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A sequence of reaction steps that corresponded to the fundamental phenomena of adsorption/ 
desorption of a hydrocarbon and hydrogen, hydrogenation/dehydrogenation surface reactions, 
carbon diffusion and precipitation, catalytic site activation, and deactivation involved in catalytic 
deposition of carbon from hydrocarbons is proposed. Rate expressions derived from the reaction 
sequence yielded a kinetic model for simultaneous carbon deposition, catalytic site activation, and 
catalyst deactivation, which exhibited trends qualitatively similar to experimental results for Ni- 
catalyzed carbon deposition from propylene/hydrogen mixtures. It was found that increasing the 
H2 concentration decreased the rates of deposition and poisoning but did not affect the rate of site 
activation. Thus, higher H2 concentrations lead to lower initial deposition rates, but the total level 
of deposition increases because of reduced deactivation rates. The hydrocarbon concentration 
affected the rates of activation, poisoning, and deposition similarly so that the ultimate level of 
deposition was independent of the hydrocarbon concentration. However, as the hydrocarbon 
concentration increased, the time over which deposition occurred decreased due to an increased 
rate of deactivation. Optimized fits of the model to experimental data at various temperatures 
showed that the model agreed well with data at H2 concentrations from 0.0 to 45%, propylene 
concentrations up to 3%, and temperatures up to 550°C. © 1992 Academic Press, Inc. 

1. INTRODUCTION 

The experimental results reported by 
McAllister and Wolf (1) for catalytic carbon 
deposition on carbon fiber-supported Ni cat- 
alysts from C3H6/H2 gas mixtures exhibited 
an interesting time-dependent behavior. In 
the initial stages of catalytic carbon deposi- 
tion, an activation period occurred in which 
the rate of deposition increased signifi- 
cantly. Following the activation stage, the 
deposition rate decreased as catalyst deacti- 
vation became dominant over activation 
processes. Similar findings of activa- 
tion-deactivation in the catalytic formation 
of carbon filaments have been reported by 
several researchers (2-13) for carbon depo- 
sition from hydrocarbons on various cata- 
lysts and in a variety of other systems as 
well. Some examples include polymeriza- 
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tion reactions of benzyl alcohol (14) and eth- 
ylene (15), dehydrogenation of isopropanol 
(16), hydrogenation of CO (17, 18) and ben- 
zene (19), Fischer Tropsch synthesis 
(20-24), carbon dioxide methanation (25), 
K61bel-Engelhardt synthesis (26), CO oxi- 
dation (27), hydrodesulfurization (28), hy- 
drodechlorination (29), and isomerization of 
n-butane (30). Activation-deactivation be- 
havior has been observed on a wide range 
of catalysts including SiO2, A1203, Fe, Cr, 
Cu, Ni, Pd, Rh, Pt, CeCu 2, NdCu 2, Co, and 
A1C13. The reported causes of the activation 
behavior include oxidation and reduction ef- 
fects during reaction (15, 16, 18, 23, 24, 26, 
31), increases in active surface area (1, 20), 
creation of surface defects (25), and forma- 
tion of active surface carbon (23, 24). 

Since catalyst deactivation is an ex- 
tremely important consideration in many 
processes, many authors have proposed 
models for deactivation and Forzatti et al. 
(32) have reviewed some of these. The early 
rate expressions for deactivation were em- 
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pirical; however, Wolf and Petersen (33) 
demonstrated that deactivation rate expres- 
sions could be derived from a reaction 
mechanism involving adsorption/desorp- 
tion, surface reaction, and poisoning. More 
recently, Fuentes (34) and Corella et al. (35) 
have proposed deactivation models for sys- 
tems in which reversible and partial deacti- 
vation occur, which involve the regenera- 
tion of poisoned sites; however, activation 
of initially inactive sites was not considered. 
Very recently, Agoretta et al. (36) have pre- 
sented a kinetic model for activation-deac- 
tivation processes in solid catalysts, which 
considers activation of initially inactive sites 
as well as reversible and irreversible deacti- 
vation processes. A generalized activa- 
tion-deactivation mechanism was assumed 
by these authors and it was used to deter- 
mine rate expressions for site activation and 
deactivation. The activation-deactivation 
model was successfully fit to the experimen- 
tal data of Fuentes et al. (30) for isomeriza- 
tion of n-butane over aluminum chloride/ 
sulfonic acid resin catalysts. 

Although catalyst activation is a some- 
what common occurrence, no quantitative 
analyses of activation-deactivation behav- 
ior have been presented for carbon deposi- 
tion from hydrocarbons on metal catalysts. 
In the case of carbon formation, Baker et 
al. (5) have indicated that the following 
steps are relevant. 

(1) Hydrocarbons adsorb on the catalyst 
surface. 

(2) The adsorbed hydrocarbon catalyti- 
cally decomposes on the exposed surface of 
the catalyst particle leading to carbon 
laydown. 

(3) Carbon deposits from the decomposi- 
tion products dissolve into the metal par- 
ticle. 

(4) Carbon diffuses through the metal due 
to a temperature gradient established by the 
exothermic decomposition of the hydro- 
carbon. 

(5) Carbon precipitates at the rear of the 
particle detaching the particle from the sup- 
port and carrying it at the leading tip of the 
filament. 

However, no attempts have been made to 
describe the reaction pathway in a quantita- 
tive manner. Several authors (37-39) at- 
tempted to explain experimental observa- 
tions of carbon filament formation on the 
basis of thermodynamic arguments related 
to a gas-phase activity for carbon formation 
for the equilibrium of methane with hydro- 
gen and graphite. Since, under the condi- 
tions of this study, no carbon deposition was 
observed from mixtures of C3H 6 and H 2 in 
the absence of a catalyst, it was not appro- 
priate to invoke thermodynamic arguments 
to relate the rate of deposition to gas-phase 
conditions. Previous studies also did not ac- 
count for the activation/deactivation behav- 
ior which is important in carbon filament 
growth. Tibbetts et al. (39) proposed an ad- 
sorption-diffusion isotherm to predict the 
rate of growth of individual carbon filaments 
on Fe particles from CH4; however, the 
model did not examine in detail the adsorp- 
tion/desorption and surface reaction phe- 
nomena involved, nor were the effects of H2 
or catalyst activation explained. Bernardo 
and Lobo (9), Nishiyama and Tamai (40), 
and Cooper and Trimm (11) proposed more 
detailed reaction schemes consisting of ad- 
sorption and desorption, dehydrogenation 
and hydrogenation at the catalyst surface, 
carbon diffusion within the catalyst, and fil- 
ament formation. However, no attempts to 
derive reaction rate expressions based on 
the proposed catalytic carbon formation 
schemes were made. 

Since the fundamental heterogeneous 
processes which occur at the catalytic sur- 
face and the processes occurring in the cata- 
lyst bulk are of primary importance in car- 
bon filament formation, these aspects must 
be considered in detail to explain the cata- 
lytic formation of carbon deposits. Thus, the 
first objective of this work was to propose 
a catalytic reaction sequence consisting of 
reaction steps at the catalyst surface and in 
the catalyst bulk, which was consistent with 
the generally accepted carbon filament for- 
mation mechanism, and with the experimen- 
tal observations reported by McAllister and 
Wolf (1). The primary phenomena for which 
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the catalytic reaction sequence must ac- 
count are catalyst activation and deactiva- 
tion and the effects of Hz, which signifi- 
cantly increases the amount of carbon 
deposited for a given Ni loading and is im- 
portant in the activation process, causing 
the rate of deposition to pass through a max- 
imum. In addition, the pathway must ex- 
plain the effects of the propylene concentra- 
tion which alters the time lag of the 
activation behavior, but not the final total 
level of carbon deposited, and the linear de- 
pendence of carbon mass gain on Ni loading. 
Further, the proposed reaction steps must 
be consistent with the types of carbon de- 
posits observed by SEM, which include 
individual carbon filaments and multiple 
filaments that are produced due to fragmen- 
tation of large catalyst particles. The second 
objective of this work was to derive rate 
expressions based on the proposed reaction 
pathway to predict qualitatively the trends 
observed in CCVI experiments. Finally, the 
kinetic model was compared with experi- 
mental data for Ni-catalyzed carbon deposi- 
tion from C3H6/H 2 mixtures at varied gas- 
phase concentrations and temperatures to 
demonstrate quantitatively the agreement of 
theoretical calculations and experimental 
data and to determine values for the model 
parameters at varied conditions. 

2. A C T I V A T I O N - D E A C T I V A T I O N  M O D E L  F O R  
C A T A L Y T I C  C A R B O N  D E P O S I T I O N  

A reaction pathway consistent with the 
conditions and the carbon filament forma- 
tion mechanism discussed in Section 1 
follows. 

2.1. Reaction sequence. The adsorption 
of the reactant from the gas phase on active 
site is 

k] 
A + S a . " [ A  • S ~ .  (1)  

k_ l 

Here, A corresponds to the parent hydrocar- 
bon, S a is an active site for carbon deposi- 
tion, and [A • Sa] is the adsorbed form of 
A on S a. Adsorption of the hydrocarbon is 

followed by a dehydrogenation reaction in- 
volving other active sites to form an ad- 
sorbed species, H • S~, and a carbonaceous 
precursor, C • Sa: 

k2 
[A.S a]+nSa. " [ C . S  a]+n[H-S~] .  (2) 

k- 2 

Reaction (2) may involve several steps as 
additional hydrogen atoms are abstracted 
from the molecule. The coefficient n will 
depend on the detailed mechanism of the 
dehydrogenation reaction and the nature of 
the adsorbed species. However, to simplify 
the model developed here, n was specified 
as one and was not used as an adjustable 
parameter. At this point, at least three phys- 
ically meaningful and realistic paths involv- 
ing [C. S~] can be proposed. The first is 
bulk diffusion of carbon through the active 
catalyst particle and deposition of C at the 
opposite end, which is consistent with the 
filamentous carbon deposits reported by nu- 
merous other authors (1-3, 37, 38, 41-44). 
This process is likely to occur in small cata- 
lyst particles in which the diffusion path is 
relatively small. The actual mechanism of 
carbon diffusion and deposition at the back 
of the particle is a complex process and its 
driving force is not completely understood. 
Important to this analysis is the fact that 
carbon diffuses away from the reaction sur- 
face, which results in the regeneration of the 
active site and the formation of a carbon 
filament. While obviously not an elementary 
reaction step, this process is represented as 

k 3 
[ c . s ~ ] .  "C + Sa. (3) 

k_ 3 

A second, competing pathway results in 
the poisoning of active sites corresponding 
to the deactivation of active sites, S~, via 
encapsulation by carbon which has been ob- 
served in filament growth (6, 41). The deac- 
tivation, 

k 4 
[ C  • Sa]  "---> P ,  (4 )  

is the usual form for catalyst deactivation 
by surface blockage (33). Here, P is an irre- 
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versibly poisoned site no longer capable of 
catalyzing reactions. 

Another pathway arises when carbon mi- 
grates from the top catalyst layer to the 
sublayer which was previously blocked. 
This process is likely to occur in large cata- 
lyst particles or on metal foils and leads to 
the formation of new active sites or activa- 
tion of the catalyst as observed experimen- 
tally (1). This pathway is represented by 

k 5 
[ C "  S a ]  q- S i . " S a q- [ C "  S i ]  , ( 5 )  

k_5 

where S~ is a blocked, inactive site, and 
[C • Si] is an unblocked inactive site occu- 
pied by C. The physical phenomenon is that 
of the catalytic particle being detached from 
the inactive site, while depositing the carbon 
on the underlying layer of catalyst. Once the 
inactive site has been exposed, it may be 
activated if C .  Si, the adsorbed carbona- 
ceous precursor, is displaced from its sur- 
face. Although several pathways which 
could lead to dissociation of C from S~ are 
conceivable, one realistic path is the hydro- 
genation of C by reaction with a neighboring 
adsorbed species according to 

k 6 
[C" S i] + [ H ' S  a] . " [B " Sa] q - a a ,  (6) 

k 6 

where B is the hydrogenation product which 
will eventually desorb. Although other reac- 
tions can be proposed in place of reaction 
(6), it is necessary that site activation in- 
volve both [C.  Si] and [H-  Sa] to concur 
with experimental results. For the case of 
catalytic carbon deposition from propylene 
in the presence of H 2, H • S~ corresponds to 
adsorbed H 2, and B corresponds to CH 4 or 
C2H4, which were the primary gas-phase 
products observed (1). Reaction steps (5) 
and (6) represent the mechanism by which 
catalyst particles too large to form individ- 
ual carbon filaments are fragmented to many 
smaller particles capable of catalyzing fila- 
ment growth. Alternatively, these steps 
could also represent the gradual detachment 
of small particles from the support and 

thereby account for the activation period 
observed by Baker et al. (5) for carbon fil- 
ament growth from 30-nm particles in which 
fragmentation did not occur. 

Finally, the adsorption and desorption of 
H and B from active sites must be included: 

k 7 
[ H .  S a ]  . " H + Sa (7) 

k-  7 

k 8 
[B.Sa].  "B+Sa .  (8) 

k_ 8 

The above reaction sequence accounts for 
the primary phenomena involved in the cat- 
alytic formation of carbon deposits includ- 
ing adsorption and desorption of a parent 
hydrocarbon, reaction at the catalytic sur- 
face (Eq. (2)), transport of carbon away 
from the active faces of the catalytic parti- 
cles (Eqs. (3) and (5)), precipitation of car- 
bon to form filaments (Eq. (3)), deactivation 
of catalytic particles by carbon encapsula- 
tion (Eq. (4)), exposure of inactive catalytic 
sites by fragmentation of large catalytic par- 
ticles (Eq. (5)), and activation of the ex- 
posed inactive sites by hydrogen (Eq. (6)). 
The analysis and results which follow dem- 
onstrate the implications of the operating 
conditions and site distributions on pre- 
dicted catalytic carbon deposition and the 
relation to experimental observations. In 
addition, the reaction model has been fit to 
experimental data to quantitatively compare 
calculated results with experimental data for 
Ni-catalyzed carbon deposition from C3H6/ 
H 2 mixtures. 
2.2. Derivation of  rate expressions from 

proposed reaction steps. An analysis similar 
to that used by Wolf and Petersen (33) for 
self-poisoning catalytic reactions was ap- 
plied to derive expressions for the rates of 
formation of C, site poisoning, and site acti- 
vation. Parallel to this work, Agoretta et al. 
(36) developed an activation-deactivation 
model based on assumed mechanisms for 
activation and deactivation using Lang- 
muir-Hinshelwood rate expressions, while 
in the analysis presented here, rate expres- 
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sions are derived from the detailed reaction 
steps discussed in Section 2.1 to gain a more 
fundamental understanding of the important 
reactions and variables involved in catalytic 
carbon deposition. To simplify the analysis 
and to represent the physicochemical pro- 
cesses occurring, the following assumptions 
are made to derive the rate expressions: 

(1) The total number of sites is constant 
(the sum of active, inactive, and poisoned 
sites). 

(2) A pseudo-steady-state condition exists 
(i.e., rearrangement of species on the sur- 
face is much more rapid than the change rate 
of the number of active sites). 

(3) Reaction (3) is rate controlling in the 
formation of C and is irreversible. 

(4) The poisoning or deactivation reac- 
tion, step (4), is irreversible. 

(5) Reaction (6) is rate controlling for site 
activation and is irreversible. 

Whereas the total number of ac t i ve  sites 
is not constant due to poisoning of sites and 
activation of inactive sites, the to ta l  number 
of sites, including active, inactive, and poi- 
soned sites, is assumed constant. If the rates 
of adsorption and desorption are fast rela- 
tive to the change rate of the number of 
active sites, then the surface concentrations 
of adsorbed species are near equilibrium, 
and the change in the number of active sites 
does not invalidate the pseudo-steady-state 
assumption. Assumption (5) is necessary for 
the model to agree with experimental results 
(1) which are strongly dependent on the hy- 
drogen concentration. These assumptions 
lead to the following restrictions concerning 
the relative magnitudes of the rate con- 
stants: 

k_ 3 ~. k 3 .~ k2,k_ 2 ~ kl ,k_ 1 kT,k7 

k 4 < k  3 

and 

(9) 

(10) 

k_ 6 ~ k 6 ,N ks,k_ 5. ( 1 1 )  

If k4 is not assumed smaller than k3, active 
sites will be poisoned rapidly resulting in 
very little carbon deposition, which is an 
important case if carbon deposition is to be 
avoided. However, the purpose of this study 
is to investigate the case where significant 
deposition of carbon occurs. 

If the total surface concentration of sites 
is Xo (e.g., (N O sites)/cm2), then 

8 

X o = ~ X i, (12) 
i=1 

where for simplicity in notation, the follow- 
ing nomenclature is adopted: 

X 1 = [Sa]  , X 2 = [A  • S a ] ,  

X 3 = [ C -  Sa]  , S 4 = [ H -  Sa]  , 

X 5 = [ B  • Sa]  , X 6 = [ P ] ,  

X 7 -~- [Si]  , X 8 = I f  • S i ] .  

According to reaction (3) and subject to 
constraints (9) to (11), the reaction rate of 
carbon formation is written as 

d C  
R = d--T = kaX3' (13) 

where R is the specific rate of carbon forma- 
tion measured in molecules/cm2/s. In addi- 
tion, the rate of poisoning is 

d S  6 
Rp - d t  = knX3 '  (14) 

where Rp is the rate of poisoning measured 
in sites/cm2/s, and the rate of activation of 
inactive sites, Ra, is 

dX7 
Ra = dt  -- k6X4Xs" (15) 

Under the conditions of (9) to (11), the 
pseudo-steady-state approximation is ap- 
plied for the steps in the reaction sequence 
that are assumed to be in equilibrium for the 
adsorbed species A, B, and H on active sites 
and the adsorbed species C on inactive sites. 
Thus, the following equilibrium relation- 
ships are derived for X2, X3, )(4, Xs, and X8. 

X 2 = K~[A]X~ (16) 

K I K 2  [A] Xl (17) 
X3 = K 7 [H] 
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X 4 = K y [ H I X  ~ 

X 5 = Ks[B]X 1 

K tKzK5  [A] 
X 8 - - -  - -  X 7, (20) 

K7 [H] 

where K i = ki/k_i is the equilibrium con- 
stant for the ith step, and the quantities [A], 
[B], and [HI are the gas-phase concentra- 
tions of A, B, and H, respectively.  

By substitution of  Eqs. (16)-(20) into Eqs. 
(12)-(15), the following equations are ob- 
tained: 

R - dC  _ k3 KIK_______,_ [A] Xj  
dt  K 7 [H] 

d X  6 K I K 2  [A] 
R p -  dt - k4 K 7 [H~] Xi  

R a - -  

and 

d X  7 
dt - k6KIK2Ks[A ]XIX7 

(18) X2+X 3 + X 4 + X 5 = k~x I (28) 

(19) x 8 = k~x7 ,  (29) 

where t is real time and the constants k~, 
k;, and k; have units of  inverse time. The 
normalized values xi and c are defined as 

x, c 
xi =~oo and c -  a X  o, (30) 

where xi is the normalized surface concen- 
tration of  type i sites, c is the number  of  C 
atoms (or molecules) deposited normalized 
by the total number of sites, and a is the 
surface area per unit substrate volume. 

(21) Equations (16)-(18) and (20) are consoli- 
dated with Eq. (28) and substitution of  (28) 
and (29) into (24) results in (22) 

1 - x 6 - x 7 ( l  + k2) 
x I = (31) 

(23) (1 + k I) 

The constants in Eqs. (25)-(27) and (31) are 

Xo - X ~ -  X7 
(I + (K~K2Ks/K7)([A]/[H])) 

Xj = (24) 
(1 + K1[A] 

+ (K1K2/KT)([A)/[H]) 
+ KT[H] + Ks[B]) 

Equation (24) differs from the self-poison- 
ing case of Wolf and Petersen (33) by the 
presence of  the X7 term in the numerator,  
which results from the presence of  blocked 
and occupied inactive sites. 

To demonstrate  the effects of  different 
gas-phase conditions and site distributions 
on the behavior predicted by the proposed 
catalytic sequence,  the site concentations 
are normalized by the total number  of sites, 
and the rate constants in Eqs. (16)-(23) are 
grouped to obtain the forms 

dc t 

dt k3xl (25) 

dx6 
= k'4x I (26) 

dt 

dx7 
d~ - k6xlx7 (27) 

defined as 

k~ = k 3 K 1 K 2  [A] (32) 
- a K  7 [H] 

KIK2 [A] 
k,~ = k 4 - -  

g 7 [H] 

k~ = k6KIK2Ks[A]X o 

kl = Kj[A] + - - - -  
KIK2 [A] 

K 7 [HI 

(33) 

(34) 

+ KT[H] + K8[B] 

(35) 

KIKzK5 [A] (36) 
k~ - K7 [H]" 

The solution of  Eqs. (25)-(27) and (31) 
was achieved by a Runge -Kut t a  fourth-or- 
der integration technique to solve the time- 
dependent  equations with iterations re- 
quired at each time step to converge upon 
a value of  x I. The following results were 
calculated to demonstrate  the dependence  
of  the catalytic carbon deposition model on 
changes in reaction conditions and the rela- 
tion of these effects to the experimental  ob- 
servations reported by McAllister and Wolf  



A MODEL FOR CATALYTIC DEPOSITION OF CARBON 

TABLE 1 

Conditions and Parameter Settings for Catalytic Carbon Deposition Simulations 
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Case No. [A] (mol/m 3) [HI (mol/m 3) x7 o k~ (h -t) k~ (h-t) k~ (h l) 

1 1.0 1.0 0.9 1.0 0.1 0.5 
2 0.5 1.0 0.9 0.5 0.05 0.25 
3 0.25 1.0 0.9 0.25 0.025 0.125 
4 2.0 1.0 0.9 2.0 0.2 1.0 
5 1.0 0.5 0.9 2.0 0.2 0.5 
6 1.0 0.25 0.9 4.0 0.4 0.5 
7 1.0 0.1 0.9 10.0 1.0 0.5 
8 1.0 2.0 0.9 0.5 0.05 0.5 
9 1.0 1.0 0.5 1.0 0.1 0.5 

10 1.0 1.0 0.3 1.0 0.1 0.5 
11 1.0 1.0 0.95 1.0 0.1 0.5 
12 1.0 1.0 0.99 1.0 0.1 0.5 
13 1.0 1.0 0.8 1.0 0.1 0.5 

(1) for  Ni-catalyzed deposition of carbon 
from propylene/hydrogen mixtures. 

3. RESULTS AND DISCUSSION 

3.1. Calculated results. To reduce the 
number of  adjustable parameters in solving 
Eqs. (25)-(27), k I and k~ were assumed to 
be much less than one as would be the case 
at low surface coverages,  and initial values 
were specified for x6 and x 7. The rate expres- 
sions were integrated simultaneously to give 
the amount  of C formed, as well as the sur- 
face concentrat ions of  active, poisoned, and 
inactive sites as functions of  time. The effect 
of gas-phase composit ion was simulated by 
varying the relative values of [A] and [H]. 
For  purposes of comparison,  a standard 
case was simulated for selected values of 
k~, k;, and k; such that their relative magni- 
tudes were k~ > k~ > k~ for [A] = [H] = 
1.0 mol/m 3. Then,  [A] and [H] were varied 
relative to one another  and new values for 
the rate constants were determined relative 
to the standard values in accordance with 
the dependence of each parameter  on [A] 
and [H] in Eqs. (32) to (34). With k'l and 
k~ considered negligible, and no sites ini- 
tially poisoned, the only remaining indepen- 
dent variable was the initial concentrat ion 
of  inactive sites, XTo, which was set to 0.9 in 
the standard case. Table 1 lists the cases 

for which calculations were made and the 
values of k~, k~, and k~ used for different 
values of  [A] and [HI. The units of  time for 
the results presented depend on the units of  
the rate constants which were specified as 
per hour; thus the units of time were hours. 
However ,  the actual time scale for the re- 
sults shown in Figs. 1 to 4 was not necessar- 
ily realistic due to the arbitrary selection of 
the standard case parameters.  These rate 
constant values and their limits were se- 
lected for comparison of  the relative effects 
of operating variables and do not corre- 
spond directly to the time scales of  the ex- 
periments conducted.  However ,  the units of  
both rate constants and time can be scaled 
appropriately to fit experimental  observa- 
tions. 

The solution of the standard case is dis- 
played in Fig. 1, which shows the variation 
in the concentrat ion of  catalytic sites be- 
tween active, inactive, and poisoned sites. 
For  the standard case, the surface concen- 
tration of inactive sites (x7) declined at a high 
rate initially, but the rate of  disappearance 
decreased as time proceeded and a mini- 
mum value, which was slightly above zero 
because not all the initially inactive sites 
were activated, was approached.  The con- 
centration of deactivated sites (x 6) increased 
monotonically and leveled off after 60 h. 
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FIG. 1. Normalized surface concentrations of active, 
x~, inactive, XT, and poisoned sites, x6, as functions of 
time for the standard case parameters. 

Due to the combined effects of site activa- 
tion and poisoning, the concentration of ac- 
tive sites (x0 increased for a period of time, 
reached a maximum at the point where the 
rates of activation and poisoning were 
equal, and then declined as the rate of deac- 
tivation became greater than the rate of acti- 
vation. 

Shown in Fig. 2a are results for the nor- 
malized amount of C formed as a function 
of time for different values of |A], i.e., the 
gas-phase concentration of the parent hy- 
drocarbon. As shown in Table 1 (cases 1 to 
4), and according to Eqs. (32)-(34), chang- 
ing [A] resulted in linearly proportional 
shifts in k~, k~, and k~ (e.g., if [A] doubled, 
k~, k~, and k~ doubled). As [A] increased, 
the time period required to reach the maxi- 
mum mass gain decreased and the shifting 
of the curves became less pronounced as 
a limiting condition was approached. The 
limiting condition was the case in which all 
sites were active initially, such that the max- 
imum deposition rate occurred at the initial 
time. This limit was approached as the rate 
of activation increased so that most of the 
catalytic sites were activated in a very short 
period of time. Another feature of Fig. 2a is 
that, although the time over which C was 
formed varied with [A], the cumulative 
amount of C formed at the point when no 

remaining active sites were constant. In 
physical terms, if [A] increased, the rates of 
catalyst activation, poisoning, and carbon 
deposition all increased; however, the rela- 
tive magnitudes of the rates of activation 
and deactivation with respect to the rate of 
deposition were not altered by changes in 
[A]. Thus, deposition occurred at higher 
rates but over shorter periods of time due to 
increased rates of activation and deactiva- 
tion so that the total amount of carbon de- 
posited was constant. The experimental re- 
sults reported by McAllister and Wolf (1) 
exhibited qualitatively similar behavior to 
the calculated results of Fig. 2a, including 
the shortened deposition time with in- 
creased propylene concentration and the 
final level of carbon deposition which was 
nearly independent of the propylene con- 
centration. However, the calculated results 
did not become completely independent of 
[A] as observed experimentally (1), where 
above 3% propylene, a sharp transition to a 
regime of propylene concentration-indepen- 
dent carbon deposition was observed. 

In addition to the amount of C formed 
in Fig. 2a, the concentration of unoccupied 
active sites and the rate of formation of C 
are shown in Figs. 2b and 2c. In Fig. 2b, 
the concentration of active sites, xj, passed 
through a maximum and as [A] increased, 
the time of maximum x~ shifted toward the 
origin, which resulted in the S-shaped 
curves of Fig. 2a. The maximum in x] oc- 
curred because initially the rate of activation 
was greater than the rate of poisoning, but 
as time proceeded a point was reached at 
which the rate of activation became less 
than the rate of poisoning and x~ declined. 
Although the time of maximum x~ shifted, 
its magnitude was not affected. The rate of 
formation of C was obtained by multiplying 
xl by k~, and the rate of formation of C 
versus time for different values of [A] is 
shown in Fig. 2c. Since a maximum in xl 
occurred, a maximum in the rate of genera- 
tion of C was present as well. In Fig. 2c, it 
is shown that for high values of [A], the 
maximum occurred near the origin. But, as 
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200 

[A] decreased the maximum decreased in 
magnitude and shifted to longer times. Al- 
though the magnitude of each maximum was 
different, the area under each curve, which 
yielded the same final amount of C formed 
as shown in Fig. 2a, was constant. The simu- 
lated rate behavior was similar to that re- 
ported by McAllister and Wolf (1), where 
the maximum rate was increased and shifted 
toward the origin as the propylene concen- 
tration increased to the point at which depo- 
sition became independent of changes in 
propylene concentration. 

The effects of varying [H], which corre- 
sponds to varying the gas-phase hydrogen 
concentration, on the formation of C were 
evaluated and the results are shown in Figs. 
3a and 3b. As with the effects of the reactant 
concentration, the calculated results dis- 

played in Fig. 3 for various values of [H] 
follow the trend exhibited by experimental 
results (1), which showed the effects of hy- 
drogen on Ni-catalyzed carbon deposition 
from propylene. Figure 3a shows the cumu- 
lative amount of C formed versus the dimen- 
sionless time for several different values of 
[H]. At low values of [H], rapid deactivation 
occurred and relatively little C formed. As 
[HI increased, the levels of C formed in- 
creased and the time over which formation 
of C occurred was extended; as [HI in- 
creased, the deactivation became more 
gradual. The experimental results of 
McAllister and Wolf (I) illustrate that as 
the H2 concentration increased, the mass 
of carbon deposited increased significantly, 
the deposition occurred over longer periods 
of time, and the deactivation became more 
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gradual in a manner qualitatively similar to 
the results predicted by the model. 

The rate of formation of C is shown in 
Fig. 3b and in this graph the initial rate of 
formation of C decreased with [H]. At val- 
ues of [H] less than 0.25, the initial rate of 
deposition was the maximum rate calculated 
and the rate declined rapidly to zero. As 
[HI increased above 0.25, the initial rate 
decreased, but more importantly the rate of 
formation of C did not decline monotoni- 
cally but increased for a period of time, 
reached a maximum, and subsequently de- 
clined. The time at which this maximum was 
calculated to occur, shifted to slightly longer 
times as [HI increased. Experimentally 
measured carbon deposition rates for differ- 
ent H 2 concentrations (1) exhibited similar 
behavior. At 0.0% H2 feed concentration, 
the rate declined monotonically, but as the 
hydrogen concentration increased, the rates 
passed through a maximum which increased 
in magnitude as the H2 content increased. 

The calculated results shown in Fig. 3 can 
be explained in terms of the relative rates of 
formation of C, active site poisoning, site 
activation, and their respective variations 
with [HI. By definition, k~ and k~ are in- 
versely proportional to [H] while k~ is inde- 
pendent of [H]. Thus, at low values of [H], 
k~ and k~ were large, which resulted in a high 
initial deposition rate and a high rate of poi- 

soning, When [H] increased, the rate con- 
stants for formation of C and poisoning de- 
creased proportionally while the rate 
constant for activation remained constant. 
Thus, a larger number of sites became acti- 
vated because the rate of poisoning was re- 
duced and consequently at a certain concen- 
tration of H, the rate of activation became 
greater than the rate of deactivation and a 
maximum in the rate of formation of C oc- 
curred. 

The remaining independent parameter 
was the initial fraction of inactive sites, XTo. 
The specification of this value set the initial 
distribution of sites between active and inac- 
tive. Small values of XTo could correspond 
to a highly dispersed catalyst with most of 
the sites at the surface, while high values 
could represent larger catalyst particles with 
more sites contained in the bulk which were 
unable to catalyze reactions initially. A large 
initial fraction of inactive sites might occur 
even for a highly dispersed catalyst if the 
particle/support interaction is sufficiently 
strong to inhibit carbon filament formation. 
In this case, the activation process would 
correspond to the gradual detachment of 
particles from the support, which would re- 
sult in an activation period as well. Figure 4 
demonstrates the effects of different values 
ofx7o on catalytic carbon deposition. In gen- 
eral, as the fraction of inactive sites in- 
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FIG. 4. The effects of the fraction of initially inactive 
sites on the mass of carbon deposited. 

creased, the carbon deposition curves 
shifted to longer times because longer times 
were required to activate the sites. The shift- 
ing of the curves was minimal below X7o = 
0.5, but became increasingly significant as 
xTo approached one. 

3.2. Optimized fit of  reaction model to 
experimental data. To determine if the pro- 
posed catalytic sequence and subsequent 
analysis could quantitatively predict experi- 
mental results for Ni-catalyzed carbon de- 
position from mixtures of propylene and hy- 
drogen, calculated results were fit to the 
experimental data reported elsewhere (1). 
The fit to experimental data was obtained 
via a parameter optimization algorithm 
which systematically manipulated the inde- 
pendent parameters until the error between 
the theoretical values and the experimental 
data was minimized. The model calculations 
were obtained by solving Eqs.(25)-(27) and 
(31) as before, with k' I and k; assumed to be 
negligible; so four independent parameters, 

t k~, k~, k 6, a n d  xTo r e m a i n e d .  
The calculated results indicated qualita- 

tively that the model predicted correctly the 
relation between carbon deposition and pro- 
pylene concentration at low concentration 
(1-3%) but not at high concentration (>7%). 
While additional steps could be introduced 
to cover the whole range of concentrations, 
the few available experimental results did 

not permit a realistic fine tuning of the pa- 
rameters. Thus it was deemed more practi- 
cal to obtain rate constants at the two differ- 
ent ranges of concentration where results 
were available. The first set of rate constants 
were obtained using an optimization algo- 
rithm to fit the model parameters to the re- 
sults obtained at low propylene concentra- 
tion, (1-3%, Fig. 5). In this case, a first- 
order dependence was assumed between the 
rates of carbon deposition, deactivation, 
and activation with respect to propylene 
(Eqs. (32)-(36)). The second set of rate con- 
stants was obtained at high propylene con- 
centration, assuming that the above referred 
rates were independent of propylene con- 
centration in accord with Eqs. (41)-(43) 
explained below. A similar optimization 
procedure but with varying hydrogen 
concentration was used to obtain the new 
constants (Fig. 6). The constants are a com- 
bination of several equilibrium and reaction 
constants and thus represent lumped phe- 
nomenological values rather than true ele- 
mentary step rate constants. Nonetheless, 
the model does predict quantitatively the 
experimental results at the low and high con- 
centration separately, but not throughout 
the entire range. 

To make a direct comparison of experi- 
mental data with theoretical values, the cal- 

25 
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FIG. 5. Optimized fit of catalytic reaction model to 
experimental data for Ni-catalyzed carbon deposition 
at varied propylene concentrations. 
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culated values of  the dimensionless quantity 
c were conver ted  to units of  mass per unit 
substrate volume. According to the defini- 
tion of  c, the total number  of  sites per unit 
area, X o, and the surface area per unit vol- 
ume, a, of  the substrate were required. As 
an approximation,  X o was taken to be the 
ratio of  the total number  of  Ni atoms loaded 
onto the substrate to the total surface area 
of the substrate,  a, which was measured 
in BET  experiments to be 525 cm- l .  The 
resulting value of  X o was 9.8 × 1016 sites/ 
cm2/mgNi . Thus, the following equation was 
used to convert  c to milligrams of  carbon 
deposited: 

M c = 0.2046mNiC (mg C), (37) 

where Mc is the mass of carbon deposited, 
mN~ is the Ni loading in milligrams, and c is 
the dimensionless mass gain from the 
model. 

First, the model was fit to experimental  
data at 1-3% propylene concentrat ions and 
the results are displayed in Fig. 5. Experi- 
mental data are shown in Fig. 5 for propyl- 
ene feed concentrat ions of  1, 3, and 7% for 
a rayon felt sample loaded with 0.96% Ni 
and infiltrated in the presence of 49% H2 at 
500°C. Two theoretical curves are presented 
in Fig. 5 for the conditions of  1 and 3% 
C3H 6. The experimental  data at these two 

conditions were fit simultaneously by ma- 
nipulation of the parameters  at 1% C3H 6 and 
the calculation of  the parameters  for 3% rel- 
ative to the 1% values according to the first- 
order dependence of  the rate constants on 
[A]. The C3H 6 concentrat ion was tripled 
from 1 to 3%, and thus k~, k~, and k~ were 
tripled because of  their linear dependence  
on the hydrocarbon concentrat ion.  How- 
ever,  XTo was the same for both experiments 
since identical Ni loadings and substrate 
preparation techniques were used. The re- 
action model was able to fit the experimental  
data for these two sets of  conditions quite 
well; however,  when it was at tempted to fit 
the data at 7% propylene as well, the fit 
was not as effective. Although the effect of  
increasing [A] on the mass deposited vs 
time, as shown in Fig. 2a, decreased as [A] 
increased, the model did not predict the 
abrupt transition to the regime of C3H 6 con-  

c e n t r a t i o n - i n d e p e n d e n t  carbon deposition 
as observed experimentally.  According to 
the optimum fit of  the model to the data, for 
which the parameter  values are shown in 
Table 2, nearly 98% of the Ni present  was 
in an inactive state initially. Although dis- 
persion was not measured directly, SEM 
examination revealed that most of  the Ni 
present on the surface was contained in par- 
ticles on the order  of  1 /zm while carbon 
filament growth occurred from 50-nm parti- 
cles indicating a low initial dispersion of  ac- 
tive Ni particles. Thus, if the activation step 
was inhibited, a reduced amount  of  deposi- 
tion would occur. 

The H 2 concentrat ion was of great impor- 
tance in the Ni-catalyzed deposition of  car- 
bon from propylene.  Since the results at dif- 
ferent H2 concentrat ion were obtained at 
high propylene concentrat ion in which the 
previous constants were not applicable, a 
new set of constants was obtained. Thus,  
utilizing the optimization procedure,  the re- 
action model was fit to experimental  data 
for catalytic carbon deposition at 0.0, 9.7, 
and 45% H 2 and 4.6% Ni on a rayon felt at 
500°C and - 1 0 %  C3H 6 in Fig. 6. As shown 
in Fig. 5, carbon deposition above 3% C3H 6 
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Experiment % C3H6 % H2 % Ni Loading T (°C) 367o k~ (h-I) k~ (h-1) k~ (h-1) 

1 1.0 49.0 0.96 500 0.977 319.7 0.465 2.633 
2 3.0 49.0 0.96 500 0.977 959.1 1.395 7.899 
3 10.0 0.0 4.6 500 0.947 - -  - -  23.9 
4 10.0 9.7 4.6 500 0.947 1418 2.48 23.9 
5 10.0 45.0 4.6 500 0.947 305.7 0.535 23.9 

becomes independent of the C 3 H  6 c o n c e n -  

t r a t i o n .  Thus, Eqs. (21)-(23) were modified 
to be consistent with this fact and thus 
become 

R dc k3 KIK2 X1 
= d t  = aK7 [H] (38) 

= KIK2 X l  
Rp = dX6 k 4 (39) 

dt  K7 [H] 

R a - dX7 k6KIK2KsXIX  7 (40) 
dt  

or in Eqs. (32), (33), and (34), k~, k~, and 
k~ become independent of [A]: 

K1K2 1 (41) 
k~ = k 3 a K  7 [H] 

KIK2 1 
k~ = k 4 - -  (42) 

K 7 [HI 

k~ = k 6 K I K 2 K s X  o. (43) 

The optimal fit of the above constants to 
the data shown in Fig. 6 agreed reasonably 
well with all three data sets. At 9.7 and 45% 
H2,  the fit was good through the high deposi- 
tion rate period during the first 2 h, but be- 
came less accurate as the model predicted a 
more rapid and complete deactivation than 
that which occurred experimentally. As a 
result, the model predictions were some- 
what below the experimental data at longer 
times. For null hydrogen concentration in 
the feed, the model predicted almost instan- 
taneous deposition to the maximum level, 
which was faster than observed experimen- 
tally, but the total amount of carbon depos- 

ited after a few minutes agreed well with 
experiments. The discrepancy in the initial 
period could be due to the experimental pro- 
cedure in which propylene was introduced 
into the thermogravimetric apparatus at 
time zero. Because of the large volume en- 
closed by the chamber, there was a time lag 
before the C3H 6 concentration reached its 
feed concentration at the substrate location. 

The experimental conditions and the opti- 
mum model parameters determined for the 
varied propylene and hydrogen concentra- 
tion experiments are given in Table 2. Al- 
though a 4.6% Ni loading was used in experi- 
ments 3, 4, and 5 as compared to 0.96% in 
experiments 1 and 2, the fractions of initially 
inactive sites obtained from the parameter 
optimizations were similar for both Ni load- 
ings. According to the model fit, less than 
6% of the catalytic material was active ini- 
tially. The relative values of the constants 
k;, k;, and k; were consistent with k; > 
k; > k; in all cases. However, experiments 
3, 4, and 5, conducted at I0% propylene, 
could not be fit simultaneously with experi- 
ments 1 and 2 at 1 and 3% C 3 H  6 as  indicated 
in the preceding discussion. 

In previous work (1), it was shown that 
catalytic carbon deposition was affected by 
changes in temperature and the rate of depo- 
sition exhibited a complex dependence on 
temperature. To better understand the ef- 
fects of temperature on catalytic carbon de- 
position, the catalytic model was fit to ex- 
perimental data at various temperatures (1). 
The data at each temperature were fit inde- 
pendently to determine values for the pa- 
rameters at each temperature and the results 



142 M C A L L 1 S T E R  A N D  W O L F  

I20 

80 

6o 

' °  

20 

0 

i 1 [ ] 1 •  I 550 °C 
. . . . . .  

~ , ~ , Q  ................ U .................. W .................. i 
i ~  .~,, '''0''~'~ 500 °C 

0 1 2 3  4 

Time (hrs) 

FIG. 7. Optimized fit of catalytic reaction model to 
experimental data for Ni-catalyzed carbon deposition 
at varied deposition temperatures. 

are shown in Fig. 7. The agreement of the 
model with the data at 500°C was excellent, 
at 550°C the agreement was reasonably 
good, and at 600°C the model fit the experi- 
mental data initially, but overestimated the 
mass deposited at longer times. Catalytic 
carbon deposition at 600°C was so extensive 
that other factors such as diffusional limita- 
tions might have affected the mass gain of 
the substrate. The kinetic parameters ob- 
tained from the optimization are shown in 
an Arrhenius plot in Fig. 8. The rate con- 
stants for carbon deposition and catalyst de- 
activation passed through a maximum as the 
temperature was raised from 500 to 600°C, 
while the rate constant for activation exhib- 
ited a minimum in this temperature range. 
Clearly, the rate constants did not follow an 
Arrhenius. temperature dependence, which 
indicated that the values determined from 
the fit to experimental data did not represent 
elementary reaction steps, but rather a 
lumped sequence of steps each with its own 
activation energy. However, the rate con- 
stants for deposition and deactivation did 
follow the trend of the experimental deposi- 
tion rates reported by McAllister and Wolf 
(1). Due to the decrease in agreement be- 
tween theory and experiment as tempera- 
ture increased, and since the parameter opti- 
mization at each temperature was obtained 

from only one set of conditions, these pa- 
rameters and the temperature dependence 
shown in Fig. 8 cannot be considered defini- 
tive. Obviously, the effects of temperature 
on catalytic carbon deposition are more 
complex than represented by the model and 
additional experiments and refinement of 
the proposed reaction steps are needed to 
describe better the effects of this variable. 

4. CONCLUSIONS 

To summarize the findings of the work 
presented here, the following conclusions 
are drawn: 

(1) A sequence of reaction steps which 
corresponds to the fundamental phenomena 
of adsorption/desorption, catalyst activa- 
tion and deactivation, surface reactions, and 
carbon diffusion and precipitation involved 
in catalytic deposition of carbon from hy- 
drocarbons is proposed. 

(2) Rate expressions for carbon deposi- 
tion, catalytic site activation, and site poi- 
soning derived from the reaction sequence, 
when integrated, yield results which exhibit 
trends qualitatively similar to experimental 
data for Ni-catalyzed carbon deposition 
from propylene/hydrogen mixtures. 

(3) Increasing the H2 concentration de- 
creases the rates of deposition and poison- 
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FIG. 8. Arrhenius plot of lumped rate constants for 
catalytic carbon deposition, k3, site deactivation, k4, 
and site activation, k6, obtained from parameter optimi- 
zation at 500, 550, and 600°C. 
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ing but does not affect the rate of site activa- 
tion. Thus, higher H2 concentrations lead to 
lower initial deposition rates, but the total 
level of deposition increases because of re- 
duced deactivation rates. 

(4) The hydrocarbon concentration af- 
fects the rates of activation, poisoning, and 
deposition in the same manner, so that the 
ultimate level of deposition is independent 
of the hydrocarbon concentration. How- 
ever, as the hydrocarbon concentration in- a 
creases, the time over which deposition oc- A 
curs decreases due to an increased rate of [A] 
deactivation. 

(5) The activation-deactivation-deposi- [A'Sa]  
tion model effectively accounts for the ef- 
fects of H 2 on carbon deposition for H 2 feed B 
concentrations from 0.0 to 45%, and the ef- [B] 
fects of C3H 6 concentration are fit well up [B • Sa] 
to 3% propylene where carbon deposition c 
becomes independent of C3H 6. Optimized 
fits of the model to experimental data at C 
varied temperatures show that the model [C. S a] 
agrees well with data at temperatures of 500 
and 550°C, but the agreement is less satisfac- [C • S~] 
tory at 600°C. 

H 
In summary, the activation-deactiva- [H] 

tion-carbon deposition model proposed in 
this work incorporates the fundamental, [ H . S a  ] 
heterogeneous steps involved in catalytic 
carbon deposition and consequently, repre- ks 
sents well the trends observed experimen- 
tally for catalytic carbon deposition. The k_i 
limitations of the model include the predic- 
tion of a gradual transition to propylene- k~ 
independent carbon deposition rather than 
the observed sharp transition and the less k; 
satisfactory fit to data above 550°C. Several 
simplifying assumptions, which if treated k; 
differently may improve the agreement of 
theory and experiment, were made. For in- k[ 
stance, low surface coverage which will be- 
come less valid as the hydrocarbon concen- k; 
tration increases was assumed. Also, the 
orders of certain reaction steps could be dif- K i 
ferent from those assumed. Modifications to 
these assumptions could improve the P 
agreement between theory and experiment, R 
but additional parameters would be intro- R a 

duced as well. In this analysis, we attempted 
to limit the number of adjustable parameters 
so that the physical significance was not ob- 
scured. Thus, the model and assumptions 
presented in this work correspond well qual- 
itatively, and under most conditions exam- 
ined, quantitatively, to experimental obser- 
vations. 

5. NOTATION 

surface area per unit volume 
hydrocarbon reactant 
gas-phase hydrocarbon concen- 
tration 
hydrocarbon adsorbed on an ac- 
tive site 
gaseous hydrogenation product 
gas-phase concentration of B 
adsorbed hydrogenation product 
carbon atoms (or molecules) de- 
posited per site 
carbon deposit 
carbon deposit associated with an 
active site 
carbon deposit associated with an 
initially inactive site 
hydrogen 
gas-phase hydrogen concen- 
tration 
hydrogen adsorbed on an active 
site 
rate constant for forward reaction 
step 
rate constant for reverse reaction 
step 
lumped rate constant for rate of 
carbon deposition 
lumped rate constant for rate of 
poisoning 
lumped rate constant for rate of 
site activation 
lumped constant for coverage of 
active sites 
lumped constant for coverage of 
initially inactive sites 
equilibrium constant for reac- 
tion i 
poisoned sites 
rate of carbon deposition 
rate of site activation 
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Rp rate of site poisoning or deacti- 
vation 

S a active site 
Si initially inactive site 
t time 
x i surface concentration of type i 

sites normalized by total surface 
concentration of sites 

Xi surface concentration of type i 
sites 

Xo total surface concentration in- 
cluding all types of sites (con- 
stant) 
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