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Abstract—Models mcorporating surface reaction and diffusion of volatile products through a boundary layer are
developed to calculate effective rates of evaporation and local surface profiles on surfaces having active and inactive
regions The coupling between surface heterogeneities with respect to a particular reaction and external mass transfer
may provide a mechanism of the surface rearrangement and metal loss of catalysts encountered 1n several systems of
practical interest Calculated transport rates for the volatihzation of Pt mn oxidizing environments and the
rearrangement of this metal during the ammoma oxidation reaction are found to agree well with expenmental data

INTRODUCTION

The alteration of the topography of a sohd surface at
elevated temperatures mn mert or mildly active at-
mospheres (thermal etching) as well as the influence of
sohd-gas reactions upon surface rearrangements
(catalytic etching) are well known phenomena that have
been studied since the turn of the century(l,2] In parti-
cular, the interest mn the latter stems from 1its close
association with catalyst activity, catalyst metal loss, and
the sintering process 1n supported catalysts

Thermal etching has been analyzed almost exclusively
from mmmmum surface free energy considerations[3]
Mullins[4, 5] has presented a theory which accounts for
the development of several surface morphologies such as
grain-boundary grooves and growth of linear facets on
heated polycrystals, on the assumption that they are
energetically induced Under idealized conditions, stan-
dard forms of localized surface profiles were obtamed
for the cases where surface diffusion or evaporation-
condensation was the operative mechamism

However, experimental studies of thermal etching un-
der suppressed evaporation conditions, first performed
by Hondros and Moore[6], have led to disagreement as
to whether equilibrrum faceting alone controls the etch-
g process for “open” systems in which a steady loss of
matertal from the surface of the sample may take place
Moreover, for environments where chemical reactions
are possible, the expressions which describe mass
transport can be altered by the superposition of a chem-
ical iteraction onte a mechamism strictly dnven by
capillanty

The development of surface roughness and concom-
tant catalyst erosion are important factors in many
industnal processes, mn which steady losses of costly
catalyst material accompany the reaction Another situa-
tion 1n which mass transport occurs in chemically reac-
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tive environments 1s the movement of sohds through the
gas phase by means of heterogeneous reversible
reactions[7] In the case of metal loss a well known
example n oxidizing atmospheres 1s that of the platinum
metals which form volatile oxides Also, solid oxides
such as BeO, WO,, and others can react with water
vapor to produce volatile hydroxides

In these and other similar processes the most im-
portant factor 1s the transport of surface matenal, and
for this reason several experimental and theoretical stud-
1es have appeared in the Iiterature on measurements of
evaporation rates and analysis of kinetics, for example,
the oxidation Kinetics of Pt, W, Cr;0Os,, etc Bartlett[8]
developed an expression for evaporation rates in cases
where convective diffusion and surface reaction are
coupled by considering equiibrium data for the reaction
and dimensionless fluud correlations

In all such studies, a uniformly active surface has been
assumed, and changes in topography which occur in
many of these processes, probably through gaseous mass
transfer from some regions of the surface to others, are
ignored It 1s well known, however, that most surfaces
exhibit heterogeneity with respect to thewr interactions
with adsorbing gases In a recent paper by Loffler and
Schmidt[9] the coupling between mass transfer and sur-
face heterogeneities was considered and effective
catalytic reaction rates and selectivities were calculated

We consider 1n this paper simple models incorporating
both surface heterogeneities and external mass transfer
to see how they may affect evaporation rates and surface
rearrangements under conditions where the operative
mechanism 1s boundary-layer diffusion of a volatile
product species

MODELS
A simple two-dimensional geometry will be assumed 1n
all cases for a sohd surface containing regions of
different reactivities Consider a system consisting of
active stripes of width 2/ and iength much greater than
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Fig 1 Sketch of system and parameters used for calculations of
evaporation rates and surface profiles

21, which are evenly distributed on an otherwise 1nert
surface (Fig 1), covered by a stagnant film of some gas
reactive with the surface of thickness 8 An actual sur-
face may consist of active regions of various shapes
which are randomly distributed and/or widely separated,
and flow conditions may be such that the above defined
system becomes oversimphified However, 1t should cor-
respond qualitatively to several realistic situations in
which mass transfer effects are not strongly sensifive to
the exact shapes of active regions, surface roughness 1s
small compared to boundary layer thickness, etc

We assume that a vapor species (such as a volatile
metal oxide) mnvolving the surface constituent 1s formed
exclusively on the active stripes and diffuses through the
film with d&iffusivity @ to mactive regions and also
through the boundary layer where 1t 1s carried away by
the gas flow stream The concentration of the gaseous
product on the mactive stripes will be zero since 1t 1s
assumed that all molecules of this species that strike the
hot surface are unstable and dissociate instantly so that
sohid matenal 1s being deposited on the mactive regions
during this process We are interested mn overall
vaporization rates and rates of material deposition per
umt surface area for spectfied kinetics on mvividual
patches To evaluate these quantities, we need concen-
trations and therr derivatives (fluxes) as a function of
position 1 the boundary

A steady state mass balance on the gaseous product of
concentration C 1n the domain shown 1in Fig 1 with
y =0 along the surface, and x =0 at the center of an
active stripe gives

2 ~_ 32C | 3*°C _
VC—W+-3;,-—0 (¢)]

with boundary conditions

£=O, x=0and x=L, ally (2a)
ox
%=%DE, y=0and 0<x<! @b)
C=0, y=0andl<x<L (2¢)
and
C=0, y=8, alx Qd)

Conditions (2a) are imposed by symmetry The boundary
condition (2c) gives a zero concentration of the volatile
product on the mnactive stripes (although there 1s lateral
diffusion) because of the assumed rapid dissociation of
this compound on the hot surface back to its sohd and gas
constituents

We shall first consider the simple case of a completely
diffusion lmited reaction on a surface with stnipes, then
examine the case of a fimte reaction rate and illustrate
calculations of concentration profiles Next, we shall
present mass transport rates and plot the surface profiles
predicted in each case Finally, numerical examples will be
given to show the apphcations of the model and compare
with existing experimental data

Mass transfer control

In this section we consider the situation where mass
transfer from the active surface region is the limiting
step A reversible reaction occurs on the active stripes
over which a fast equiibnum 1s attamed so that the
boundary condition of eqgn (2b) for the concentration C
of the produced gaseous compound becomes C(y =0,
0<x<l)=C,° We mtroduce the following dimension-
less vanables to solve the diffusion problem

£=x18, n=y86 u=C|/C’and u,=C,/Cs*

where subscript s refers to values on the sohd
surface and superscript e to equiibrium values at a given
temperature and pressure

The analytical solution to this boundary-value problem
can be found by separation of vanables In a series form
this solution 1s

=(lomis S 2 sm(kwlL)
wEM ==+ 2 o oh ool L)
sinh (qu % (1- n)) cos (k‘ﬂ' % f) 3)

The series 1n eqn (3) does not converge umformly, and
its term by term differenttation at =0 1s not
allowed[10] However, one can still evaluate derivatives
of the form (du/an)n = 0 which are needed to calculate
transport rates (see eqns 9 and 11) erther numernically by
taking a very fine gnd of points close to the discontinuity
or analytically by approximating the step function at
1 = 0 by a continuous function with a smalt ramp

Two independent dimensionless parameters appear In
this model the fraction of active surface If/L and the
ratio of the boundary layer thickness to half the distance
between stripes, §/L. We have calculated concentrations
at the various pomnts of the domain for several combina-
tions of these parameters A total of one-hundred terms
of the series in eqn (3) was considered in all cases

For typical values of the parameter [/L, we can
examine the effect of changing §/L on the concentration
of the produced species over the active and mnactive
regions throughout the boundary layer An example 1s
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Effect of 8/ L on the dimensionless concentration u of the product species vs n for /L = 0 5 and fixed values of £

in the diffusion himited case (eqn 3)
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Fig 3 Effect of I/L on the product concentration averaged over
all values of £ vs 5 for 8/L =10 n the diffusion hmted case
(eqn 3}

shown m Fig 2 where concentrations are plotted vs 7
for fixed values of ¢& for 8/L=01, 10, and 100, and
IL=05

MASS TRANSFER CONTROL
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Figure 3 illustrates effects of varying /L for a parti-
cular 6/L Here, average concentrations with respect to £
were calculated and plotted vs n for several I/L and
8/L=10 In a following section we shall examme the
effect that a heterogeneous surface has upon evaporation
rates as compared with a umformly active surface with
HL=10

In Fig 4(a) contours of equal concentrations are drawn
through the points of the £ — n domain, for /L =035 and
SIL=10

Finite reaction rates

We consider next the situation where a heterogeneous
reversible reaction occurs on the active stnipes of the
sohd surface,

kf
M(s)+ A(g)k=MA(g) 1C))
b
with a slow reaction rate given by the expression
T surface = kaA - ksz == @(Z_C) (5)
Yy /y=0
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Fig 4 (a), Contours of product concentrations in the £ —n domam for 8/L =10 and IIL =05 1n the diffusion
hmited case, (b), Same as 1n (a) but for reaction control with D, =001 Note the factor 4 7 x 10~3 muluplying all
dimensionless concentrations and the different behavior close to the discontinuty at £ = lf§
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Ca 1n eqn (5) denotes the concentration of the reactant
gaseous species A which 1s approximately umiform
throughout the domam if the rate 1s slow and C. > C,
The specific rate constants k; and &, mnvolving the for-
ward and back rates of the reaction are related through
the equilibrium constant, K., for the reaction of eqn (4)

K. =§j—£— ©)

It 1s assumed that the product MA molecules are dis-
sociated on stnking the catalyst surface, and
consequently k, 1s the surface collision frequency of MA
molecules based on gas kinetics

By introducing m eqn (5) the same dimensionless
varlables as in the previous section, and since K., =
(C°ICa), we obtain

Da(l — 1) = — ‘9—") %)
31’ n=0

where D, = (k,8/%), ts a Damkoehler number that
expresses the ratio of the backward reaction rate
constant to mass transfer coefficients

Equation (7) 1s used as the boundary condition on the
active region, and the boundary-value problem is solved
numerncally by a finte-difference approximation using
erther 20 X 20 or 40 X 40 matrices In this case there are
three dimensionless variables, {/L, /L, and the Dam-
koehler number, D, defined above For D, >20, the
diffusion controlled situation ts approached and in the
himat, for very large D,, the analytical solution discussed
in the previous section 1s appropriate Thus, we have
compared values of the concentrations from both cal-
culations at the same /L and /f{L and using a D, = 10000
for the numerical solution to find an accuracy better than
~95% Concentrations and rates are believed to be ac-
curate within a few per cent 1n all calculations involving
other values of the parameters

Figure 4(b) illustrates contours of equal concentrations
m the £§—n domain, in a reaction himited case, with
D,=001, /L =10, and {/L=05 The effect of D, on
the actual values of concentrations can be observed by
comparing this plot with Fig 4(a), which gives the
concentration profiles at the same 8/L and //L but in the
diffusion controlled situation

It 1s instructive at this point to consider the case of a
uniformly active surface Equation (7) 1s then the ap-
propriate boundary condition for the whole surface (n =
0, all £), and the diffusion problem can be solved analy-
tically to obtain

u==2a_ (1, @®

1+ D,

which shows that the concentration of the produced
species falls hnearly through the boundary layer with a
slope approaching umty in the mass transfer hmited
region (for large D, ’s)

MASS TRANSFER RATES

From concentration profiles obtained numerically or
analytically by solving egns (1) and (2) in the reaction

and diffusion hmited cases respectively, we can calculate
effective mass transport rates per umt surface area on
stripes of half-width L

At steady-state, the total production rate (by surface
reaction) must be equal to the evaporation rate through
the top of the boundary layer and the rate of deposition
of sohd matenal on the mactive region (by dissociation
of the product species)

The effective total rate per unit width L of produc-
tion of solid from the active surface 1s calculated from
the equation

=2, (5), a2 [ ()
= L Jo \ay ysodx_ L o an n=0d£
®

Similarly, the evaporation and deposition rates are given
by

PC,° [ (du
7= 267 du 1
S o R 5 I S
and
= C° [H° 3u)
= s pdad 11
fa L ys an n=od§ an

We can express the ratio of the evaporation rate of the
product to the total rate of production from the hetero-
gencous surface by a. = F./JF, and observe how this
changes with the different parameters For a umformly
active surface we obviously have 7. =7, and a, = 1

In the latter case an analytical expression for the
evaporation rate 1s found from eqns (8) and (10),

S = D, (@C,‘) a2

e=f=1rp, 5

It 1s seen, therefore, that for a uniformly active surface
the theoretical eqn (12) can be applied directly to cal-
culate vaporization rates In any pressure region, and
under various flow conditions, this equation requires
only equiibrium thermodynamic data and the boundary
layer thickness which can be obtained from sem-
empirical correlations

In the diffusion limited case which has an analytical
solution, eqns (3) and (10) give evaporation rates, 7. =
I L(2C°|8). lower than for a umformly active surface
(eqn (12) with D, - «) by exactly the fraction of active
surface, /L. Thus, in this remime an upper bound to the
rate of metal loss 1s predicted by considering the surface
as homogeneous

Effective transport rates for heterogeneous surfaces
are plotted m Fig 5 vs 8/L, for I/. =05, in the diffusion
control case For comparison, rates from a homogeneous
surface are also shown 1n the same figure

Figure 6 illustrates the vanation of evaporation rates
with Damkoehler number The solid curves are drawn
through calculated values of 7., for I/L. =05, and dashed
curves are for rates at /L =1 0 (homogeneous surface)
In the region of small D,’s (reaction control) rates in-
crease approximately linearly with increasing Damkoeh-
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Fig 5 Effective transport rates (eqns 9-12) piotted vs 8/L for
{/L = 0 5 under mass transfer control (D, - «)

ler number, while 1n the diffusion control regime, there 1s
only a small increase 1n the evaporation rates with D,
The rates plotted in Fig 6 are for three values of the
parameter 8/ We see that as §/L increases, the
difference between evaporation rates from a
homogeneous surface and those from a surface with
I/L =0 5 becomes more and more pronounced especially
i the reaction control region (because for large §/L,
there 1s a relatively higher deposition rate on the inactive
stnipes)

SURFACE PROFILES

This model allows an estimation of surface profiles
through the assumption of surface heterogeneity
because, while there 1s a constant removal rate on the
active regions of the surface (active stripes in the present
model), there 1s also a concomitant bult-up rate on the
Inactive region at steady-state conditions The shapes of
the surface profiles will depend on the parameters -
volved 1n the model

Using our analytical and numerical calculations, we
found the slopes of concentrations of the produced spe-
cles at all points of the surface (n =0) These are of
course negative on the active region and positive on the
mactive stripes Figure 7(a) shows plots of the denva-
tive (du/an)n =0 vs £ in the mass transfer controlled
situation for JIL. =05 and for three values of the
parameter 8/L=01, 10 and 100 For small values of
8/ L, 1t 1s observed that a strong variation occurs near the
point of discontinuity and there 1s also a large deposition
of materal close to this pont on the mactive part of the
surface (“lip” or “hillock”” formation) As &/L 1n-
creases, however, the profile becomes more and more
uniform because material evaporates almost equally
from all points of the active stripe and is deposited
umniformly again on the mactive region Note that in this
case curves are almost symmetrical since the evapora-
tion rates for large 8/L are very low

Surface profiles were also calculated for other conds-
tions, and for various Damkoehler numbers In the reac-
tion mited regime, with D, = 0 01, the results are shown
in Fig 7(b) Here we have again chosen /L. =05 and
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Fig 6 Evaporation rates vs Damkoehler number, D, for §/L=01, 10, and 100 Sohd curves are for hetero-
geneous surfaces with I/L = 0 5, while dashed curves are for /L = 1 0 (homogeneous surfaces)
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Fig 7 (a), Surfaces profiles in the diffusion lunited case for /L =05 and 5/L =01, 10 and 100 (b), Surface
profiles for the reaction control case with D, =0 01 and same /fL and 5/L parameters as 1n {(a), reduced to the same
recession profile on the active region by the shown scaling factors

plotted values of the slopes (3u/dn),,-o on the surface vs
&, for the same 8/L values as in Fig 7(a) In this case we
have averaged the profiles and reduced them to the same
value of (3u/3m).,—o 1n order to get a better picture of the
profiles on the mmactive region On each curve the
numbers by which actual deposition and recession
profiles were multiphied are given Comparing these rela-
tive profiles, we see that for the same recessed active
surface, the builtup material on the inactive appears like
a sharp hillock close to the pomt of discontinuaty, for
8IL =01, while for 8/L =1 0, relatively more matenal 1s
deposited toward the end of the inactive stripe, and for
8/L = 10 0 the built-up 1s almost uniform with &

These profiles, while actually observed in situations
where erosion of the sohid 1s known to occur, by no
means describe all morphologies observed 1n thermal and
catalytic etching We may use them, however, as a first
approxiumation in cases of practical interest, some of
which are discussed in the following section, to see
whether average heights of deposited matenal are of the
order of expenimental values after specified periods of
time

APPLICATIONS

The models developed 1n the previous sections may be
apphed to systems in which a solid substance (umformly
or nonuniformly active) reacts with a gas to form volatile
products which then undergo the reverse reaction,
reforming the solid at a different location 1n the system
Chemical transport reactions of this kind include forma-
tion and decomposition of oxides (e g platinum metals
oxidation), metal and oxide transport 1n water vapor (e g
W, BeO, WO,, S10,), oxide transport in the presence of
oxygen (e g IrO,, RuQ,, Cr,0;) and others[7]

In these processes 1t 1s assumed that the solid does not

possess an appreciable vapor pressure at the applied
temperatures, so that it 1s transported as a compound
rather than by sublimation

Platinum oxidation

Platinum oxidizes at measurable rates for tempera-
tures above ~800C to produce a volatile species,
PtO:[11]

ky
Pt + Om)q—;—‘—TPtOZ(g) (13)

At steady state, the oxidation rate for the surface

reaction given by eqn (13) 1s,
re=k;Co,,— ky Cpro,, (14)
where r; 1s 1n {g/cm? sec), kr and &, are the forward and
back specific rate constants in [cm/sec], Cpio,, 15 the
oxide concentration on the metal surface 1 [g/cm?®], and
Co,, = Po, ,Mo,/RT,;, the oxygen concentration 1n
[g/cm®], assumed unperturbed as the surface 1s ap-
proached, 1e Co,, = Co,, Values for the equilibrrum
constant of this reaction K., can be taken from the work
of Alcock and Hooper[ll] For a condensation
ceofficient of umty for the dissociation of the unstable
PtO. molecules upon striking the hot platinum surface,
we can calculate k3, 1n eqn (14) by the expression,
ky = QwMRT)Y '? RT, (15)

where M 1s the molecular weight of PtO-,

Assuming a heterogeneous surface, we can now apply
our diffusion model to the oxidation of platinum and
calculate evaporation and deposition rates from eqns (10
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and 11) The diffusion coefficients are estimated from the
Chapman-Enskog equation[12] The boundary layer
thickness &, can be calculated from an expression of the
form, 8= w/Nu,.[13], where w 1s a characteristic
dimension of the sample, and Nu,,, the Nusselt number
for mass transfer, can be obtaimned from published free or
forced convection correlation curves{14, 15]

Evaporation rates Several years ago Fryburg and
Petrus[16] employed electrically heated platinum ribbons
1 oxygen or arr to study experimentally the kinetics of
the oxidation of platinum

Bartlett[8] 1n 1967, considered the coupling of concec-
tive diffusion and surface reaction on a umformly active
platinum surface, and calculated platinum evaporation
rate 1sotherms In static oxygen at 1060°C his calculated
oxidation rates agreed well with Fryburg's expenmental
data over the entire pressure range for ribbons 0 0287 cm
wide

In this case, the assumption of a umformly active
(/L = 1) platinum surface may be quite good However,
Fryburg reported that evaporation rates were lower from
crystals with {111} onentation from the polycrystalline
nbbons Also microscopic examunation of the rnbbons after
reaction revealed some striated grains and others that were
smooth but dotted with small pips Thus, 1t seems worth-
while to apply our models of a heterogeneous surface to
calculate rates of platinum evaporation and redeposition

Assuming that the active region comprises most of the
surface except for some spots where normal oxidation 1s
inhibited, we have calculated 7. and 7, for a Pt ribbon
0 0287 cm wide 1atm of oxygen and 1060°C The values
of the parameters /L and §/L were taken equal to 09
and 15 respectively (for § ~300 . and L =20u) Since
D, > 150 at these condifions, the model for mass transfer
control was applied The evaporation rate, F., 1s thus
equal to 8 8 X 107° cm Pt/hr 1n good agreement with the
experimental value (~12Xx107° cm Pt/hr) The rate of
deposition, 74, was found equal to 3 x 107 cm/hr, that 1s,
1n about one hour the height of the hillocks will be of the
order of 2-3 u, again within the range of experimental
observations

NH, oxidation on platinum

Faceting In a recent publication[17] we described the
morphological changes induced on single crystal spheres
of platinum metals used to catalyze the NHi oxidation
reaction at a total pressure of 1atm Under autothermal
conditions, facets of 1-3 u size were observed on the
platinum spheres We suggested that a possible
mechamsm of faceting may be the boundary layer
transport of PtO, formed selectively on regions that are
the least active with respect to the main reaction (NHa
oxidation)

We can apply the models developed here to calculate
rates of platinum deposition and explamn faceting in terms
of this mechamism As an example, let us consider a 10%
NH; mm arr mxture (Po,=0 18atm) for a catalyst
temperature of 900°C For a sphere of 200 u diameter
and low flow velocities we estimate &~ 100 u Then
D, ~ 60, and for {/L =05, the rate of deposition, F; can
be found from Fig 5 Thus, 7: = 2 8(DC.*/ L)(3600/ppy) =

10~* cm Pt/hr, where @ ~ 0 8 cm?/sec, C* =
533x 107 g Pt/jcm?, pp. =21 4g/cm>, and L was taken
equal to 2 4 This value for 7; 1s of exactly the same
order of magmtude with observed rates of facetmg[17]

Puting When the platinum spheres were heated well
above the adiabatic temperature for conditions otherwise
the same as discussed previously, randomly distributed
pits appear on the surface after only a short time of
reaction[17] We can calculate 7, 1 this case, for T =
1400°C, I =2 w, and /L =01 (1 e by assuming that oxi-
dation of platinum 1s enhanced at some spots probably
because of hagher local temperatures) For §/L =5, /L =
01, and D, ~ 45, we used the model for mass transfer
control to find 7; ~ 107> cm Pt/hr Thus, 1t would take
15-20 mun for pits of ~ 3 g to form, as we have observed
experimentalty

Metal loss Rates of platinum loss at several tempera-
tures durtng ammonia oxidation were calculated by
Nowak[18] with the assumption that the metal loss was
due to reaction (13) followed by transport of gaseous
PtO, away from the surface Following the method used
by Bartlett[8], he calculated oxidation rates for infinite
platinum cylinders 1 forced convectible flow under the
conditions used by Handforth and Tilley[19] 1n their
measurements of platinum loss during ammoma oxida-
tion These rates were found to be greater than the
observed rates by a factor of about four in the tempera-
ture range of 500-1400°C where mass transport was the
rate hmiting step[18]

Our model of a heterogeneous surface would predict
lower evaporation rates (by the factor I/L) than those
from a uniformly active surface (/L = 1) assumed by
Nowak, thus bringing the rates closer to the experimental
values Moreover, 1t would allow an estimation of the
rates of surface roughening which 1s considerable and
occurs sumultaneously with metal loss 1n the industrial
ammoma oxidation converters

We also note that these models predict lower rates for
larger crystals in agreement with experiments(17} Also,
the effect of higher flow velocities would be higher rates
of evaporation i the mass transfer control regime
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