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Abstract

A kinetic model of CH, decomposition on supported Co catalysts, that describes the stable catalyst activity associated with filamentous

carbon formation and the catalyst deactivation associated with the formation of encapsulating carbon, is presented. The rate of carbo
nucleation at the tailing face of the supported metal particle, a precursor for the growth of filamentous carbon, is described by a cluster
nucleation model. The deactivation or stable activity, observed after an initial rate increase that is associated with carbon nucleation, i
explained by the competition between the rate of carbon diffusion through the metal particle and filamentous carbon growth, versus the rat
of encapsulating carbon formation on the leading face of the particle. The site density profiles through the metal particle at different reaction

times are also calculated, and the effect of metal particle size on the initiptl€tbmposition rate is quantified.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction drocarbons (HCs) is complex and depends on the morphol-
ogy of the carbon produced. Typically, the carbon forms

Methane decomposition is important in a number of re- filaments or nanofibres that act to remove carbon from the
actions that are intended to convert natural gas to moreactive catalyst surface, and this ensures stable activity for

valuable products with the use of supported metal cata- extended periods of time. The various rate processes that
lysts. These include CHsteam reforming and dry reform-  |ead to carbon filament formation and growth during cat-
ing for synthesis gas production and £hbmologation for  alytic decomposition of HCs are generally agreed to include
higher hydrocarbon synthegi 2]. Catalytic decomposition (i) deposition of carbon atoms on the exposed surface of the

of CHyq may also provide an alternative route to With- metal catalyst as a consequence of hydrocarbon decompo-
out CO contamination for use with PEM (proton exchange sition, (ji) dissolution and diffusion of carbon through the
membrane) fuel cell§3], and a cyclic process of Gile- metal particle, and, finally, (iii) carbon precipitation, nucle-

composition at moderate temperature, followed by gasifica- ation, and filament formation at the back of the metal particle
tion of carbon with steam or oxygen to produce high-purity [8-12]. These steps have been included in kinetic models of
H2 and syngas separately, has also been proddsgdThe  carbon deposition and filament formatifit9—17]over vari-
production of carbon nanofibres and nanotubes by Gé+ ous metal catalysts including Ni, Fe, and Co, and the models
composition has also been reported recejtijy]. have been used to describe the activity-versus-time profiles
The relationship between catalyst deactivation and car- for metal catalysts. The activity profiles typically show a pe-
bon deposition during decomposition of ¢ind other hy-  jog of increasing activity that is ascribed to the nucleation
of the filamentous carbon followed by a period of steady or
" Corresponding author. Fax: +1 604 822 6003. declining activity, depending on whether filamentous or en-
E-mail addresskjs@interchange.ubc.¢&.J. Smith). capsulating carbon is produced.
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In catalytic systems, the kinetics of filament formation is Ni catalystd19,25,26] However, under certain reaction con-
dependent on operating conditions, especially temperatureditions, the stable activity corresponding to carbon nanofibre
and the HQH> ratio in the gas phase, and catalyst proper- formation was not obtained, and catalyst deactivation was
ties, including metal particle siZ8-17]. On supported cat-  observed. Furthermore, the activity profiles showed an initial
alysts the filament growth occurs between the metal particle period of increasing activity that was followed by a period
and the support, whereas unsupported catalysts allow growthof either stable activity or decreasing activity, depending on
of multiple fibres[18]. Furthermore, as pointed out by De the reaction conditions, on both supported Ni and Co cata-
Jong and Geusd 8] and otherq11,19] metal-support in- lysts[19,25,26] Since the initial increase in GHlecompo-
teraction (MSI) also has an effect on the observed reactionsition activity is thought to be due to nucleation of carbon
rate. Thus, catalysts prepared by wet impregnation methodsfilaments, there is a need to include carbon nucleation kinet-
on supports that have strong MSI effects will likely behave ics in the existing models of CHdecomposition kinetics.
differently from those prepared by, for example, sputter- Furthermore, most models of catalytic carbon filament for-
ing [20], where the resulting metal particle will interact less mation[10,11,14]describe the steady growth of filamentous
with the support. At very high temperatures (108) Jour- carbon. For the case of decreasing activity, there are only
dain et al[21] have suggested that the metal particle can be empirical deactivation mode[27,28]
split during the formation of carbon nanotubes and have in-  In the present work, a kinetic model of Gldecomposi-
cluded such a step in their proposed mechanism of carbontion is presented in which the rate of carbon nucleation at the
nanotube growth. interface between the metal and support is described by the

Carbon nucleation during the formation of filaments cor- cluster nucleation model. The competition between encap-
responds to an observed increase in decomposition activitysulating carbon formation and carbon dissolution/diffusion
with time as more filaments nucleate, and this increased ac-at the surface of the metal is also included to account for
tivity has been observed in numerous studies,10,11] catalyst deactivation. The proposed model is fitted to carbon
The importance of carbon nucleation during £d&compo- deposition rate data obtained on Co catalysts and partly re-
sition on Ni catalysts has been recognised by Snoeck and cojorted in previous work25] and to literature data reported
workers[10,11] They proposed that the dependence of the for Fe foils[30].
number of growing filaments on the affinity of carbon forma-
tion must be taken into account in modeling of the kinetics
of filamentous carbon formation. Hence, in their study, use 2. Experimental
of catalysts on which carbon was previously deposited un-
der standard conditions ensured that the rate of growth of2.1. Catalysts
the carbon filaments was always based on the same num-
ber of filaments. Villacampa et g13] have described the The Co/SiQ catalysts were prepared by incipient wet-
kinetics of the nucleation process in a semi-empirical way, ness impregnation of a pre-calcined (773 K for 25 h in
assuming the nucleation rate is proportional to the square ofair) silica support (silica gel, grade 62, 60—200 mesh, 15A,
a concentration driving force. Aldrich 24398-1) according to the procedures described in

Models of the kinetics of carbon nucleation and growth previous studie§2,25]. The impregnation was followed by
on the surface of substrates relevant to diamond synthe-drying in vacuum at 373 K for 37 h and then calcining in
sis by CVD processes have been described in the literatureair at 723 K for 10 min. Before being exposed to reactant,
[22—24] In the cluster nucleation model, for example, clus- the catalysts were reduced by temperature-programmed re-
ters of carbon atoms are assumed to be more likely to growduction (TPR) in 1 h to 923 K in a flow of 40%4HAr at a
than decay once they reach a certain critical size. Nucleationrate of 100 mImint, and the catalyst metal dispersion was
on the surface is the result of collision between mobile single determined by CO chemisorpti¢26].
carbon atoms and subcritical clusters, and the nucleation rate
corresponds to the rate of addition of single carbon atoms to2.2. Activity measurements
these subcritical clusters. The rate of growth is determined
by the rate of addition of single carbon atoms to the stable = The CH,; decomposition activity of the Co catalysts was
clusters. Models of the kinetics of flamentous carbon for- determined in a fixed-bed microreactor described previously
mation on metal catalysts described in the literature have not[2,25], with the same experimental procedures and oper-
included the kinetics of these growth and decay steps asso-ated in differential mode. Catalyst activity measurements
ciated with nucleation. reported here were made under one set of operating condi-

In previous work, we reported activity-versus-time pro- tions. The catalysts were reacted in 23%ZH% H,/65%
files for CH; decomposition on low loading Co and Ni cata- Ar at a total gas flow rate of 185 ml (ST/hin at 773 K.
lysts at relatively mild temperatures (600°C) [19,25,26] Tests to determine the significance of external and inter-
The catalysts had particle sizes in the range of 8-30 nm. nal diffusional effects were done according to the guidelines
Carbon nanofibres were detected on Co catalysts under congiven by Froment and Bischoff9]. For the range of ex-
ditions similar to those required for nanofibre formation on perimental conditions used in the present study, internal and
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external gradients in concentration and temperature were in- The diffusion of carbon through the metal particle is

significant[31]. described with a one-dimensional, non-steady-state diffu-
sion equation. Chitrapu et dl16] have demonstrated that
the one-dimensional diffusion equation applied to carbon

3. Results filament formation gives results similar to those of a two-
dimensional model with significantly less computational ef-
3.1. Model development fort. The driving force for carbon diffusion through the par-

ticle is the carbon atom concentration gradient across the
The kinetic model is applied to the catalyst geometry particle. A uniform diffusion path lengti2/3)d, was as-
shown schematically ifig. 1. The leading face of the cata-  sumed, wherel, is the metal particle diameter, consistent
lyst particle refers to the interface between the metal and gaswith the average diffusion length in a spherical partdie,
phase, where carbon atoms are formed by the reversible re41 14,15] Thus, the catalyst geometry is approximated by a
action CH, <— C+ 2H,. Once the carbon atom is formed, metal slab, the sides of which do not participate in the ex-
we assume that two parallel and competing processes areretion of carbon. This approximation, used in a number of
possible. The carbon atom can either diffuse through the other studie§10,11,15] is appropriate for catalysts prepared
metal particle and subsequently nucleate and grow filamentspy incipient wetness impregnation of porous supports that

at the tailing face (where “tailing face” refers to the interface therefore yield metal particles that interact significantly with
between the metal and support), or it can form encapsulatingthe suppor{6,7,19]

carbon on the leading face. We assume that the gasification Thus, the model includes five important rate processes:

of encapsulating carbon byzHs negligible, and therefore  the rates of stepwise GHlehydrogenation and encapsulat-
the number of active metal sites at the leading face decreasesng carbon formation at the leading face of the particle, the
as encapsulating carbon is produced; this results in catalystate of carbon diffusion through the particle, and the rates of

deactivation. This assumption is consistent with the findings carbon nucleation and filament growth at the tai”ng face of
of Chen et al[15] and is supported by results from studies the particle.

of methane homologation on supported metal cataf¢s#3.
These latter studies have shown that carbon fragments gener3.1.1. Model equations

ated from CH are unreactive towardszés they age and as The model equations are from rate expressions for each
they are exposed to elevated temperature4%0°C). Sim- of the five rate processes relevant tokcomposition and
ilarly, it is assumed that the filamentous carbon cannot be filamentous carbon formation. The five rate expressions are
gasified in kb under the reaction conditions studied. Note, |inked through carbon balance equations that can be writ-
however, that the formation of surface carbon from,Gie- ten for both the tailing face and the leading face of the
composition is reversible, and, consequently, the effects of particle. On the leading face of the metal particle, we de-
the CHi/H> ratio and reaction temperature on catalyst de- fine the net rate of carbon formation from gldtepwise
activation are accounted for indirectly, since this reaction dehydrogenation and gasification (§H— C + 2H,) as
determines the surface carbon concentration, which in turn; — rg (cm~2s71), the rate of encapsulating carbon forma-
will govern the rate of encapsulating carbon formation. tion asre (cm 2s1), and the rate of carbon bulk diffusion
through the metal particle ag (cm—2s~1). With n¢ defined

as the site density of single carbon atoms (éjrat any po-

l l l l sition in the particle, a carbon balance on the leading face of

Gas phase CH,

the particle yields

dne
dr x=0

Leading face =(rf—rg) —rd—re (1)

Carbon species site density: ngand n, r

atx = 0 (the leading face r > 0.

On the tailing face of the particle, the rate of carbon fila-
ment nucleation is defined as,c (cm 2s~1) and the rate
of filament growth asgrowth (cm~2s71). The change in car-
bon atom site density at the tailing face must equal the rate
of carbon diffusion through the metal at the tailing face

Carbon species site density: nj, n; and n

Tailing f: i !
aing face ' (cm~2s~1) minus the rate of carbon atom consumption
d . .
by carbon filament nucleatiomyc (cm=2s~1) and growth
Support rgrowth (CM~2s71) on the tailing face. Hence,
dl’lc
E = V(/j — nucl — Fgrowth (2)
Fig. 1. Schematic of supported metal catalyst geometry used fordeH x=2/3dp

composition kinetic model. atx = (2/3)dp (the tailing facg; ¢ > 0.
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The rate of carbon diffusion through the metal particle
(x direction) is described by the unsteady state diffusion

equation, written on a carbon atom basis

anc 82}’1(;

— = Dg—=, 3
at S 9x2 @)

with the initial condition

nel,_gg/34, =0 atr=0forallx, 4)

where Ds (cn?s™1) is the carbon diffusivity through the
metal particle. The relevant boundary conditions for €.
are given by Eq91) and (2) The encapsulating carbon for-

mation step is included in the boundary condition at the rt — rg = kf Pci,[SI® — kr[CHsSI[HS],

leading face to account for catalyst deactivation.
In the present study, the carbon nucleatiggy (cm 2
s71) and growthrgrowtn (cm—2s72) rates at the tailing face

are described by the cluster nucleation model. This model
has been successfully applied to the carbon nucleation and
growth rates on the surface of substrates relevant to diamond

synthesis by CVD process§z?,24] Eq. (3), together with
the initial condition Eq(4) and the two boundary conditions,

Egs. (1) and (2) represents the mathematical formulation
of the kinetic model. Solution of these equations provides a #C- S=2nCp-S withn =

complete description of the rate of Gldecomposition and
carbon formation as a function of time on stream.

3.1.2. Description of the boundary condition at the leading re = kencagts-

face

Eq. (1) describes the carbon balance at the leading face

of the metal particle that arises from ¢ ktepwise dehydro-

genation, carbon gasification, and the formation of encap-
sulating carbon. Two types of carbon species are assume
to exist at the leading face: atomic carbon with site den-
sity ns (cm~2) and encapsulating carbon with site density

np (cm2).

The net rate of carbon depositien— ry is derived from
the known elementary reaction steps for{3tepwise dehy-
drogenatiori1,2,10,11]

CHa + 2S5 <—> CH3S + HS, (5)
CH3S+ S «— CHpS + HS, 6)
CHyS+ S «— CHS+ HS, @)
CHS+ S «— CS+ HS, @)
2HS &5, 254 Hy. 9)

Since the activation energy for Gkh the gas phase (CHr+-

25— CHs3S+ HS, where S represents an active site) is less

than that of adsorbed GHCHsS+ S — CH3S+ HS) over
Group VIII metal catalyst$32], it is reasonable to assume
that the first step of Clddecomposition can be written as
Eq. (5). By assuming that reactigb) is the slow step, com-
bining reactiong6)—(9) and defining the equilibrium con-
stantsKy and Kchg,

Py, [SI?

Ky = ,
A7 s

(10)

357
_ [HSP[CS|
"7 [CHaSISP o
we obtain
1
[HS| = — PRSI, (12)
K
1 3/2
[CHsS| = ———75 3, [CS. (13)
Kch; Ky

Since reactionb) is the slow step, the net rate of carbon
deposition(rs — rg) is given by

(14)
which by substitution yields
1
rt — rq = kt Pcp,[S1? — ky——— P2 [S][CS]
g Hg r CH3K|?| Ho
= ki Pch, [SI? — kg P3,[SI[CS]. (15)

The ensemble size associated with the formation of en-
capsulating carbon; as described by
kp
(16)
was assumed to be[65]; and the encapsulating carbon for-
mation rate is given by

17

The ensemble size for encapsulating carbon is not well es-
tablished, since detailed knowledge of the formation of en-
capsulating carbon is not available. Values of 3, 6, and 10
ave been used in the literatyfi,23] An ensemble size of
was shown by Chen et dlL5] to give the best fit to their
activity data on Ni catalysts, and in our own studies; 6
gave a better fit to the reported data thasa 3.
The carbon diffusion rate at the leading face is described
by
p0re/d)
dx x=0

so that the boundary condition at the leading face=a0 is
expressed by

(18)

dnc
dr

dns

= =(rf—rg) —rd—"re
o O

x=0
= kt Pch, [SI? — kg P, [SI[CS]

d(nc/dx
% o - kencayﬂg

The site conservation was used to calculate [CS]
[S] + [CS] + [CH3S] + [HS] + [CpS] = [Sal,
and assuming that [HS] and [GH] are small
[S] + [CS] + [CpS] = [Sol. (21)

Assuming that the encapsulating carbon occupies the same
number of sites as a single carbon atom, the change in the

x=

— Ds (29)

(20)
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number of active sites is described by

ds) _
dr

—(rf — rg) + . (22)

and the change in sites occupied by encapsulating carbon is

described by
d(CpS]
d? = kencarﬂg (23)

3.1.3. Description of the boundary conditions at the tailing
face
The boundary condition at the tailing face describes the

carbon balance on the catalyst surface at the interface bey;,; =
tween the metal and the support. At this interface, the rate of

carbon consumption by nucleation and growth of carbon fil-

aments must equal the rate of carbon diffusion through the

particle at the tailing face. The carbon nucleation and growth
rate at the tailing face were modelled with the cluster nucle-
ation model[22,24] The Boltzmann nucleation modg3]

Y. Zhang, K.J. Smith / Journal of Catalysis 231 (2005) 354-364

The term, describes the rate at which single carbon atoms
are excreted at the tailing face and is given by

y_ p A/t

- . (25)

x=(2/3)dp
The termo, D1n1n, describes the cluster growth rate by sin-
gle carbon addition to stable clusters, and the térm1) N,
describes the nucleation rate of single carbon atoms with
critical clusters that grow into stable clustde?,24] To
solve EQ.(24), n; andn, must be determined. An expres-
sion forn; in terms ofnq is available from Zinsmeister's
relation[33], written as

1/2n3(xstable— 1) x> 1, (26)
X <I,
where
t
Xstable= Uilenl dr. (27)

0

was also investigated but is not described in detail here, sinceEq. (28) gives the growth rate of critical clusters into stable
the cluster nucleation model had fewer parameters and gaveclusters[22,24], from whichn, can be determined by nu-

a better fit to the data of the present sti@y].

According to the cluster nucleation model (CNM), single
carbon atoms with site density diffuse over the surface of
the tailing face with surface diffusivityp; (cm?s1). The

merical integration

dn,
Ny = — =o0;D1n1n;.

dr (28)

CNM assumes that only single carbon atoms are mobile on3.1.4. Numerical procedures
the surface. The carbon atoms collide and produce clusters The second-order partial differential equati@), the

containing j carbon atoms with surface concentration
Furthermore, the clusters are more likely to undergo growth
than decay when the cluster size exceeds a critical number
andn; is defined as the critical cluster site density at the tail-
ing face. All clusters larger than the critical cluster are con-
sidered to be stable, amg is the stable cluster site density.
To simplify the model, we assume that the rates of nucle-
ation and growth are dominated by single carbon addition

boundary conditions consisting of the site balance equa-
tions at the leading face equati¢h9), and the tailing face
equation(24) constitute the model equations that are solved
numerically by the finite-volume method without the as-
sumption of any rate-determining step. Simultaneously, the
carbon site density at the tailing face corresponding to each
iteration in time was calculated by numerical integration of
Eqgs.(26)—(28) The bulk diffusivity Ds, surface carbon dif-

processes. Consequently, the nucleation rate corresponds téusivity at the tailing faceD1, and reaction rate constants for

the addition of single carbon atoms to clusters containing

atoms, and growth corresponds to single carbon atom addi-

tion to stable clusters containingatoms wherec > i + 1.
The rate of nucleation can then be written\as= o; D1n1n;
and the rate of growth a¥y = o, D1n1n,, where the capture
numbersg; ando,, are used to describe the diffusion flow

carbon formatiorks, gasificationkg, and encapsulating car-
bon formationkencap Were estimated by a fit of the model to
the carbon deposition rate data. The Marquardt compromise
methodology was used for the parameter estimation.

3.2. Model application

of single atoms to critical clusters and stable clusters, respec-

tively [22,24] The capture numbers are known to vary over
a narrow range of values, and hereando, were taken to
be 4 and 5, respectively, following Vennables e{24]. The
sizei of the critical cluster was taken as 10, consistent with
previous studie§22,23] Accordingly, the boundary condi-
tion at the tailing face is described by the following carbon
balance equation:

df’lc
dr x=(2/3)dp

dny
= — =7Fq — I'growth — "nucl
dr d g

=ry—oxDinin, — (i + DNy (24)

3.2.1. Model fit to CHH decomposition rate data on
Co/SiQ catalysts

The kinetic model was fitted to GHecomposition rates
measured on Co/SiCcatalysts with different Co loadings
under the same CHdecomposition conditions, namely
Ky = P,_Ziz/PCH4 = 0.033 atm andl’ = 773 K. The model
parameter values estimated from a fit of the model to these
data are listed iffable 1 Two typical activity profiles ob-
tained on supported Co catalysts duringftidcomposition,
which showed steady CHlecomposition activity and deac-
tivation, are well described by the model as showhRiis. 2
and 3 respectively.
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Table 1

359

Effect of metal particle size on model parameters estimated fromd&domposition data measured at 773 K in 23%HA% H,/65% Ar at a total gas flow

of 185 mL (STP) min® over Co/SiQ catalysts

Parameter Units Co wt% of Co/Spatalyst
8 10 12 30
dp nm 13.5 17.8 19.4 28.0
Ds x 1014 cmls 1 4.05+0.20 608+0.01 590+0.23 136+ 0.23
D1 x 106 cmés1 4544038 616+ 0.02 096+ 0.04 0524 0.01
ki x 1019 Palcm?s?! 1420+ 0.42 880+ 0.04 7.02+0.004 410+ 0.16
kg x 1072 Pa?slen? 2.82+0.24 211+0.04 0.77+0.0004 024+ 0.001
kencapx 107° cmi0s1 17.7+0.64 295+0.01 0,55 0.00003 113x 104 £ 1.01x 10~/
R2 - 0.68 0.84 0.78 0.92

0.8

0.7+

Site density, 1icm?

Methane decomposition rate, mmol/min/g cat

O Experimental data
— Fitted data

00 O OO

Time, min

¥ 107 . L
"0 5 10
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2
o~ 4 ~
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Fig. 2. (a) Calculated carbon site density profile along the diffusion path on 30 wt% Goz&ialyst at 773 K in 23% Cl12% H,/65% Ar at a total gas flow
of 185 mL (STP) mim? and 101 kPa. (b) Comparison between the carbon deposition rate data measured at 773 K ing2B2%C/65% Ar at a total

gas flow of 185 mL (STP) min! and 101 kPa on 30 wt% Co/Sjcand the carbon deposition rate calculated from the fitted kinetic model. (c) Site density

changes as a function of time-on-stream obtained from the kinetic model fit to the carbon deposition rate data measured at 773 K4A.2894466%

Ar at a total gas flow of 185 mL (STP) niit and 101 kPa on 30 wt% Co/SjO
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Figs. 22—c show the model fit to the GHlecomposition thermore, catalyst deactivation occurs because of a high rate
rate data on 30 wt% Co/SjOwith steady catalyst activ-  of formation of encapsulating carbofaple J).
ity and carbon filament growttFig. 2a shows the devel-
opment of the carbon atom site density profile through the
Co metal particle with time on stream. Before the start of 4. Discussion
carbon nucleation at the tailing face of the particle, the site
density increases through the particle as the diffusion driving 4.1. Model fit to selected literature data
force decreases because of the accumulation of single carbon
atoms at the tailing face of the metal particle. The site den- As mentioned above, the nucleation rate, the rate of
sity begins to decrease once carbon nucleation and growth asteady growth of carbon nanofibres, and the rate of deacti-
the tailing face begin, however, and this decrease means thavation after nucleation were all well described by the model.
the driving force for carbon diffusion through the particle in- However, as shown ifrig. 3b, the brief period at the start
creases again. Finally, the profile stabilises, corresponding toof the reaction, in which the model predicts a rapid decline
stable filament growth at the tailing face. The carbon depo- in activity corresponding to non-steady-state diffusion be-
sition rate with respect to time on stream on the metal Co fore the start of nucleation, was not observed experimentally
particle calculated by the model is compared with the mea- on the Co catalysts. The experimental procedure used to
sured data irFig. 2b. The model calculates an initial rate measure Cll decomposition rates in the present study re-
decrease, followed by an increase in rate and finally stablelied on sampling the reactor exit gas at a period of about
activity. The period corresponding to the initial rate decrease 3.3 min[31]. The brief period before nucleation lasted less
is associated with non-steady-state carbon diffusion throughthan 3 min under the conditions Bfg. 2and, consequently,
the metal and the accumulation of single carbon atoms at thewas not observed. However, initial carbon deposition rate
tailing face of the particle before the start of nucleation. The data can be calculated from the experimental results reported
subsequent period of rate increase corresponds to carbory Sacco et al[30] for Fe foil at 900 K. The kinetic model
nucleation. The final, stable carbon deposition rate corre- can then be fitted to these data, once the active surface area
sponds to the steady growth of carbon filaments. Note thatand hence the initial surface site density are known. Note that
although the steady growth of carbon nanofibres after the although other Ckl decomposition data are available in the
rate increase associated with nucleation was well describediterature, including recent data on Co catalysts, these data
by the model, as shown iRig. 2b, the rapid decline in ac-  do not give the carbon deposition in the first few minutes of
tivity before the start of nucleation was not observed. The reaction[6,7] or they do not report the catalyst active surface
CH,4 decomposition rate data were measured at intervals ofarea[14,15]
3.3 min [31], whereas the model suggests that under the  Fig. 4 shows two sets of carbon deposition rate data that
reaction conditions ofig. 2b, the nucleation process was were calculated from data reported by Sacco ef3dl] on
completed within this time interval. Data iRig. 2c show 6 x 6 x 0.25 mm polycrystalline Fe foil at 900 K during the
the changes img, n1,n; andn, with time on stream. The  first 30 min of reaction. The data of Sacco et al. provided
three stages identified irig. 2 correspond to the following  weight change measurements of the Fe foil at 30-s intervals
rate processes. Stage (i) corresponds to non-steady-state difrom the beginning of the deposition process. The values
fusion, n1 increases, and; andn, are equal to zero since of Fig. 5were obtained by differentiation of the cumulative
single carbon atoms are only accumulating at the tailing face weight gain data reported [80]. Note that~ig. 5shows ev-
but have not yet begun to nucleate. Consequently, the carboridence of an initial stage of activity decline for one of the
diffusion rate at the tailing face is low. In stage (ii), car- two sets of data. For both sets, the activity profile shows a
bon nucleation and growth have begun, so thalecreases, period when the rate increases, presumably because of the
whereasy; andn, increase. Consequently, the carbon dif- nucleation process. These results also suggest that the initial
fusion rate increases because the driving force for carbonperiod of rate decline is only observed when the nucleation
diffusion increases. Finally in stage (iii), the rate of carbon process is slow relative to the diffusion rate. The short, initial
nucleation and growth at the tailing face and carbon diffu- period during which the rate of carbon deposition decreases
sion rate through the particle reach steady values. has also been observed in more recent studies over Fe cata-
Figs. 3a—c show the fit of the model to the Gldecom- lysts[7,12], and in both cases this phenomenon is observed
position rate on 10 wt% Co/SiQwith catalyst deactivation  only under particular operating conditions.
after the initial rate increase. The site density profiles along  The kinetic model of the present study was fitted to the
the metal particle at different reaction timésd. 3a) again rate data ofFig. 5 corresponding to the partial pressures
show the presence of various stages of reaction during CH PcoPn, =0.13 ba?, Pcoz/Péo = 0.21 baP, and for which
decompositionFig. 3 shows that the catalyst deactivation the three stages of filament formation were apparent. How-
was also well described by the kinetic model. Under the re- ever, because the reactant gas included CO ang &@
action conditions ofig. 3, however, the initial diffusion  the kinetics of the surface reaction involving these species
of carbon through the catalyst occurs rapidly, and only the is complex, it was assumed thaf was fixed at the leading
subsequent nucleation stage is apparent from the data. Furface during the reaction. Furthermore, encapsulating carbon
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Fig. 3. (a) Calculated carbon atom profile along the diffusion path with steady carbon growth on 10 wt% Qaaigst at 773 K in 23% Cl12% Hy/65%

Ar at a total gas flow of 185 mL (STP) miit and 101 kPa. (b) Comparison between the carbon deposition rate data measured at 773 K ins2B2CH
H2/65% Ar at a total gas flow of 185 mL (STP) mif and 101 kPa on 10 wt% Co/Sjand the carbon deposition rate calculated from the fitted kinetic
model. (c) Site density changes as a function of time-on-stream obtained from the kinetic model fit to the carbon deposition rate data measured at 773 K i
23% CHy/12% Hy/65% Ar at a total gas flow of 185 mL (STP) mih and 101 kPa on 10 wt% Co/Si0

formation at the leading face was neglected because stablestream because single carbon atoms accumulating at the tail-
activity was obtained after carbon nucleation. Accordingly, ing face have not yet been excreted from the particle, and,
by fitting the carbon deposition rate data to the model, we consequently, the driving force for carbon diffusion (the dif-
estimated the bulk carbon diffusivit®s, the surface carbon  ference in the concentration of single carbon atoms between
diffusivity at the tailing faceD4, and the site density of sin-  the leading face and the tailing face of the particle) de-
gle carbon atoms at the leading fage The fitted parameters  creases with time on stream. As carbon diffusion proceeds,
are listed inTable 2 with these parameter values, the site the single carbon atoms at the tailing face start to nucle-
density profiles and the CHlecomposition rates were cal- ate and grow. During this period, the site density of single
culated as shown iRigs. 5a—c. carbon atoms at the tailing face decreases and the driving
The three stages shown ffig. 5 can be well explained  force for carbon diffusion increases. Hence, the observed
by the proposed kinetic model. The initial rate decrease carbon deposition rate increases for a period corresponding
corresponds to the initial, non-steady-state carbon diffusion to carbon nucleation. Eventually, stable activity correspond-
during which carbon clusters of critical sizehave not yet ing to steady carbon growth is observed. The carbon site
formed on the tailing face of the catalyst particle. During density profiles irFig. 5a also show three distinct stages cor-
this period, the carbon diffusion rate decreases with time on responding to non-steady-state diffusion, carbon nucleation,
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Table 2

Estimated model parameters for the kinetic model applied to carbon decom-
position data reported by Sacco et[8D] and measured on Fe foil at 900 K
0.120 1 and PcoP, = 0.13 baf, PCOZ/PéO =0.21 baP

ns x 10717 Ds x 10P D1 x 1070 F-Statistic

0.100 (cm™2) (cm?s™1 (cm@s™1

6.64+0.04 266+ 0.02 7.70+£0.02 14.6

0.140 -

0.080 -

0.060 - from 0 to 35 ony-Fe at 1033 K. The difference between the
values obtained in the present study and those extrapolated
0.040 | from the study of Yokohama et al. is possibly also due to
activity differences. In the present study, the carbon activity
0.020 4 of the gas phase was approximately 7.0, whereas the carbon
activity was not reported by Yokoyama et @5].

The modeling results ofable lalso showed thabs in-

Carbon desposition rate, mmol/(min.g cat)

0.000

0.0 5.0 100 15.0 20.0 creased with increasing metal particle size. One possible ex-
Time, min planation for this observation is the influence of the exposed
Fig. 4. Carbon deposition rate versus time for varioys €0, CQ, CHy surface plane on carbon diffusion rate. Both (100) and (110)
and HO partial pressures at 900 K and 1 bar over Fe foil. Data cal- Surfaces are more suited for carbon diffusi86] and are
culated from[30]. (M, PcoP, = 0.13 baf, Pco,/PEn = 0.21 baf; apparently favoured at the gas/metal interface, whereas the
0, PcoPh, = 0.12 baf, Pco,/PEn= 2.0 baF). (111) face is favoured at the graphite/metal interface-6&,

Co, and Ni catalystf35]. In the present study, the decrease
and, finally, steady growth of carbon nanofibers, as describedin carbon diffusivity,Ds, with decreasing metal particle size
previously.Fig. 5b shows that the steady growth of carbon may also be influenced by the fact that (100) and (110) faces
nanofibres after the initial rate increase was well described are less favourable for small metal particles.

by the model. Modeling results offable lalso showed that the carbon
The modeling results ofable 2provide estimates abs. surface diffusivity,D1, decreased with increasing metal par-
Over Fe foil at 900 K,Ds = 2.7 x 108 cn?s~! was ob- ticle size, resulting in a weaker ability for carbon nucleation.

tained. Values of carbon diffusivity in Fe reported in the Finally, the rate constant of encapsulating carbon formation,
literature vary over several orders of magnitude. Safvi et kencap decreased with increasing metal particle size. Yang
al. [34] demonstrated that carbon diffusivity is dependent and Cher{36] reported that encapsulating carbon formation
upon the carbon activity, reporting that diffusivity increased on Ni was also dependent on the exposed surface, with en-
from 1 x 1072 to 1 x 10°® cm?s! as carbon activity in-  capsulating carbon favouring binding on Ni (111), followed
creased from 0 to 35 op-Fe at 1033 K. Extrapolation of  in order by(111) > (311) > (100 > (110. In the present
data summarised by Yokoyama et |5] yields values of  study the decrease itencapWith increasing metal particle
5x 1072 cm?s~! at 900 K fory-Fe, but the carbon activity ~ size may also be a result of the low-index planes (100) and

was not reported in this case. The valuelnf over Fe foll (110) being dominant on the large crystallites of the sup-

at 900 K estimated from the kinetic model is high but within ported Co catalysts.

the range of literature values. In the present study, the initial forward rate of methane
decomposition (initial TOF, 3Y) was obtained from the

4.2. Effect of metal particle size value ofks and the exposed metal surface area as estimated

from CO uptake measuremer5] with the equations =

Table 1summarises the estimated model parameter val- k Pch,[S]?. The calculated values, plotted versus metal par-
ues obtained for the series of Co/Si€atalysts, each with a ticle size inFig. 6, show that the initial forward rate of GH
different particle size. Values dbs, the carbon diffusivity in decomposition decreased as metal particle size increased.
the Co, in the range 0f.@85x 10~ 1t0 1.36x 10~ 3 cnP st This result is in agreement with results of Wei and Iglesia
were obtained. Few data are available for carbon diffusivity [37,38] who demonstrated that the forward gHirnover
in Co at the temperature of the present study. Extrapola- frequency (TOF) for Cig-H,O, CHsi—CO,, and CH; de-
tion of the data summarised by Yokoyama ef[35] yields composition reactions decrease with increasing metal par-
Ds = 6.94 x 10712 cn?s~1 for carbon diffusion through a  ticle size. Wei and Iglesi#37,38] suggested that the co-
Cofoil, one to two orders of magnitude larger than the values ordinatively unsaturated surface atoms prevalent in small
obtained from the kinetic modeTéble 1. Safvi et al.[34] crystallites are significantly more active than those in the
demonstrated that carbon diffusivity is dependent upon the low-index planes predominately exposed on large crystal-
carbon activity and reported that diffusivity increased from lites, and similar effects have been predicted theoretically
1x 10°to 1x 106 cnm?s1 as carbon activity increased  for model metal surfaces by Szuromi et |@9]. Note that
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Fig. 5. (a) Single carbon atom profile along the depth of Fe foil obtained by fitting carbon deposition rateRdg@®ag = 0.13 baf, PCOz/Pczzo =0.21 baP,
900 K and 1 baf30] to the cluster nucleation model. (b) Comparison between the measured carbon deposition rate data olfigineg,at 0.13 baf,
PCOZ/P(%O = 0.21 baP, 900 K and 1 bar on Fe foil30] and the carbon deposition rate calculated from the fitted kinetic model. (c) Site density
changes as a function of time-on-stream obtained from the model fit to the literature carbon deposition 8@ de¢asured aPcoPH, = 0.13 baf,

Pco,/PEo=0.21baP, 900 K and 1 bar.
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Fig. 6. Effect of metal particle size on the initial forward TOF for £H
decomposition on Co/Sicatalysts at 773 K and 101 kPa.

the initial forward rates of methane decomposition (initial
TOF, s'1) obtained from the kinetic model are different from
the maximum methane decomposition activity, reported
previously[25] and determined by correlation of the activ-
ity versus time profile with the equation= roeke, wherer

is the measured CHdecomposition activity;g is the max-
imum activity, andkq is the deactivation constant. As the
kinetic model shows, the maximum methane decomposition
rate is that measured after nucleation. Consequeptlyas
shown to decrease as the Co and Ni dispersion increased or
the metal particle size decreaqdé@,25] because the rate in-
creases as the number of nuclei increases with metal particle
size.
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