy- 
drocarbon concentrations early in the ex- 
periment. Nevertheless, the initial over- 
shoot type of response and subsequent 
minimum were consistently observed in all 
the experiments. 

The effect of feed flow rate is indicated in 
Figs. 2 and 3. As the feed flow rate in- 
creases the overshoot type of response oc- 
curs earlier in the transient period and the 

0.00 25.00 50.00 75.00 100.00 125.00 150.00 

t(min) 

FIG. 3. Experimental data. 
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minimum corresponds to lower C$ values. In 
addition, 4 values at the end of the experi- 
ments decrease, as expected. 

A model invoking the pseudo-steady- 
state approximation (PSSA) failed to pre- 
dict the overshoot type of response; but 
rather always predicted a monotonic rise in 
the benzene fraction of the effluent hydro- 
carbons with time. The two most likely 
causes for the model’s inability to predict 
the data are: (a) the catalyst may have deac- 
tivated in the beginning of the reaction fol- 
lowed by regeneration to the initial level of 
activity as more hydrogen is produced in 
the gas phase. (If catalyst deactivation in- 
deed occurred, it will have to be assumed 
that the catalyst must have somehow regen- 
erated to the initial level of activity. This is 
because the values for the benzene fraction 
in the effluent (i.e., the 4 values) as steady 
state is approached have always been found 
to be reproducible even though no attempt 
was made to reactivate the catalyst), and 
(b) PSSA for the concentration of the active 
sites may not be applicable. 

Previous steady-state experiments of the 
cyclohexane dehydrogenation reaction in 
this laboratory at 4.74 atm and in the tem- 
perature range of 678-706°K indicated sig- 
nificant activity loss of the Pt-Al,O, cata- 
lyst at conversions of 10% or less (2). 
Deactivation which occurred after a time 
period of at least 2 h was attributed to cok- 
ing. The catalyst was regenerated by air ox- 
idation. In the transient studies reported 
here, the catalyst always displayed repro- 
ducible activity without regeneration; and 
since the extrema in the benzene fraction 
were observed to occur in a relatively short 
period of time, deactivation by coking was 
considered unlikely. 

Maatman et al. (3) observed deactivation 
of Pt-Al,O, catalyst at low conversions and 
attributed this to the poisons formed from 
side reactions catalyzed by acid sites asso- 
ciated with the alumina. Rohrer and Sinfelt 
(4) pointed out, that in the dehydrogenation 
of methylcyclohexane to toluene, the addi- 
tion of hydrogen improves catalyst activity 

and therefore they suggest that hydrogen 
may be responsible for the removal of the 
poisons which are believed to be hydrogen 
deficient surface residues. These observa- 
tions suggests that a similar sequence of 
poisoning may be occurring in our experi- 
ments. (Initial catalyst poisoning by hydro- 
gen-deficient residues is followed by regen- 
eration to the initial level of activity as 
sufficient hydrogen accumulates in the gas 
phase.) 

Linear and exponential deactivation 
functions have been frequently used for re- 
actions involving deactivation by poisoning 
and coking (5). We have tested the ability 
of a linear deactivation-regeneration func- 
tion to accommodate the data by allowing 
the preexponential factor in the rate con- 
stant to first decrease and then increase 
with time to a steady-state level. The activ- 
ity profile was empirically selected on the 
basis of the agreement between the simu- 
lated and experimental transient responses. 
The extrema, displayed in the experimen- 
tally determined transient response data, 
were successfully modeled by this proce- 
dure; the catalyst first deactivating fol- 
lowed by regeneration as the reaction pro- 
ceeds. However, the steady-state activity 
was determined to be about an order of 
magnitude smaller than the initial activity. 
Simulation at 555°K predicted qualitatively 
similar results. 

This observation that the steady-state ac- 
tivity will have to be significantly lower 
than the initial activity, if the data is to be 
interpreted on the basis of deactivation-re- 
generation functions, is in conflict with the 
arguments put forth previously indicating 
that if deactivation had indeed occurred 
then the catalyst should have regenerated 
to its initial level of activity. Therefore, it 
was concluded that the transient response 
data cannot be explained on the basis of 
catalyst deactivation-regeneration alone. 

The pseudo-steady-state approximation 
requires that the concentration of active 
sites, and the elapsed time for the steady- 
state concentration of the active sites to be 
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approached (i.e., relaxation time), be very 
small. Under certain transient reaction con- 
ditions, the change in the concentration of 
the active sites must be included in the 
mathematical model; and it is under these 
conditions that the transient response data 
can be used to study the reaction mecha- 
nism. Bennett (6) and Kobayashi (7) have 
illustrated how transient response data can 
be exploited to delineate the appropriate re- 
action mechanisms and how the kinetic pa- 
rameters of the elementary steps of the re- 
action can be evaluated. 

which the sites are occupied by hydrogen is 
also needed. The model is isothermal as 
previous work employing a nonisothermal 
model (8) indicated predictive capabilities 
roughly equivalent to the isothermal model. 
For simulating the data at 672”K, irreversi- 
bility of the overall reaction can be as- 
sumed. The material balances for the reac- 
tor and the cylindrical catalyst are given by 

NAO - qyA - &D,,A $$ 
i )I r=R 

We have attempted to predict the tran- 
sient data by employing surface coverage 
type models without accounting for catalyst 
deactivation and reactivation. These 
models are capable of predicting the over- 
shoot response early in the reaction but are 
incapable of predicting the subsequent min- 
imum in the response. Reviewing these 
results, it was surmized that combining the 
surface coverage model with catalyst deac- 
tivation and reactivation might enable us to 
predict both the observed maximum and 
minimum of the transient response curve 
with complete catalyst reactivation being 
observed at steady state. 

dYA 
= VRdt (2) 

-qYH - 

&A ($ 

dYB 
r=R = VRdt (3) 

r=R 
= VR 2 (4) 

- Pp@ACA 

(1 - &(r,t) - &(t)> = - 
at (5) 

The simplest surface coverage models in- 
corporating catalyst deactivation and re- 
generation may be formulated if it is as- 
sumed that the overall reaction is 
irreversible and that the surface reactions 
are rapid with little or no accumulation of 
the reaction intermediates. (At 672°K cy- 
clohexanel dehydrogenation can be consid- 
ered to be essentially irreversible.) Here, 
three models will be postulated. In one 
model hydrogen is presumed to desorb rap- 
idly. In another, rapid benzene desorption 
is assumed. A third model hypothesizes 
slow desorption of hydrogen and benzene 
in which case there is high surface coverage 
by both products. 

dCB 
(1 - 8Hkd) - eP(t)) = 7 (6) 

&H (2 

+ &,&k&~(r,t) = %$ (7) 

where the effluent volumetric flow rate (q) 
was evaluated from a total molar balance 
for the gas phase in the reactor system: 

NAO + A, (D,,, 21rzR + D~.B %IrzH 

- qyT = 0. (8) 

The data was best correlated with the 
rapid benzene desorption model. This 
model consists of material balances for both 
the reactor and the cylindrical catalyst. An 
additional equation describing the rate at 

NAO represents the total inlet molar flow 
rate since the feed is pure cyclohexane. If 
the gas phase is ideal, there can be no accu- 
mulation of moles since the pressure, tem- 
perature, and gas volume are constant. 
Since the amount of nitrogen originally oc- 
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cupying the catalyst void volume is small, 
nitrogen diffusion out of the catalyst was 
neglected. 

Initial and boundary conditions are 

YA@) = YB@) = YH(O) = CAk,O) 

= c&,0) = c&-,0) = 0 (9) 

-De,i 9 I =R = kn,i(Ci(R,f) - Yi(t>) (10) r 

C3Ci 
I ar r=O 

=o t>O (11) 

The measured (9) and estimated values 
for the physical parameters which appear in 
the mathematical model are listed in Table 
1. Since pore diffusion takes place predomi- 
nantly by the Knudsen mechanism (average 
pore size is 16.5 A), the effective diffusivity 
can be estimated from 

(12) 

The Knudsen diffusivity is given by 

DKi = 9.70 X 103f (13) 

where ? is in centimeters, T is in “K, and 
DK,i is in square centimeters per second. 

The model will be complete with addi- 
tional equations describing the change in 
the surface coverage by hydrogen (en) with 
time, at any radial location, and an empiri- 
cal relationship for the poison coverage 
(e,), as a function of time. The equation de- 
scribing the change in en with time, at any 
radial location, was developed based on the 
following considerations. 

Mass transfer coefficients are time de- The rate at which the sites are occupied 
pendent since the physical properties of the by hydrogen, due to cyclohexane chemi- 
bulk gas and the mass density change as the sorption, for a differential volume dV, is 
gas composition changes. However, the given by ppSgk~CA(l - On - 19,)Av dV. One 
transient response was found to be insensi- cyclohexane molecule is associated with 

tive to variations in the transfer coefficients 
due to physical property changes. There- 
fore, the transfer coefficients were taken to 
be constant for each data set. They were 
evaluated by employing the Petrovic and 
Thodos correlation (10) and by assuming j- 
factors for heat and mass transfer to be 
equal. 

ppSgkAC~(l - 13n - 0,) is the rate of cy- 

clohexane adsorption per unit volume and 
it is also equal to the rate of benzene de- 
sorption as hydrocarbon coverages are neg- 
ligible. Langmuir type of adsorption is 
assumed. For negligible hydrocarbon 
coverages, (1 - on - 0,) represents the 
fraction of sites available for adsorption. 
When cyclohexane adsorption is slow, cy- 
clohexane desorption can be neglected if 
the overall reaction is irreversible, which is 
the case at 672°K. 

TABLE I 

Parameter Values 

0 

Reactor and reaction parameters 
V, = 3.785 x lo3 cm’; NAa = 1.38 x lo-* to 1.37 x 10-l gmol/h; AH = 52,000 cal/gmol; 

P = 1.2 atm; Recirculation rate = 43.99 gmol/h 

Catalyst parameters 
As = 1.387 x 103 cm2; R = 7.95 x 10ez cm; F = 16.5 X lo-* cm; 

pp = 1.09 g/cm3; pS = 7.5 X lOI sites/g; 
S, = 4.064 x 106 cm*/g; 7 = 1.25; E = 0.63 

Catalyst weight = 40 g 

Mass transfer parameters (T = 672°K) 
k m,A = 3.125 x 1O-4 gmol/cm*s; km,B = 2.434 x lo-“ gmol/cm%; 

k m,H = 6.225 7 lo-’ gmol/cm% 
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one site. Benzene desorbs instantly upon 
cyclohexane chemisorption, however, hy- 
drogen coverage is presumed to render the 
site unavailable for cyclohexane adsorp- 
tion. It will be assumed that all the hydro- 
gen must desorb from a site before the site 
can become available for adsorption. Since 
hydrogen desorption, just as cyclohexane 
adsorption is assumed to be slow, hydrogen 
adsorption can be neglected when the over- 
all reaction is irreversible. If all the hydro- 
gen must desorb before a site can again be 
available for adsorption and if the desorp- 
tion is assumed to be molecular, then the 
rate at which the sites are being vacated by 
hydrogen will be equal to one-third the rate 
at which hydrogen molecules are desorb- 
ing, i.e., (9) p,S,kHB~Av dV. (n can be ei- 
ther 1 or 2 depending on the nature of the 
adsorption-desorption mechanism.) 

The net rate at which the sites are occu- 
pied by hydrogen is then given by 

P$&ACA(~ - OH - ~J(AvW' 

p,S,k~6$(Av)dV = ppps 2 dV 

(14) 

with the initial condition 

e&-,0) = 0. (15) 

Catalyst deactivation and reactivation 
are accounted for by 

19~ = 1 - exp(-a t) t < lmin (16) 

13, = b - exp(c t) f > fmin (17) 

where tmin is the empirically determined 
time indicating the beginning of catalyst re- 
activation. The initial condition is 

l?,(O) = 0. (18) 

The events described above are illus- 
trated in Fig. 4. The length of the heavy 
arrows represent the rates of cyclohexane 
adsorption and benzene desorption. Open 
circles represent empty sites which are pre- 
sumed to be an ensemble of Pt atoms. At 
time zero, all sites are empty since only ni- 
trogen is present in the reactor. Partially 
shaded circles indicate at least one ad- 
sorbed hydrogen atom (OH) on a site. Fully 
shaded circles represent the sites occupied 
by a hydrocarbon molecule or a hydrogen- 
deficient residue (0,). Note that the length 

0 empty si fe 

0 site covered with hydrogen 

0 site covered with hydrocarbon or poison 

FIG. 4. Site coverage at time zero and at steady state. 
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of the arrows representing cyclohexane ad- 
sorption and benzene desorption are equal 
for any given time because it is assumed 
that the hydrocarbon accumulation on the 
surface is negligibly small. 

It is apparent that the solution for the 
mathematical model represented by Eqs. 
(2) through (18) will have to be numerical. 
Since the ordinary and partial differential 
equations are coupled they must be solved 
simultaneously for each step taken in time. 
The ordinary differential equations were 
solved by Euler’s method, whereas the 
partial differential equations were first 
linearized and transformed into algebraic 
equations by using the implicit Crank- 
Nicholson finite difference approximations 
for the derivatives (I!). This solution tech- 
nique, which is iterative with second-order 
convergence, is commonly referred to as 
“quasilinearization” (12). 

0 experimental data 
A rapid benzene desorptlon 

model (n=21 
n rapid benzene desorptlon 

model (n=l) 

T=672'K 

. rapid hydrogen 
desorptlon model 

* P=1.2 otm 
-2 

NAo=6.84 X 10 smol/hr 

10 20 30 
t (InIn) 

Ml 50 

FIG. 5. Predictive capability of various surface cov- 
erage models. 

The activation and deactivation con- 
stants (a, b, c, tmin) in Eqs. (16) and (17) 
were selected empirically; whereas the ad- 
sorption and desorption constants (LA and 
kn) were evaluated using the Newton- 
Raphson nonlinear parametric searching 
method by minimizing the following objec- 
tive function Zdata(#Picd - #PP)2. 

unimolecular desorption of molecular hy- 
drogen whereas a value of 2 represents di- 
atomic desorption of molecular hydrogen. 
As observed in Fig. 5 and Table 2, the rapid 
benzene desorption model with diatomic 
hydrogen desorption (n = 2) results in 
nearly perfect simulation of the experimen- 
tal data. The fit with n = 1, although ade- 
quate, is not as good as the fit with IZ = 2. 
This finding is in conformity with other 
studies which indicate that hydrogen ad- 
sorption on metals is often dissociative (5). 

DISCUSSION 

Two values of the exponent n were em- A better insight into the transient data 
ployed in the model; a value of 1 represents can be obtained by analyzing the changes in 

TABLE 

Calculated Constants for the Transient Data 

T = 672°K; P = 1.2 atm; NAO = 6.84 x 10m2 gmol/h 

Rapid benzene Rapid hydrogen desorption 
desorption 

n=l n=2 

a 

b 
c 

kin (min) 
k* -I 106 cm/s 
kH x lOI gmoVcm% 
kB X lOI gmoVcm% 
Sum of squares 
(12 data points) 

2 x 10-S 1.6 x 1O-3 1.5 x 10-J 
3.06 2.78 2.78 

1 x 10-3 8 x IO-” 8 x lo-’ 
12 12 12 

0.895 0.774 40.07 
15.38 16.61 - 

- - 5.98 
0.058 0.0066 0.269 
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the bulk gas concentrations with reaction 
time. The simulated bulk gas concentra- 
tions of cyclohexane (CA), benzene (CB), 
and hydrogen (C,) are plotted versus reac- 
tion time in Fig. 6. The hydrogen concen- 
tration exhibits a steady increase with reac- 
tion time to its steady-state value. In 
contrast, the benzene concentration in- 
creases rapidly with time to a plateau re- 
gion beginning at 6 min and extending to 13 
min, followed by a steady increase to its 
steady-state concentration. The cyclohex- 
ane concentration increases to its maxi- 
mum value at 13 min, followed by a gradual 
decrease to its steady-state value. 

The behavior of CA and CB vs t plots are 
consistent with the trend in Q, vs t plots. 
The maximum in 4 occurs just before the 
CB concentration levels off and is followed 
by a downward swing as CA increases and 
CB essentially holds steady. The minimum 
in 4 corresponds to the maximum in CA. 

A summary of the empirically deter- 
mined catalyst deactivation-reactivation 
constants (a, b, c, and t,,,J is presented in 
Table 2. Values for a and c ranged from a 
low of 0.0008 to a high of 0.002 correspond- 
ing to an observed maximum deactivation 
of approximately 60% (Fig. 7). The time for 
initiation of catalyst regeneration (tmin) is 12 

A CYclohexane 

4 benzene 

l hydrogen 

T=67Z°K P= 1.2 atm 

= 6.84 X lo-* mnol/hr 

1x1i8- 
8 16 24 32 40 

t (mln) 

FIG. 6. Gas-phase concentrations for the rapid ben- 
zene desorption model (n = 2). 

1.0 

. free SlteS (l-o"-op) 

Ahydrogen cOVerOw CO,,) 

T  = 672'K P = 1.2 otm 

N AO = 6.84 x 1O-2 wol/hr 

; o.2 ii\, 
L t I/ \ \ L 

/P&-is . ,~ I 
10 20 30 40 50 

t (min) 

FIG. 7. Coverage on the catalyst surface rapid ben- 
zene desorption model (n = 2). 

min. This time is 1 min less than the time of 
the observed minimum of 4 in the transient 
response at 672°K (Fig. 5). 

The fraction of the catalyst sites which 
are free (1 - 13~ - 6,), or covered by hydro- 
gen (OH), or poisoned (0,) are a function of 
both time and radial location in the catalyst. 
In Fig. 7, the values of &, $, and 1 - OH - 
0~ are plotted versus time at the surface of 
the catalyst (i.e., at r = R). A comparison 
of Figs. 6 and 7 reveals that the plateau 
region of benzene concentration corre- 
sponds to the region of virtually complete 
coverage of free sites. During this time the 
catalyst can be viewed as essentially inac- 
tive. Another observation is that steady- 
state coverage of hydrogen is very high 
(about 97%), and that only a small fraction 
of sites (about 3%) are available for adsorp- 
tion. 

At the time of catalyst regeneration (tmin), 

it is presumed that the gas-phase hydrogen 
concentration is sufficiently high (approxi- 
mately 1.4 x 10m4 gmol/liter (Fig. 6)) so that 
the hydrogen-deficient surface residues 
which deactivate the catalyst are being re- 
moved at a faster rate than they are being 
formed. 

At this point it has not been claimed that 
the rapid benzene desorption model, with 
catalyst deactivation and regeneration, is 
unique in fitting the experimental data. This 
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model does, however, correlate considera- 
bly better than any of the other plausible 
models investigated. For example, let us 
consider the rapid hydrogen desorption 
model. With catalyst deactivation, the cov- 
erage of benzene (and hence benzene pro- 
duction) decreases after an initial rise; and 
the overshoot type of response, although 
less dramatic than that observed in the ex- 
perimental data, is still observed. How- 
ever, as Fig. 5 shows, the predicted ex- 
trema are not as sharp as those observed in 
the transient data. (Note that if catalyst de- 
activation-reactivation had not been al- 
lowed, then the simulated transient re- 
sponse would have indicated only a 
monotonic rise in + to steady state.) 

Investigation of a model which allowed 
for intermediate surface coverage by both 
hydrogen and benzene resulted in an ob- 
served transient response somewhere be- 
tween that observed for the rapid hydrogen 
and rapid benzene desorption models. In 
addition, if allowance was made for the ac- 
cumulation of any additional surface hydro- 
carbon intermediates, then the simulated 
transient response exhibited extrema which 
were dampened and in some cases even dis- 
appeared. These observations suggest that 
the hydrocarbon surface coverage on the 
catalyst is indeed very low, i.e., the surface 

reactions and desorption of benzene are 
very rapid relative to the adsorption of cy- 
clohexane and the desorption of hydrogen. 

At lower temperatures, such as 555 and 
589”K, the overall reaction cannot be as- 
sumed to be irreversible. Consequently, a 
complete formulation of a surface coverage 
model would be complicated. A first ap- 
proximation, however, can be made if it is 
assumed, as before, that the reaction is irre- 
versible and that the desorption of benzene 
is rapid (rapid benzene desorption model 
with diatomic desorption of hydrogen (n = 
2)). The deactivation-reactivation con- 
stants (a, b, c, and tmin) are once again se- 
lected empirically; whereas the kinetic con- 
stants (kA and kn) were evaluated by the 
Newton-Raphson nonlinear parametric 
searching routine. The calculated constants 
are summarized in Table 3. The adequacy 
of the fit is illustrated in Figs. 8 and 9 for a 
flow rate of 2.76 x 10m2 gmol/h. 

Figures 8 and 9 and Table 3 indicate that 
the rapid benzene desorption model with 
catalyst deactivation-reactivation also pro- 
vides an adequate fit to the data at 555 and 
589°K. For a given flow rate, kA and kH in- 
crease with temperature as expected. Com- 
parison with kA and kH values at 672°K (Ta- 
ble 2) indicates that there is no significant 
change in the kinetic parameters from 589 

TABLE 3 

Calculated Constants for the Transient Data 

T = 555-589°K; P = 1.2 atm 
Rapid benzene desorption model (n = 2) 

Molar flow rate: 
(glow 

Temperature (“K): 

2.76 x 10-J 6.84 x 10m2 

555 589 555 589 

a 
b 
C 

tmin W-4 
kA x lo6 cm/s 
kH x lOI gmol/cm% 
Sum of squares 
(12 data points) 

1.5 x 10-3 6 x 10m4 2 x 10-3 2 x 10-3 

2.77 2.81 2.33 2.78 
5 x 10-d 4.5 x IO-4 4 x 1O-4 8 x IO-“ 

19 22 12 12 
1.30 2.22 0.133 0.961 
4.63 8.33 13.62 18.92 
0.027 0.030 0.011 0.092 
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01 

0 25 50 75 100 125 
t(min) 

FIG. 8. Simulation with rapid benzene desorption model (n = 2) at 555°K. 

to 672°K. However, it must be kept in mind 
that the irreversibility approximation was 
made in the range 555-589°K. One prob- 
lem, however, is that kA and kH change with 
flow rate (Table 3). This is apparently a re- 
flection of the fact that the minimum in the 
experimental data (and likewise tmin) do not 
scale very well with the flow rate. Conse- 
quently, kA and kH should be strictly viewed 
as adjustable parameters. Nevertheless, de- 
spite the difficulty in extracting true kinetic 
parameters from the data, a surface cover- 

age type of model with catalyst deactiva- 
tion followed by regeneration to the initial 
level of activity is capable of correlating all 
the data. Moreover, the model suggests 
that the most plausible kinetic scheme is 
one of rapid surface reactions and benzene 
desorption with hydrogen coverage imped- 
ing the cyclohexane chemisorption. A rig- 
orous surface coverage model, which 
would also be applicable under reversible 
reaction conditions, would require the ki- 
netic parameters of all the intermediate 

NAO= 2.76 x lo-‘ smol/hr 
P = 1.2 atm 

B 
l experimental doto 

0.4 6 0 slmulatlon 

z 

s 

I ‘:L: 
a 

0 12 24 36 48 60 

t(min) 

FIG. 9. Simulation with rapid benzene desorption model (n = 2) at 589°K 
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steps of the reaction be known. The experi- 
ments described here would be suitable for 
estimating the true kinetic parameters with 
some modifications, such as the elimination 
of interphase and intraparticle gradients. 
This can be done by using high mass flow 
rates and surface-coated or “eggshell” cat- 
alysts. A mixed feed of hydrogen and cy- 
clohexane should minimize or possibly 
eliminate catalyst deactivation. 

CONCLUSIONS 

Transient data for cyclohexane dehydro- 
genation on a commercial Pt-A&O, cata- 
lysts were collected at 1.2 atm in a tempera- 
ture range of 55%672°K employing a Berty 
type recirculation reactor. The effluent hy- 
drocarbons, which were analyzed at regular 
time intervals, consisted essentially of ben- 
zene and cyclohexane. The benzene frac- 
tion of the effluent hydrocarbons displayed 
an overshoot type of response followed by 
a steep minimum early in the reaction in all 
cases studied. 

A mathematical model based on the 
pseudo-steady-state approximation for the 
concentration of active sites was found to 
be incapable of describing the transient re- 
sponse data obtained here. The response 
data, however, was explained by a surface 
coverage model which allows for the 
change in site concentration with time with 
catalyst first deactivating followed by com- 
plete regeneration as gas-phase hydrogen 
concentration increases. 

Transient response data, of the type ob- 
tained here, can be exploited to yield ki- 
netic information on the mechanistic steps 
of the overall reaction. Our preliminary 
findings indicate that cyclohexane chemi- 
sorption and hydrogen desorption are slow. 
Since the surface reactions where hydro- 
carbon molecules are stripped of their hy- 
drogen atoms as well as benzene desorption 
are rapid, hydrocarbon coverages are very 
low. Hence, it may be assumed that the 
benzene desorption rate remains essentially 
equal to the cyclohexane chemisorption 
rate. Adsorbed hydrogen, which progres- 

sively covers the sites, is presumed to im- 
pede cyclohexane chemisorption and there- 
fore benzene production. The resulting 
decrease in the benzene desorption rate 
with time contributes, along with catalyst 
deactivation, to the overshoot type of re- 
sponse observed early in the reaction. The 
increase in the benzene fraction of the efflu- 
ent hydrocarbons, after the minimum, is at- 
tributed to catalyst regeneration which 
takes place as the gas-phase concentration 
increases. It is believed that gas-phase hy- 
drogen reacts and removes the hydrogen- 
deficient residues responsible for catalyst 
deactivation. 

a,b,c 

A 
Av 
AS 

C 
dV 
D, 
DK 
AH 
kA 

kn 
kB 
km 
A4 
NAO 

; 

4 
r 

ii 

4 

s, 
t 
tmin 

T 
Tb 
VR 

APPENDIX: NOMENCLATURE 

activation-deactivation constants 
defined in Eqs. (16) and (17) 

preexponential factor 
Avogadro’s number 
total external surface area of the 

catalyst in the reactor 
concentration inside the catalyst 
differential catalyst volume 
effective diffusivity 
Knudsen diffusivity 
heat of reaction 
adsorption constant for cyclohex- 

ane 
desorption constant for hydrogen 
desorption constant for benzene 
mass transfer coefficient 
molecular weight 
inlet molar flow rate of cyclohexane 
exponent in Eq. (7) 
total pressure 
effluent volumetric flow rate 
radial distance 
average pore radius 
radius of the cylindrical catalyst 
universal gas constant 
surface area per unit mass catalyst 
time 
time at which catalyst regeneration 

begins 
temperature 
temperature in the gas phase 
free reactor volume 
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Y molar concentration in the gas 
phase 

YT total molar concentration of the gas 
mixture 

Subscripts 

A cyclohexane 
B benzene 
P poison 
H hydrogen 
i chemical species 

Greek Symbols 

E 
catalyst porosity 
fraction of active sites covered by 

adsorbed species 
PP density of the catalyst 
PS site density 
7 tortuosity factor for the catalyst 
4 parameter defined by Eq. (1) 
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