Monte Carlo Simulation of Supported Metal
Catalyst Sintering and Redispersion

Monte Carlo simulations of sintering and redispersion of supported
metal catalysts, based on an atomic migration mechanism, are pre-
sented. The support surface was modeled as a square grid with metal
atoms located at various grid points. Interaction energies between
metal atoms, and between metal atoms and support sites were speci-
fied. The probability of movement of each metal atom during one time
increment (iteration) was calculated from the interaction energies. The
effects of interaction energies, metal loading and initial distribution of
the metal were examined. The model predictions are in good qualitative
agreement with experimental observations. The model predicts “appar-
ent” movement, splitting and coalescence of entire metal particles;
these experimentally observed phenomena have usually been cited as
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evidence that sintering occurs by a particle migration mechanism.

Introduction

Supported metal catalysts—catalysts which consist of metal
dispersed over the surface of a support (carrier)—are an impor-
tant class of industrial catalysts. One of the reasons for using
supported metal catalysts rather than bulk metals, such as metal
blacks and sponges, is the exceptional thermal stability of sup-
ported metal catalysts. Supported metal catalysts, such as Pt/
v-Al,O,, can be used at temperatures as high as 500°C for
extended periods without significant loss in metal surface area,
but the surface area of bulk metal powders, such as Pt black,
decreases rapidly during exposure to temperatures as low as
150°C (Manninger, 1984). However, decreases in metal surface
areas in supported metal catalysts do occur during prolonged
use at elevated temperatures and during regeneration involving
coke burn-off. The loss in metal surface area is due to an
increase in the average size of the metal particles. The process
by which this occurs is called sintering.

The results of numerous experimental studies of supported-
metal-catalyst sintering have been reported during the last two
decades, and several reviews have appeared on this subject (e.g.,
Wanke et al., 1987; Lee and Ruckenstein, 1983; Wanke and
Flynn, 1975). Mathematical models have also been proposed for
sintering. The early models were simple power law models which
fit sintering data (metal surface area as a function of time) with
a power law rate function (e.g., Hermann et al., 1961).
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The next generation of models were “phenomenological”
models—models in which some general mechanistic steps were
proposed for the overall sintering process. Ruckenstein and Pul-
vermacher (1973a,b) assumed that sintering occurred by migra-
tion of metal particles over the support surface followed by colli-
sion and coalescence of the migrating particles. This model will
subsequently be referred to as the particle migration model.
Flynn and Wanke (1974a,b) assumed that sintering occurred by
detachment of metal atoms and/or metal-containing molecules
from stationary metal particles, migration of these species over
the support and capture of the migrating species by metal par-
ticles. This model will subsequently be referred to as the atomic
migration model.

These two general mechanisms for sintering had previously
been proposed by Mills et al. (1961), but it was not until a
decade after Mills and his coworkers described these possible
modes of sintering that mathematical formulations and predic-
tions were done by Ruckenstein and Pulvermacher, and Filynn
and Wanke. Experimental sintering results, in the form of metal
surface area as a function of treatment time, cannot be used to
differentiate between these two models since both models are
able to describe the observed sintering behavior.

The reverse of sintering is redispersion, which is a process that
increases the metal surface area by decreasing the average
metal particle size. Much less information is available on redis-
persion, although redispersion is very important for the regener-
ation of sintered supported metal catalysts. The particle migra-
tion model cannot account for redispersion since average metal
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particle sizes always increase according to this model. A par-
ticle-splitting mechanism was proposed by Ruckenstein and
Pulvermacher (1973b) to overcome this deficiency of the par-
ticle migration model. The atomic migration model can account
for redispersion by trapping migrating species at high energy
sites on the support surface.

The inclusion of metal-support interactions is crucial for any
redispersion model. Recent studies (e.g., Lietz et al., 1983;
Foger and Jaeger, 1985) have clearly shown that the formation
of metal-support complexes plays a key role in the stabilization
and redispersion of supported metal catalysts. Previous models
of sintering and redispersion have included energetic heteroge-
neities of the support surface, but these heterogeneities have
usually been modeled as very strong “trap sites,” i.e., metal spe-
cies located on these sites are immobile (Rice and Chien, 1987).
However, variations in the strengths of the metal-support inter-
action, which would incorporate reduced mobility of species
located at the trap sites, and variations in the spatial distribution
of the trap sites on the support surface have not previously been
included in models. Another deficiency of most previous model
predictions, including the recent Monte Carlo simulations by
Handa and Matthews (1983) and Rice and Chien (1987), is
that the location of the metal atoms and particles as a function
of sintering time were not included in the simulation results.
Knowledge about the location of metal particles as a function of
time is crucial if the model predictions are to be used to discrim-
inate between the atomic and particle migration models.

The prime objective for the work presented in this paper was
to obtain predictions for a simple atomic migration model which
included variations in metal-support interactions and provided
the location of every metal atom as a function of time. The
objective of the simulations was not to fit experimental sintering
and redispersion data, but rather to determine whether the qual-
itative predictions of the model are in agreement with experi-
mentally observed trends. The simulations showed that the sim-
ple atomic migration model is in agreement with the sintering
and redispersion behavior of supported metal catalysts. The sim-
ulations showed that atomic migration can result in “apparent”
movement and splitting of metal particles.

Model Description

The support surface was represented by a square grid of size
M x M, Figure la. Metal atoms, represented by the solid sym-
bols in Figure la, could be situated at any of the (i, j) grid posi-
tions. However, only one atom was allowed to occupy a support
position, i.e., a grid site could be empty or occupied by a single
metal atom. Hence, it is a “two-dimensional” model, in which
the metal atoms on the support surface were present as mono-
layer patches or as isolated metal atoms: i.e., the three-dimen-
sional nature of metal particles is not included in the model. A
three-dimensional model has to include the movements of metal
species in and on the metal particles; inclusion of this feature in
the model poses formidable computational problems which we
have not yet solved. However, the two-dimensional model has all
the qualitative features of a three-dimensional model, with the
exception of metal particle shape and, hence, is a good starting
point for detailed mechanistic modeling.

For the two-dimensional model, the location of each metal
atom on the support grid is given by the coordinates (7, ) of the
support grid on which the metal atom is located. The four grid
locations (i + 1, j) and (i, j + 1) directly connected by grid lines
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a) Metal particles on M x M grid
b) metal-metal and metal-support interaction energies.

Figure 1. Placement of atoms on two-dimensional grid.

to the occupied site (i, j) are called nearest-neighbor sites, while
the four grid locations ({ + 1, + 1) which are diagonal to site
(i, j) are called diagonal-neighbor sites. The individual atoms
are allowed to move only along the grid lines (to a nearest-neigh-
bor site) and only provided that such a site is vacant: i.,e., the
number of nearest-neighbor atoms for atom &, Ny, must be less
than four in order for metal atom k to be able to move.

Despite the restriction on the direction of movement, a metal
particle (an agglomeration of atoms) is considered to be
composed of all the atoms which are connected to nearest- and
diagonal-neighbor atoms. Thus, in Figure 1a there are particles
containing six atoms in the upper-left region, four atoms in the
central region, and five atoms in the upper-right region. The
four diagonally situated atoms in the lower-right region are also
considered to be part of a single particle; however, this particle
actually contains seven atoms due to the treatment of the sup-
port-grid boundaries. The upper and lower boundaries, as well
as the right and left boundaries, are assumed to be directly con-
nected, so that the “two-dimensional” grid actually forms the
surface of a torus. Thus, an atom can directly move from posi-
tion (M, j) to position (1, ) and vice versa, or from position
(i, M) to (i, 1) and vice versa. A consequence of this type of
boundary connection is that the four atoms located at the cor-
ners of Figure la are actually members of a single particle of
size four.

The energetics which govern the movement of atoms are
shown in Figure 1b for the four-atom particle which is located in
the central region of Figure la. Interaction energies, E ,
between metal atoms and support site (i, j) were assigned to
each support site. This interaction energy between the support
sites and the atoms can be different for every grid location.
Atoms also have interaction energies E, with nearest-neighbor
atoms and E,, with diagonal-neighbor atoms. The values of these
energies, E,and Ey, are not functions of grid position. Thus, the
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total interaction energy, E, ;;, of atom k, at location (i, j), with
its neighboring atoms as well as with the support is given by:

Eijx = Es, + NyiEn + NoiEp (1)

where N, is the number of diagonal-neighbor atoms of atom k.
All the energies used in this work are dimensionless quantities:
the energies as defined are proportional to the bond energies
divided by the absolute temperature.

The probability P, ;, that atom k, at location (i, ), moves dur-
ing one time interval (one iteration) is related to the total inter-
action energy via:

Py = e Bk (2)

Thus, (1 — P,;,) is the probability of atom & not moving. It is
assumed that each of the nearest-neighbor sites is an equally
probable destination, regardless of whether other atoms are situ-
ated at these sites or not. The probabilities of moving to one of
the four nearest-neighbor sites is Y P;;;. The possibility of
movement to an occupied position is included in the initial
probabilities since extension of the two-dimensional model to a
three-dimensional model will require movement to occupied
grid positions. The position of the atom after movement (or non-
movement) is determined from the product of five random num-
bers, R(0, 1), with the five probabilities associated with the pos-
sible final states.

The maximum product fixes the destination. One of the fol-
lowing three situations can occur:

1. The atom does not move because (1 — P;;,)R(0, 1) is the
largest product.

2. The atom attempts to move away from location (i, f)
because (1 — P,;,)R(0, 1) is not the largest product, but the
atom does not move because the intended new location is pres-
ently occupied by another atom.

3. Same as (2), except that the atom successfully moves

because the intended location (i + 1, j) or (i, j + 1) is empty.
It should be noted that all of the atoms are not moved simuita-
neously, rather each of the /V atoms on the grid is sequentially
considered and moved if the calculations so indicate. However,
for each iteration the order in which the atoms are considered is
randomly adjusted, by making N random rearrangements of the
numbers 1 to N, so that every atom has an equal chance of being
moved first (or last).

Time does not appear explicitly in the calculations, but for a
given simulation the number of iterations is directly propor-
tional to time, where in one iteration the movement calculations
are made for all of the N atoms on the grid. However, the time
period per iteration for a fixed set of interaction energies is not
fixed, since dimensionless interaction energies are used and the
dimensionless interaction energies are proportional to the actual
interaction energies divided by the temperature. The actual
interaction energies depend on the nature of the metal species
and the support. Hence, the time-equivalent of one iteration at a
fixed set of dimensionless interaction energies depends on the
temperature and the nature of the chemical species present. For
example, the time period for one iteration for sintering of Pt in
oxygen at 800°C is probably much less than 1 second, while one
iteration may be equal to hours or days for sintering in hydro-
gen. It is possible to obtain estimates of the time period per itera-
tion by comparing model prediction with experimental results
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(Rice and Chien, 1987). The objective of this paper, however, is
to demonstrate that the two-dimensional model, based on an
atomic migration mechanism, predicts the experimentally-
observed trends for sintering and redispersion; it is not to fit
experimental data.

The relative rates, at which sintering (or redispersion) occurs,
depends on the (Ey + E)p) to Eg, ratio. Large values of E (and
Ep) relative to Eg, which can be due to strong metai-metal
bonds and/or low temperature and weak metal support interac-
tions, causes metal-metal bond cleavage to be rate controlling.
This situation results in sintering. For large values of Eg, , sur-
face diffusion of isolated metal atoms is rate-controlling. Metal
atoms that encounter sites with very large values of Eg (trap
sites) become localized, i.e., redispersion can occur.

The generation of random numbers is necessary for the atom
movement calculations and for the randomization of the
sequence in which individual atoms are examined. This was
accomplished by using a random number generator of the linear
congruential type in which uniform random numbers in the
interval (0, 1), i.e., R(0, 1) were generated by using:

R(O’ l)n+l
= [{16,807R(0, 1), + 1} mod (2 — D}/2" = 1) (3)

Details of this method for generation of random numbers are
presented by Knuth (1981).

inputs to Model

The objective of the simulations was to determine the effects
of various parameters on the sintering and redispersion behavior
predicted by the model. The parameters examined included the
metal loading [the ratio of the number of metal atoms (V) to the
number of grid sites (M?)], the initial distribution of metal
atoms on the support, the relative magnitudes of the metal-sup-
port and metal-metal interaction energies, and heterogeneity of
the metal-support interaction energies. The influence of support
grid size, at constant metal loading, was also investigated to
determine conditions at which the predictions were independent
of support grid size.

The following input parameters were specified for each simu-
lation:

e Size of the M x M support grid.

e Number of metal atoms to be placed onto the support grid,
N.

e Initial location of each metal atom on the support grid,
(specification of i, for each metal atom). The placements of the
N metal atoms could be random, regular or predefined.

e Nearest-neighbor metal-metal interaction energy, Ey.

e Diagonal-neighbor metal-metal interaction energy, E,. In
all the simulations reported, E,/E, = 0.5 was used.

e Base metal-support interaction energy, E, ;.

e Number of support sites, NV, s, which had interaction ener-
gies other than E,,.

e Metal-support interaction for nonbase support sites, E, .
In all the simulations reported, a single value of E, ,, was used—
the values of Ej, were either E,, or E, ;.

o Grid locations of the NV,,, sites. The nonbase support sites
were randomly distributed over the grid for the simulations pre-
sented in this paper.
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The values of the input parameters for the various simulations
are listed in Table 1. Some runs, such as 3, 3a, 3b and 3c, have
the same input parameters, but the simulations were different
since different initial random distributions and/or different ran-
dom sequences for moving of atoms during the iterations were
used.

Preliminary simulations were done to determine ranges of
parameter values for which significant movement of atoms
occurred in 50,000 to 100,000 interations. It was found that
metal particles were very stable for Ey + E, greater than about
10: very little movement of atoms occurred. For Ey + E, less
than about 1.5, metal particles were unstable and the concentra-
tion of single atoms on the support was high: very little sintering
occurred. For Ey + Epvalues between 2 and 6, the results of the
simulations were qualitatively similar except that more itera-
tions were required to achieve the same degree of sintering or
redispersion for the larger values of Ey + Ep; the general behav-
ior was relatively independent of the E,/Ey ratio. The rate of
sintering was found to be approximately proportional to
e~Ev+Ed) for this range of interaction energies. Hence, values of

Table 1. Parameter Values and Initial Conditions

for Simulations

Init. Loc. Total
Run of Metal No. of
No. M N Atoms Ey E,;; N,s E,» lterations
1 100 100 random 2 0 0 1.0 x 16°
2 200 400 random 2 0 0 50,000
3 300 900 random 2 0 0 50,000
32 300 900 random 2 0 0 75,000
3b 300 900 random 2 0 0 75,000
3¢ 300 900 random 2 0 0 75,000
4 400 1,600 random 2 0 0 1.0 x 107
4a 400 1,600 random 2 0 0 50,000
5 300 4,500 random 2 0 0 75,000
6 400 8,000 random 2 0 0 50,000
7 300 900 regular' 2 0 0 75,000
8 300 900 assigned> 2 O 0 75,000
9 300 900 assigned® 2 O 0 75,000
10 300 900 assigned* 2 0 0 75,000
11 300 900 assigned® 2 O 0 75,000
12 400 3,200 random 2 0 0 50,000
13 400 800 random 2 0 0 50,000
14 400 320 random 2 0 0 50,000
15 400 160 random 2 0 0 50,000
16 300 900 random® 2 0 0 75,000
17 100 100 random 2 05 0 75,000
18 100 100 random 2 1 0 75,000
19 100 100 random 2 2 0 75,000
20 300 900 assigned® 2 O 1,800 2 75,000
21 300 900 assigned® 2 0 1,800 6 75,000
22 300 900 assigned> 2 0 1,800 12 75,000
23 300 900 assigned® 2 O 450 12 75,000
24 300 900 assigned® 2 O 900 12 75,000
25 300 900 assigned’ 2 0 1,800 6 300,000
26 300 900 assigned® 2 0 1,800 6 300,000
27 300 900 random 2 0 1,800 6 75,000
28 100 500 random 2 0 0 20,000

'Individual atoms with regular spacing on grid.

2100 9-atom particles evenly spaced on grid.

336 25-atom particles evenly spaced on grid.

425 36-atom particles evenly spaced on grid.

520 9-atom particles and 20 36-atom particles evenly distributed on grid.

SAtoms placed randomly into central 134 x 134 square in center of 300 x 300
grid (this gives a local 5.0% metal loading).

1 900-atom particle in center of grid.

9 100-atom particles evenly spaced on grid.
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Ey=2.0and E, = 0.5E, where chosen for the base case (Runs 1
to 16, Table 1).

Outputs of Simulations

The location of every metal atom on the support grid after
every iteration was the primary output of the simulations.
Graphical output of the location of metal atoms at specified iter-
ation intervals was obtained. Typical results of this type of out-
put are shown in Figure 2; the top panel in Figure 2 illustrates
sintering behavior and the bottom panel illustrates redispersion.
Location, size and shape of metal particles are given by this type
of output, but its main use is the determination of changes in
location of metal particle as a function of iteration number
(treatment time). It is difficult (tedious) to obtain size distribu-
tion information from the graphical output. Hence, size distri-
butions and average sizes of metal particles were calculated as
part of the simulations.

Metal particle size distributions, in the form of number of
metal particles as a function of number of metal atoms in the
particles, were calculated at specified iteration numbers. Infor-
mation about the average size of the metal particles was
obtained from the average number of nearest neighbours, Ny,
and diagonal neighbours, Np,, + Ny is defined as:

N
Nyag = 2_ Nyx/N @
kw1
and Np,,, is given by:
N
Npay =2 Npu/N (5)
k=1

The Ny, and Ny, values are related to the average size and
shape of the metal particles, as will be discussed later.

Comments on Computation Times

All simulations, except Run 4, were done with an Amdahl
5870 computer. Simulations with the Amdahl required consid-
erable CPU time; a typical simulation of 50,000 iterations for a
300 x 300 grid with 900 metal atoms (Run 3) required about 40
min of CPU time, while 50,000 iterations for a 400 x 400 grid
with 8000 metal atoms (Run 6) required 340 min. Run 4 was
done on a Cray XMP22 supercomputer, and the CPU time for
the 10 million iterations for a 400 x 400 grid with 1600 atoms
was 38 h. An equivalent run on the Amdahl would have required
about 120 h of CPU time. Due to these rather large computing
requirements, the number of iterations per simulation was
usually kept to below 100,000.

Results and Discussion

The results for the various simulations described in Table 1
are presented in this section. The majority of the results will be
presented as average metal particle size as a function of iteration
number. Numerous average metal particle sizes have been
defined (Anderson and Pratt, 1985), and all the average sizes
can be calculated from the simulation results. However, in the
current paper only averages based on the average number of
neighbours will be used. For square metal particles, the average
number of nearest-neighbors per metal atom in the particle,
Nyq, is related to the number of metal atoms along the side of a
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Figure 2. Typical graphical outputs from simulations.

Top—Run 3b; bottom—Run 21. @ < metal atoms on support site with base energy; O ~ metal atoms on support sites with nonbase energy; + = vacant

nonbase energy site.
square particle, I, by:

NN,sq = 4[Isq - ll/lsq (6)
Hence, an equivalent average square-particle dimension, Iy ,,,
is given by:

IN,avg = 4/ [4 - NN,avg] (7)
Iy v is directly proportional to the average size of square par-
ticles. The value of Iy,,,, given by Eq. 7, is equal to the following
average for a collection of square particles of different sizes:

Inag = Engll/Zndy (8)
An analogous average square particle dimension, /5 ,,,, based on
Np v 1s given by:

ID,avg = 2/ [2 - NID/,:vg (9)
The two average particle dimensions, Iy,,, and /,,,, would be
equal if all metal particle were perfectly square; however, the
shapes of the metal particles deviate considerably from being
square, Figure 2. In subsequent plots, the average particle
dimension defined by Eq. 9, i.e., I, will be used.

The deviation from square shapes is also illustrated by the
relationship between Ny,,, and N,,,,. For square particles, the
relationship between the nearest and diagonal neighbors is

ND,avg = lev.avg /4 (10)
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However, the relationship between Np,,, and Ny, obtained for
sintering conditions with all support sites having Eg equal to
zero and a random initial distribution of atoms on the support
was well described by

ND,avg = 1\71?'\I,avg/8 + NN,avg/2 (11)
These values of N,,,, are higher than those for square particles
containing the same number of metal atoms. The significant
deviations from the square shape result in values of particle
dimensions which are lower than those that would be obtained
by measuring the size of particles. However, the I, ,,, values pro-
vide a good comparison of the effects of various parameters on
the sintering and redispersion behavior.

Effect of Grid Size on Mode! Predictions

The size of the support grid used for the simulations should be
sufficiently large so that the predictions are independent of the
support grid size. Several simulations (Runs 1 to 5) were done to
determine an appropriate grid size. The results of these simula-
tions, Figure 3, show that the average metal particle sizes during
the initial stages of sintering (<50,000 iterations) are relatively
insensitive to grid size for values of M in the range of 100 to 400.
During later stages of sintering significant fluctuations occurred
for the 100 x 100 grid (open circles, Figure 3) because the num-
ber of large metal particles had decreased to one after about
500,000 iterations. Nevertheless, it was observed that the gen-
eral trend for the 100 x 100 grid was the same as for the 400 x
400 grid even up to 1,000,000 iterations. To avoid the fluctua-
tions in average particle size due to a small number of particles,
300 x 300 and 400 x 400 grids were used for most of the subse-
quent simulations.
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Figure 3. Effect of support grid size on sintering
behavior.

Effect of Initial Conditions on Sintering Rates

The highly dispersed state of metal commonly present in fresh
supported metal catalysts was simulated by randomly placing
metal atoms onto support grid sites. Three cases with different
initial random placements of 900 atoms on a 300 x 300 grid
(Runs 3a, 3b and 3c) and one case in which 900 atoms were
placed onto the grid with regular spacings (Run 7) were tested.
The results of these four simulations, shown in Figure 4, demon-
strate that the rate of sintering for these cases, for which the
metal is initially well dispersed, is independent of the initial
placement of metal atoms. Additional simulations showed that
the sintering behavior was also not affected by altering the
random sequence in which the atoms were moved in successive
iterations. The metal particle size distributions as a function of
iteration number are also relatively insensitive to the initial dis-
tribution for initially well-dispersed metal, Figure 5. The sizes of
the individual metal particles were taken as the equivalent
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Figure 4. Effect of initial distribution of metal atoms on
sintering behavior.
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square particle size, i.e. the I, was calculated as:

I part — \/me (12)
where A, is the number of metal atoms in a particle.

The results in Figures 4 and 5 are for the initial stages of sin-
tering since the average particle size after 75,000 iterations was
still small; the average of I, for the four stimulations after
75,000 iterations was 4.16 (+0.10). One simulation, for a 400 x
400 grid containing 1,600 metal atoms (Run 4), was carried out
for 10,000,000 iterations. The metal particle size distributions
after selected numbers of iterations are shown in Figure 6. The
following general observations can be made from these results:

1. The metal particle size distributions are narrow during the
initial stages of sintering.

2. The size distributions become broader as sintering pro-
gresses.

3. There is a marked absence of small metal particles as sin-
tering progresses (i.e., the distributions do not have a tail
towards the lower sizes).

These general predictions of the model are in agreement with
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Figure 6. Metal particie size distributions as a function of
number of iterations (Run 4).
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experimentally observed sintering behavior of Pt/y-Al,O; cata-
lysts.

Sintering of Pt/y-Al,O; catalysts in He and H,, even at
800°C, is slow, and the resulting Pt crystallite size distributions
are relatively narrow (Guo et al., 1987). Sintering of Pt/vy-Al, 0,
catalysts in O, at 700°C or higher is very rapid, and the Pt size
distributions in heavily sintered catalysts are broad. Hence, this
simple model predicts the observed trends for the sintering of
Pt/v-AL,O, catalysts in inert, reducing and oxidizing atmo-
spheres. The relationship between treatment time and number
of iterations depends on the treatment atmosphere since the
metal-metal interaction energies, Ey and Ejp, are dependent on
the atmosphere. Ey and E, are much larger for inert and reduc-
ing atmospheres than for oxidizing atmospheres. Hence, one
interation corresponds to a much longer treatment time in

reducing atmospheres than in oxidizing atmospheres at constant
treatment temperature.

The lack of a tail on the low-size side of the distribution is
commonly cited as evidence that sintering of supported metal
catalysts occurs via particle migration (Granqvist and Buhr-
man, 1976). The results in Figure 6 clearly show that atomic
migration does not require such a tail in the distribution. A simi-
lar conclusion has previously been reached (Wanke, 1977). The
size distributions shown in Figure 6 also do not support the use
of a “time-invariant” generalized size distribution which is com-
monly used in models for sintering of supported metal catalysts
(Ruckenstein and Pulvermacher, 1973a, b; Dadyburjor et al.,
1986; Dadyburjor, 1987). Furthermore, the use of continuum
diffusion models to describe the spatial variation of isolated
metal atoms on the support surface (e.g., Dadyburjor et al.,
1986) is very questionable since the concentration of isolated
metal atoms is very low. In typical supported metal catalyst, less
than 5% of the support surface is occupied by metal atoms, even
if all the metal is present as isolated atoms (vide infra).

Several simulations were done to determine the influence of
initial metal particle size and distribution on sintering behavior.
The results for four of these simulations (Runs 8 to 11) are pre-
sented in Figures 7 and 8. The metal-support interaction energy
for all four runs was zero, and a 300 x 300 grid with 900 atoms
was used for all simulations. The initial distribution of the metal
for these runs as follows:

Run 8: 100 square metal particles, each containing 9 metal
atoms, were evenly distributed on the support grid.

Run 9: 36 square metal particles, each containing 25 metal
atoms, were evenly distributed on the support grid.

Run 10: 25 square metal particles, each containing 36 metal
atoms, were evenly distributed on the support grid.

Run 11: 20 square metal particles, each containing 9 metal
atoms, and 20 square metal particles, each containing 36 metal
atoms, were evenly distributed on the support grid. The spacing
between the particles of different sizes was regular.

The results in Figure 7 show the variation in average metal
particle size as a function of iteration number. The average
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Figure 8. Effect of initial metal particle size on particle size distributions during sintering.
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metal particle size decreases initially due to the formation of iso-
lated metal atoms which dissociate from the particles and
migrate over the support. It is evident, however, that the relative
rate of sintering is the highest for the initially bimodal size dis-
tribution (Run 11). The higher rate of sintering for Run 11 is
clearly demonstrated by the metal particle-size distributions
shown in Figure 8. Other simulations showed that cases with
broad or bimodal initial size distributions sintered more rapidly
than cases with narrow initial size distributions. The depen-
dence of sintering rate on initial metal particle size distribution
predicted by the model cannot be compared with experimental
observations since very little data on the effect of metal particle-
size distribution on sintering rates is available.

Effect of Metal Loading on Sintering Rates

It is well established that increases in metal loading result in
increased sintering rates. Typical metal contents for commercial
Pt-group supported catalysts are in the 0.1 to 2 wt. % range, and
support surface areas are usually 100 to 300 m?/g of support.
Hence, the fraction of the support surface occupied by metal
atorns for well-dispersed catalysts varies from about 0.001 to
0.05. Simulations were done in which the metal loading, defined
as the fraction of grid points occupied by metal atoms, was var-
ied from 0.001 t0 0.05 (Runs 4a, 6, 12 10 15). A 400 x 400 grid
and values of zero for all metal-support interaction energies
were used for these simulations. The initial state for these simu-
lations was obtained by randomly placing the desired number of
metal atoms onto the support grid. Variations in average metal
particle size as a function of number of iterations and metal
loading are plotted in Figure 9. These results are in agreement
with the observation that sintering rates increase with increas-
ing metal loadings. However, in many supported metal catalysts
the metal is not evenly distributed over the support surface and
regions on the support surface with local metal concentrations
significantly greater than the average concentration may exist.
This variations in spatial concentration should lead to increased
sintering rates. The results for Run 16, in Figure 9, show that
high local concentrations of the metal result in increased sinter-
ing rates.
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Figure 9. Effect of metal loading on sintering behavior.
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Figure 10. Metal particle size distributions after 50,000
iterations as a function of metal loading.

The average metal loading for Run 16 was 1.0%, but all the
metal was initially located in a central region of the support
occupying 20% of the total grid area, i.e., the effective local
metal loading was 5%. The sintering behavior for Run 16 was
very similar to the results for a 2.0% metal loading in which the
metal was initially distributed over the total grid (cf., Runs 12
and 16 in Figure 9). Even the particle size distribution for Runs
12 and 16 were very similar as sintering progressed, Figure 10.
The particle size distributions in Figure 10 show that the frac-
tion of metal present as isolated atoms decreases with increasing
metal loading.

Effect of Metal-Support Interactions
on Sintering Rates

In all the previously discussed simulations, the metal-support
interaction energies were set to zero. A value of zero for the
metal-support interaction energy is probably a close approxima-
tion to sintering in inert and reducing atmospheres since nucle-
ation studies by metal deposition from the vapor phase have
shown that metal atoms are very mobile on supports under vacu-
um. However, for systems such as Pt/y-Al,O; in oxygen or chlo-
rine containing atmospheres, the Pt forms complexes with the
support surface and is rather immobile. Preliminary simulations
with 100 x 100 grids containing 100 metal atoms (1% loading)
were done to determine the effect the effect of E,, on the sinter-
ing behavior. The results of these simulations, presented in
Figure 11, show that sintering rates are very dependent on the
magnitude of the E,,/Ey ratio. Rapid sintering occurs for low
values, while for E,,/Ex = 1.0 practically no sintering occurs for
initially well-dispersed metal. Sintering of Pt/v-Al,O, in oxygen
at temperatures below 600°C corresponds to high E, ;/ Ey ratios,
since no appreciable sintering of Pt occurs at these conditions.

Redispersion of Sintered Catalysts

Regeneration of sintered supported metal catalysts is com-
monly achieved by thermal treatments in chlorine-containing
atmospheres (Wanke et al., 1987). The most likely mechanism
for redispersion is the formation of localized metal—chlorine-
support complexes. The formation of such complexes was simu-
lated by assigning high metal-support interactions to selected
grid locations (trap sites). These trap sites are referred to as non-
base support sites; the number of these nonbase energy sites is
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N, ,» and the metal-support interaction energy at these sites is
E, ;. The influence of variations in E, ., N, and initial particle
size on redispersion behavior was simulated.

The effects of changes in E, ,, at N, ,, = 1,800, Ey = 2.0 while
keeping the initial metal particle size constant is shown in Fig-
ure 12. The effect of variations in E,,, is very marked; at low
values, redispersion is very slow (Runs 9 and 20). For E, ,, values
equal to one-half of the total metal-metal interactions energy for
a fully coordinated metal atom (Ny, = 4 and IV, = 4) redisper-
sion is rapid (Run 21), and further increases in E, ,, do not result
in significant increases in redispersion rates {(cf., Runs 21 and 22
in Figure 12).

The effect of variations in the concentration of trap sites
{V, ), with all other parameters held constant, is shown in Fig-
ure 13. If N, is equal to or greater than the total number of
metal atoms (N) and E,,/Ey is greater than about 3, then
redispersion is rapid and essentially complete (Runs 22 and 24).

5
< T———
4 -"\ T r———
ap
>
< S~
= T e——
—
- -
v 3
N
wn
)
& 5] N, =1800
P .
~
Q>) —~————— Run9:E,,, =0
< ~——-e—— Run20:E,,, =2
1] Run 21: E,,, = 6 ~
— = = — RunR2:E,,, =12
all on 300x300 grid with 36 25—-atom particles
0 S e s e A s
2000 10000 50000

Iteration Number

Figure 12. Effect of nonbase support interaction energy
on redispersion.
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2000

Note, if N, is very large than redispersion would not occur
because the metal particles would be anchored at trap sites. If
N, is less than N (Run 23), then redispersion is stil} rapid ini-
tially, but stops when most of the trap sites are occupied by
metal atoms.

The effect of initial metal particle size, with all other parame-
ters constant, is illustrated in Figure 14. It is well kawon that
severely sintered catalysts are difficult to regenerate. The
results in Figure 14 are in agreement with this observation.
Complete redispersion of 25-atom particles is achieved in about
50,000 iterations (Run 21), while over 300,000 iterations are
required for 100-atom particles (Run 26). For the 900-atom
particle (Run 25) several million iterations would be required to
achieve complete redispersion. (Note that the number of itera-
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Figure 14. Effect of initial metal particle size on redisper-
sion rates.
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tions in Figure 14 are on a logarithmic scale.) Hence, the treat-
ment times required for regeneration of heavily sintered cata-
lysts, according to the predictions of the model, would very long
(the number of iterations is proportional to the treatment
time).

Location of Metal Particles on Support

The simulation results presented above are in agreement with
the overall (macroscopic) sintering and redispersion behavior
observed experimentally. In this section the microscopic (i.e.,
movement and location of metal atoms and particles) predicted
by the model are compared with experimental observations.
Same-area electron microscopic studies of model supported
metal catalysts have been used to monitor the position of metal
particles on supports as a function of treatment conditions. Chen
and Ruckenstein (1981) describe several general events occur-
ring during sintering of model Pd on y-alumina samples. The
general events observed include:

1. Disappearance of small metal particles and growth of large
stationary particles.

2. Appearance of metal particles at previously vacant loca-
tions.

3. “Migration” of metal particles.

4. Contacting of metal particles with and without subsequent
coalescence.

5. Formation of large faceted particles.

Chen and Ruckenstein (1981) discussed these observations in
terms of particle migration and Ostwald ripening (atomic
migration). All the observations above, except the formation of
faceted particles, were observed in the graphical outputs from
the simulations. The formation of faceted particles cannot be
predicted by the two-dimensional model.

The disappearance of small particles and the growth of sta-
tionary large particles are illustrated in the top panels of Figure
2, i.e., between 25,000 and 75,000 iterations, Particle ¢ disap-
peared and Particle d grew without moving appreciably. The
appearance of a new particle at a previously vacant position is
illustrated by Particle e. This new particle resulted from colli-
sion and nucleation; it is not due to the migration of Particle b.
Particle a is an example of “apparent” particle migration. The
particle has been displaced by several interatomic distances as a
result of atom dissociation and capture. The symbol @ in the top
center and left panels is at the same grid location in the two fig-
ures. The apparent contacting and coalescence of metal par-
ticles is illustrated in Figure 15. In this figure sequences of what
appear to be coalescence of particles, necking between particles
and splitting of particles are illustrated. Examples of apparent
particle splitting and size decreases during redispersion are
shown in the bottom panels of Figure 2. Particles f resulted from
the disintegration of the original 25-atom particle.

Hence, the atomic migration model can account for the
observed events occurring during the sintering and redispersion
of supported metal catalysts. It is not necessary to invoke the
migration of entire metal particles to explain the observed phe-
nomena.

Conclusions

The predictions of the simple atomic migration model de-
scribed in this paper agree with the global changes in the state of

AIChE Journal

September 1988 Vol. 34, No. 9

- 22 [Teration 6] | 3000 | - (Tteratiog 0] [ . W

o .t | o $ .., 4d

o . & fis

S 30 .8, 4 el 9t Bese o

g : “p E R oo

2 - 2o el s |
1]

2 FR ) s St

o Q | * h’

o5 ~ 9t

T T y

-S 5 17 {5000 || 10000

2 2 1 Ty #

3 S 4 *’ #

2, a,

o o

a A 8000 19000

2 10 18 2 10 18

52 80 68 52 60 68
Support Grid Column Number, j

Figure 15. Apparent particle collision, coalescence and
splitting (Run 28).

the metal that have been observed as a result of sintering and
redispersion of support metal catalysts. The qualitative effects
of metal loading, metal particle size distribution and metal-sup-
port interaction energies are all well described by the model.
The events observed in same-area electron microscopy studies,
such as apparent movement and splitting of particles, are also
predicted by the atomic migration model. To predict the forma-
tion of faceted particles requires a three-dimensional model.
Computational methods, which significantly reduce computa-
tion time, have to be developed before attempting simulations
for a three-dimensional model equivalent to the two-dimen-
sional mode! analyzed in this paper.
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Notation

Ay = number of metal atoms in a particle
E, ;i = total interaction energy between atom k at location (/,) with
the support site and the adjacent atoms
Ej, — interaction energy between diagonal neighbor atoms
Ey = interaction energy between nearest-neighbor atoms
Ej,, = support interaction energy at grid location (i,j)
E,; = base value of support interaction energy
E, ,; = nonbase value of support interaction energy
Ipag — average metal particle dimension based on Np,,, (equal to
number of metal atoms alone one side of an equivalent
square)
Inag = average metal particle dimension based on Ny,
I = equivalent dimension of square particle (equal to the square
root of Ay)
I, = number of metal atoms along one side of a square particle
M = size of the support grid
N = number of metal atoms on the support grid
Npavg = average number of diagonal-neighbor atoms
Npy = number of diagonal-neighbor atoms for atom &
Nyavg = average number of nearest-neighbor atoms
Ny, = number of nearest-neighbor atoms for atom k
Ny = average number of nearest-neighbor atoms in a square par-
ticle
N, = number of support sites with nonbase interaction energy
ny, = number of square particles of a given size
P« = probability of movement for atom at location (i)
R(0,1) = uniform random number in the range (0,1)
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