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A Mathematical Model of the Channeling Activity of Metal Particles 
during a Catalyzed Oxidation of Graphite 

Much has been speculated about the 
mechanism of the metal-catalyzed oxida- 
tion of carbon, based mostly on either the 
oxygen transfer or electron transfer mecha- 
nism. It was not, however, until recently 
that the cataytic activity of these metal par- 
ticles was investigated in great detail using 
optical microscopy and controlled atmo- 
sphere electron microscopy (CAEM). Lo- 
calized pitting on the graphite basal plane 
and subsequent channeling activity of metal 
particles at higher temperatures are com- 
monly observed during the metal-catalyzed 
oxidation of carbon (1-5). Although the 
mobility of metal particles on graphite has 
been observed without any formation of 
pits or channels (6, 7), the channel propaga- 
tion rate of a single catalyst particle is gen- 
erally adopted as the basis for estimating 
the magnitude of the catalytic attack rate of 
graphite surface. It has been further shown 
from the CAEM studies by Baker and his 
co-workers (J-5,8) that for a given temper- 
ature the channel propagation rate is in- 
versely proportional to the square root of 
particle width in an oxidizing environment, 
whereas under reducing conditions the rate 
has a quadratic dependence with particle 
size. Baker and Sherwood (8) have pro- 
posed from these observations that in 
strong oxidizing conditions such as in the 
C-O2 reaction, carbon atoms dissolved in 
the particle at the graphite-catalyst inter- 
face diffuse through a viscous outer layer of 
the particle and at the cooler face are con- 
verted to CO and CO2 by reaction with oxy- 
gen, thereby creating a carbon concentra- 
tion gradient in the particle. It is the 
purpose of this note to test the validity of 
the proposed mechanism on the metal-cata- 

lyzed oxidation of graphite just described 
above by setting up a mathematical model 
of the channeling activity of metal particles 
and comparing the theoretical results on the 
channel propagation rate with the experi- 
mental data available in the literature. 

Here we consider a single isolated metal 
cube of length L, especially one in the plati- 
num group, already establishing a steady- 
state channeling motion so that we neglect 
all transients associated with wetting, 
spreading and agglomeration of particles, 
intraparticle transport. etc. A schematic 
representation of the channeling activity is 
shown in Fig. 1. A two-dimensional view of 
carbon diffusion is assumed, since the par- 
ticle is moving along the channel path and 
lateral diffusion is small compared to diffu- 
sion from the front face of the particle. 
Hence, carbon diffuses from the active cat- 
alyst-graphite interface, i.e., the front face, 
to the top surface where a thin viscous ox- 
ide layer is well established and provides a 
concentration gradient for carbon within 
the reduced metal matrix. It is assumed that 
unlike the metal particle, the thin oxide 
layer, consisting mostly of adsorbed oxy- 
gen atoms and diffused carbon atoms, can- 
not directly break carbon-carbon bonds. 
The thickness of the viscous oxide layer is 
small and remains constant throughout the 
steady-state motion of the particle. The ex- 
istence of a surface platinum-oxide phase 
was identified by Chu and Ruckenstein (9) 
in their study of the kinetics of sintering of 
Pt crystallites on carbon substrates. It is 
likely that during a steady-state channeling 
motion of a particle, i.e., at a constant 
channel propagation rate, the rates of disso- 
lution of carbon atoms at the metal-graph- 
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FIG. 1. Schematic sketch of the particle channeling 
activity model. (a) A general view, (b) a two-dimen- 
sional view. 

ite interface, intraparticle diffusion of car- 
bon atoms, and adsorption of oxygen atoms 
on the metal surface remain constant, if ex- 
perimental conditions such as temperature 
and pressures including partial pressure of 
oxygen and the characteristics of the graph- 
ite surface such as the depth or height of an 
edge are kept constant. The rate of trans- 
port of carbon atoms from the bulk metal to 
the top surface of the oxide layer is hin- 
dered because of the presence of the thin 
oxide layer. This rate is proportional to the 
difference in concentrations of carbon at 
the metal-viscous oxide interface and at 
the surface. The proportionality constant is 
modeled by using a film theory where such 
a constant is determined by the diffusion 
coefficient of carbon atoms within the metal 
oxide and the oxide thickness, 6. The C-O:! 
reaction only occurs within the oxide layer 
at the top surface, and when oxygen is in 
excess, it is assumed that the rate is first 
order in surface carbon concentration. 
Since the concentration of carbon within 
the oxide layer is distributed along the hori- 
zontal, its rate of consumption on the sur- 

face is not uniformly distributed so that 
both surface carbon concentration gradient 
and the mobile viscous nature of the oxide 
layer could impose a surface diffusion of 
carbon on the surface. It is further assumed 
that there is no diffusion and reaction of 
carbon behind the particle. Finally, al- 
though Baker and his co-workers contend a 
nonisothermal particle, it is regarded here 
as a first approximation that the particle is 
isothermal as well as the support. 

Hence, for the metal matrix, the carbon 
balance equation becomes 

Dcm (2 ay*) +“” =(), (1) 

where c and D,, are the concentration and 
the bulk diffusion coefficient, respectively, 
of carbon atoms within the metal matrix. 

The boundary conditions for Eq. (1) are 

c(O, Y) = co (2) 

ac 
ax x=L = 

0 

ac 
ay y=o = 0 

where c0 is the solubility of carbon atoms in 
the metal, K, is the mass transfer coeffi- 
cient of carbon atoms through the metal- 
oxide layer interface, cs is the surface con- 
centration of carbon atoms in the oxide 
layer, and R is a thermodynamic constant 
relating the surface concentration to the 
volume concentration, assuming that there 
exists an equilibrium between carbon con- 
centration in the metal resistive layer and 
the surface concentration in the oxide 
layer. As stated above, K, is assumed to be 
D,,,/6 according to the film theory, where 
D,-,, is the diffusion coefficient of carbon 
atoms in the oxide layer. In Eq. (2), a solid- 
state reaction at the metal-graphite inter- 
face is represented by the dissolution of 
carbon atoms in the metal, rather than by 
the breakage of carbon-carbon bonds. 
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The surface carbon balance in the oxide 
layer is given by 

d2cS -- DC, dx2 kcS - D,, d” ay 1.=1. = 0, (6) 

where D,, is the surface diffusion coeffi- 
cient in the oxide layer, and k is the first- 
order reaction rate constant. The boundary 
conditions for Eq. (6) are 

c”(0) = c; (7) 

dc” 
dx rl-L = *’ 

where cS, is the saturation concentration of 
carbon atoms in the oxide layer. Since car- 
bon atoms are likely to be supplied effi- 
ciently through the metal matrix to the ox- 
ide layer at x = 0, c”(0) in Eq. (7) is 
assumed to maintain its saturation level. 

The last term in Eq. (6) represents the 
source for carbon atoms which is based on 
the assumption that during a steady-state 
channeling activity, all carbon atoms diffus- 
ing across the metal-oxide layer interface 
at y = L have to reach the top suface of the 
oxide layer in order to maintain a constant 
oxide layer thickness and that the diffusion 
of carbon atoms within the oxide layer is 
one-dimensional, i.e., only in the y-direc- 
tion, because the thickness 6 is so small. 

Equations (1) and (6) are coupled through 
Eq. (5), and analytical solutions for c(x, y) 
and es(x) are possible by using the method 
of separation of variables. The solution pro- 
cedure of this set of ordinary-partial differ- 
ential equations is discussed in detail else- 
where (10). 

Hence, the concentration profile for the 
carbon atoms in the metal matrix in a di- 
mensionless form is given by 

- s 
0 

(% 1 
- 1 sin A,[ cash A,< 

( 

D 
cm 

& D,,ktiL 9 (9) 
-- &Ll~ 

DC, Da x &no LnJ 1 sinh A, - A, cash A,, 

where c is the dimensionless concentra- 
tion of carbon atoms, defined as C/Q, 
5 = xlL, 4 = ylL, h, = (2n + 1)7r/2, n is a 
positive integer, and 6 is the thickness of 
the oxide layer as defined before. 

And the surface concentration of carbon 
atoms in the oxide layer is given, in a di- 
mensionless form, by 

cs(<) = cash $25 - tanh $2 sinh 44 

where cs is defined as c”/c&, C#Q = (kL’l 
Des)“*, 43 = ULr,Lco)~(D,,c~), 41 = UJDcm 
= VL,,,LY@&,), $4 = @L,&L)~ 
UL,C&), and & = 2(X&t - da)/($wh - 4: 
- At, - ~lh, coth A,). 

The average flux of carbon atoms at the 
active metal-graphite interface is given by 

-(u)coi = (N,)i, (11) 

where (u) is the channel propagation rate, 
(IV,) is the average flux of carbon atoms, 
and i is the unit vector in the x-direction. 
The negative sign is inserted into Eq. (I I) 
because the directions of the channel prop- 
agation and the flux of carbon atoms are 
opposite to each other. 

Furthermore. 

(NJ = ; 1; Nc Ixzo & 
1 L =- 

I L 0 
- D,, g x=o dy, (12) 

where NCIXEO is the flux of carbon atoms at 
the front face of the metal cube. 

The first-order rate constant, k, is evalu- 
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ated by k = k@exp(-EIRT) = 1Ol3 exp(-801 experimentally obtained by Polak and 
1.987 x 1O-3 X 1073) = 5.06 X 1O-4 set-I. Ehrlich (12) for nitrogen on the (110) plane 
Here, E = 80 kcal/mole at 800°C was ob- of tungsten. 
tained from the results by Otto and Shelef Assuming L = 50 nm, a typical value for 
(II), and the pre-exponential factor was active metal particles we now can approxi- 
taken as lOI set-I, a typical value for ko. mate kL*/D& + 1 = 1 and kL*/D,,X, + 
The surface diffusivity of carbon atoms, A, = h,. 
D,,, was taken from the equation, Using these approximations, substitution 

of Eqs. (9) and (12) into Eq. (11) and inte- 
D,, = 4.7 X lo-* exp(-21 X I03/RT) gration of the resulting expressions give the 

= 2.5 X lop6 cm*/sec, channel propagation rate as 

(u) = 2 2 _ 
1 - &j/C” 

n=~ (kL*/D,,) - (h, L/D,, tanh A,,) - (X%‘D,-,,) ’ 
(13) 

It can be seen clearly from Eq. (13) that 
the channel propagation rate is inversely 
proportional to some quadratic form of par- 
ticle size L, as observed experimentally (3- 
5,8) and that the reaction kinetics of forma- 
tion of CO and CO2 in the oxide layer has 
no significant effect on the channel propa- 
gation rate. In order to compare the theo- 
retical channel propagation rate above with 
the experimental data available in the litera- 
ture, we further employ the following phys- 
ical data. The diffusivity of carbon atoms in 
the metal matrix, D,, = 2 x lo-’ cm*/sec 
was obtained from the high-temperature 
vacuum metallographic studies of carbon 
atom diffusion in metals by L’nyanoi (13). 
Due to the lack of data on the diffusivity of 
carbon atoms through the metal-oxide 
layer, D,,, was assumed to be roughly the 
same as DC,, 2.5 X 10e6 cmz/sec, and for the 
mathematical simplicity, the diffusion coef- 
ficients are assumed to be concentration in- 
dependent. The solubility of carbon in plati- 
num was taken as 10 atom%, based on the 
data by Ershov and Kasatkin (14). The con- 
centration of carbon atoms at the active 
metal-graphite interface, co, was calcu- 
lated to be about 1.1 x lop2 moles/cm3, us- 
ing the solubility data and the density of 
platinum of 21.4 g/ml. Assuming the effec- 
tive thickness of oxide layer to be about 20 
A and knowing the density of carbon atoms 

of 2.26 g/cm3, the saturation concentration 
of carbon atoms in the oxide layer was cal- 
culated to be 4.0 x 10e8 mole/cm*. No data 
on &, defined previously as a thermody- 
namic constant relating the surface concen- 
tration of carbon atoms to the correspond- 
ing volume concentration in the oxide layer 
at equilibrium, seems to be available in the 
literature, and k is roughly calculated to be 
in the range of -lo5 cm-’ for a monolayer 
coverage. 

Plots of channel propagation rate versus 
particle width for different k are shown in 
Fig. 2. For a fixed &, it is clear from Fig. 2 
that there is an inverse relationship be- 
tween channel propagation rate and particle 
width. Although the data by Baker et al. (3) 
are for palladium, there is an outstanding 
match between this model for i = 2.7501 x 

lo5 cm-’ and their data, both qualitatively 
and quantitatively. 

In conclusion, our preliminary model 
presented here is based on many simplify- 
ing assumptions such as steady-state chan- 
neling activity and isothermality of both 
metal particles and support, and lacks 
many thermodynamic considerations in- 
volved in this complicated solid-solid-gas 
heterogeneous reaction. However, the 
overall agreement between our theoretical 
results and experimental observations 
looks encouraging, and seems to further 
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FIG. 2. Channel propagation rate predicted by model 
versus particle width. i, = 2.75005 x IO’ cm-‘, kz = 
2.75007 x IO5 cm-r, k, = 2.75010 x IO” cm-‘. & = 
2.75011 x IO5 cm-‘. (---) = Baker et (I/. (3). 

support the mechanism for the metal-cata- 
lyzed oxidation of carbon by oxygen pro- 
posed by Baker and Sherwood (8): the 
weakening of carbon-carbon bonds at the 
active metal-carbon interface and the dis- 
solution of carbon atoms in the metal can be 
explained by the electron transfer mecha- 
nism, and the reaction between the diffused 
carbon atoms and the adsorbed oxygen at- 
oms or molecules in the thin oxide layer 
indicates that an active catalyst is an oxy- 
gen carrier which perhaps undergoes a 
number of periodic oxidation-reduction cy- 
cles during the progress of reactions. 
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