Reactors, Kinetics and Catalysis

Steps in CH, Oxidation on Pt and Rh Surfaces:
High-Temperature Reactor Simulations

D. A. Hickman and L. D. Schmidt

The direct oxidation of CH,to H, and CO in O, and in air at high temperatures
over alumina foam monoliths coated with high loadings of Pt and Rh has been
simulated using a 19-elementary-step model of adsorption, desorption and surface
reaction steps with reaction parameters from the literature or from fits to previous
experiments. The surface reaction model for Pt is in good agreement with previously
reported low-pressure (0.1 to 1 torr) reactor measurements of CH, oxidation rates
at temperatures from 600 to 1,500 K and of OH radical desorption during CH,
oxidation at 1,300 to 1,600 K over polycrystalline Pt foils. The model predictions
Jfor both catalysts are also consistent with product selectivities observed over mon-
olithic catalysts in an atmospheric-pressure laboratory-scale reactor, and the dif-
Jerences between Pt and Rh can be explained by comparing individual reaction steps
on these surfaces. Because of the good agreement between the model and both low-
and atmospheric-pressure reactor simulations, a complete energy diagram for meth-
ane oxidation at low coverages is proposed. The model results show that under CH
rich conditions at high temperatures, H, and CO are primary products of the direct
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oxidation of methane via a pyrolysis mechanism.

Introduction

The conversion of methane to liquid fuels is a problem that
has generated much research in recent years. Two important
routes for methane conversion to liquid fuels are methanol
synthesis and the Fischer-Tropsch process. For both of these
reaction systems, synthesis gas is generated in the first step
and then converted to the final product in a second catalytic
reactor.

Recently, Hickman and Schmidt (1992a, 1993) have dem-
onstrated that the generation of synthesis gas by the direct
oxidation of methane is a promising alternative to steam re-
forming. Surprisingly, high selectivities of H, and CO for-
mation are achieved with almost complete conversion of the
methane feed over Pt- and Rh-coated monolith catalysts at
very short residence times. In addition, Rh catalysts have been
shown to give hydrogen selectivities vastly superior to Pt ca-
talysts.

Based on these recent atmospheric-pressure reactor studies
and previous research on oxidation reactions over Pt and Rh,
we have developed a 19-step surface reaction mechanism for
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the oxidation of CH, over Pt and Rh at high temperatures
(>800 K) and low O, coverages. This mechanism combines
previously published 12-step mechanisms for H, oxidation
(Williams et al., 1992; Zum Mallen et al., 1993) with an ad-
ditional seven steps which account for methane adsorption and
the subsequent reversible oxidation and desorption steps. Es-
sentially all of the reaction rate parameters are from work
previously reported in the literature. The mechanism and no-
tation are as follows:
m Kakr
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for surface reactions. Note that for the purposes of this model,
CH, and CO, chemisorption are each considered to be a one-
step adsorption and dissociation, with CH, adsorption con-
sidered irreversible.

This mechanism was combined with a reactor model to sim-
ulate experiments at both low and atmospheric pressure re-
action conditions. The following section will outline the
equations and assumptions for all of the models discussed in
this article.

Model
Surface species mass balances

In both the low-pressure and atmospheric pressure simu-
lations, steady-state coverages of all species give the following
expressions:

d—z—ﬂ =0=k_00n0, nc— k1OuO0 — k201001 + k201200,
+ koyPu0, — kgOu + 4katPcu®,  (5)
_‘1(_19_’9 =0=k_ 0010, nc— k1OO0 + k30540, nc
— k .10120000, + k20P02O.ne — Ka0O0 — kOO0
+ k. 40c0O0unc+ KacpP 00O e = KacoOcoBo  (6)
d?i;’“ =0=k,0400 — k_ 8010, nc — k2:OuO0n
+ K _04200, = 2k30540, ne + 2K 310120000,  (7)
doc
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These equations include all 19 steps listed in the previous
section, with m=n=1 (first order O, and H, adsorption). We
assumed that all species were adsorbed competitively, Eq. 11,
except for oxygen. We assumed that oxygen was adsorbed
noncompetitively with other species so that its effective fraction
of vacant sites was 8, yc=1—0¢. The results are not sensitive
to the form of O, because all coverages are <<1 except for
O, and O in most situations considered here. The details of
site competition become very important at low temperatures,
and more complex models will have to be developed for those
situations.

Low-pressure CSTR

For simulations of the low-pressure CSTR experiments, the
steady-state coverages, Eqs. 5-11, were solved simultaneously
with six CSTR equations for the stable gas-phase species:

(Pi_Pi,o)VRNm):ri (12)
TAsurngTgNO

(See the Notation section for definitions of variables used.)

The seven steady-state coverage equations and six CSTR equa-

tions were solved simultaneously using the Newton-Raphson

method with an analytical Jacobian matrix.

Atmospheric-pressure tubular reactor

Model Equations. For the atmospheric pressure reactor
simulations, two different models were examined: plug flow
tubular reactor (PFR) model with reactions on the tube walls
and a one-dimensional tubular reactor model with mass trans-
fer. The PFR model is the simpler of these two, which si-
multaneously integrates the species balances over the length
of the tube

d(FP;) _ oFyR, T, . (13)
dz AvN,
This equation is derived from a mass balance on species i
over a differential length of the tube in the z-direction with
the velocity (v) of the gases in this plug flow reactor allowed
to vary as the total number of moles of gas changes due to
reaction:

d(vc;) o

dz NpA

r; (14)

The ratio /A is equivalent to the wall surface area per unit
volume. Assuming ideal gases, the concentration is then con-
verted to a partial pressure (P;=cR,T,), and the velocity of
the gases is proportional to the total molar flow rate and the
gas temperature:
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v:E Vg. (15)

Substituting this relationship into Eq. 14 and rearranging it
gives the species balance in Eq. 13.

The total molar flow rate was assumed to vary in these
simulations and was an additional variable in these calcula-
tions:

dF
d—;}\j St (16)

av

The PFR model simultaneously integrates Eqs. 13 and 16
while satisfying the algebraic surface coverage in Eqs. 5-11.

For the mass-transfer model, a mass-transfer coefficient was
included to account for the transport of gas-phase species
through the boundary layer near the catalyst surface. A mass-
transfer coefficient based on a concentration driving force was
used for these simulations:

k.(c;—cp) = flux of i from surface a7

where the mass-transfer coefficient k. is assumed to be constant
over the length of the reactor. Because the adsorption rate
parameters are based on species partial pressures, the concen-
trations were redefined in terms of the partial pressure in the
bulk gas phase (P,) and the partial pressure near the surface
(P):

ke(Pi=Py) _ as)
R,T,/N,,
The constant k. was chosen to be based on a concentration
driving force rather than a partial pressure driving force to be
consistent with previous models of reactions in monoliths (Vo-
truba et al., 1975; Young and Finlayson, 1976; Heck et al.,
1976). Of course, a mass-transfer coefficient is merely an ap-
proximation to the real situation and is used in this work only
to estimate the effect of interphase transport in these systems.

A gas-phase species balance on the reactor tube then gives
the equation:

d(FP,) _U'koFo
dz B AU()

(P~ Py). (19)

Thus, the mass-transfer model simultaneously integrates Egs.
16 and 19 while satisfying the algebraic Eqs. 5-11 and 18.

For both the PFR and mass-transfer models, a single uni-
form gas and catalyst temperature was assumed, with the au-
tothermal reaction temperature a function of the heat generated
by reaction and the heat lost through the reactor walls. The
temperature can therefore be expressed as an integral balance
over the reactor:

To T
LFp (AH?ES + S deT) ~-LF; <AH3298 + S Cd T)
298 298
= (UA )loss ( T- 298) (20)

where (UA )., approximates the heat losses from the labora-
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tory-scale reactor. Polynomial temperature-dependent expres-
sions for molar heat capacities of the gas-phase species were
used. This form of the energy balance equation was necessary
because the autothermal temperatures measured in the exper-
imental reactor were 50 to 100 K less than the adiabatic reaction
temperature of the product gases. Since the reactor was in-
sulated externally and radiation shields were placed before and
after the catalytic monoliths in the reactor tube, radiative heat
losses which are proportional to T* were neglected. The use
of a single surface temperature in the model is a reasonable
assumption, since the monolith catalysts in these experiments
are well insulated and most of these very fast reactions occur
at or near the front face of the monolith, where the temperature
is very nearly uniform.

The solution algorithm thus involved integration of the mass-
balance equations using Gear’s method (Gear, 1971) while
satisfying the appropriate algebraic equations. The autother-
mal temperature (7) for the product gases based on the input
feed temperature (7,) was compared to the estimate surface
temperature (7}), and a new T, was estimated. Consecutive
iterations, with new autothermal temperatures estimated by
Newton’s method, typically gave convergence to a solution
within four or five iterations.

Model Parameters. In addition to the reaction rate param-
eters in Table 1, the model required estimation of the physical
parameters in Egs. 13-20, as shown in Table 2. The total molar
flow rate is related to the channel dimensions and reactor
pressure by assuming ideal gases:

voPA

= ——, 21
T, 21)

Fy

In addition, (UA),, was adjusted for a particular set of
experiments to give autothermal temperatures close to those
observed experimentally (typically about 100 K less than the
adiabatic reaction temperature). Once estimated, this param-
eter was then kept constant for all simulations for a given set
of experiments. For example, the same heat loss parameter
was used for all model calculations in Figure 1.

For the atmospheric-pressure simulations, the same surface
reaction rate parameters were used as in the low-pressure sim-
ulations with one modification. Unlike the low-pressure CSTR
experiments where the gas is at ambient temperature (7, ~ 298
K), the gases in these atmospheric pressure reaction simulations
are assumed to be thermally accommodated (isothermal) with
the catalyst surface (7,=T,=T). Thus, the adsorption coef-
ficients k,; were corrected for temperature in accordance with
the kinetic theory relationship:

S; ( evy T)P,

\N2IMR, T

Tads,i = kaiPi = (22)

Comparison with Experiments

In this section, comparisons of model predictions with ex-
perimental results are presented. Low-pressure simulations for
only Pt will be shown, since these experimental studies have
only been performed with Pt. Simulations for atmospheric-
pressure reactions over both Pt and Rh will then be compared
with experimental results.
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Table 1. Rate Parameters for Pt and Rh

Platinum Rhodium
Reaction k (torr~'es™Y)  E, (kcal/mol) Reference k (torr~'es™)  E, (kcal/mol) References
H+0-OH ) 1x10" 2.5 Williams et al. 7% 10" 20 Wagner and Schmidt
OH-0O+H -1 1x10° 5 Williams et al. 1x10% 5 Zum Mallen et al.
H+OH-H,0 ) 9% 10% 15 Williams et al. 3x 107 8 Zum Mallen et al.
H,0—-OH+H (-2) 1.8x 10" 37 Williams et al. 5% 10" 37 Zum Mallen et al.
20H—~H;0+0 (3) 1x 10" 12.3 Fisher and Gland 4% 10" 15 Zum Mallen et al.
H,0+0-20H (-3) ~0 31 Thermodyn. constraints ~0 63 Thermodyn. constraints
H,,~2H (aH) 7.5x10* (s=0.05) 0 Williams et al.  2.25% 10° (s=0.16) 0 Zum Mallen et al.
2H-H,, (dH) 5% 10" 18 McCabe and Schmidt 5% 10" 18 Yates et al.
0,20 (a0) 1.25% 10° (s=0.003) 0 This work 3.5x 10° (s=0.01) 0 Oh et al. (1986)
20-0,, (dO) 5% 10" 52 Matsushima 5% 10" 70 Wagner and Schmidt
Root et al.
H,0,~H,0 @w) 5x10*(s=0.1) 0 Williams et al. 7.4% 10* (s=0.16) 0 Zum Mallen et al.
H,0—-H,0, dw) 1x10" 10.8 Fisher and Gland 1x 10" 10.8 Kiss and Solymosi
Wagner and Moylan
OH-OH, (dOH) 1.5x 10" 48 Williams et al. 8.1x10" 34 Zum Mallen et al.
C+0-CO 4 5x 10" 15 This work 5% 10" 15 This work
CO-C+0 (—4) 1x10" 44 This work 1x10" 40 This work
CH,—~C+4H (aM) 5x10* 10.3 Anderson and Maloney 3Ix10* 5 Brass and Ehrlich
C0O,,—CO+0 (aCD) ~0 36 Thermodyn. constraints ~0 26 Thermodyn. constraints
CO+0—CO0,, (dCD) 1x10% 24 Campbell et al. (1980) 1x10" 25 Brown and Sibener
Campbell et al. (1979)
CO,-CO (@CM) 3.21x10° (s=0.84) 0 Campbell et al. (1981) 1.91x10° (s=0.5) 0 Campbell et al. (1979)
CO0-CO, (dCM) 1x 10" 30 McCabe and Schmidt 4x 10" 31.6 Thiel et al.
CO and CO, generation from CH and O, at low pressure 1.0 (@ 1.0 (b) e
over Pt s
. I BTG == oee
The kinetics of CH, oxidation over polycrystalline Pt have 0.8 0,n5°¢C e o o
been measured previously at temperatures of 600 to 1,500 K . P - 0.9}/ soﬂnp""""f"'é"u
for mixtures ranging in composition from 1/2 to 5/1 CH,/0, 0.6} mnngqq_.,__'_:g r8°8 % o a"fs ¢
at a total pressure of 0.1 to 10 torr (Hasenberg, 1985). Rates m&‘ Re o w8 ¢ °
of H; and H,O formation were not measured in those exper- 0.4} e%%%.....
iments. Figure 2 compares the predicted rates for CO and CO, e air/25°C° T 0.8}
generation with the experimentally measured rates. The reactor 0.2 ° e
parameters for these experiments include a residence time (7) “T
of 0.25 s for all species, V=600 cm®, and A ,s=1.6 cm®.
1 L L H 1 [] L 1 1 1 1 L

As indicated in the figure, the model predicts the trends in
reo and rep, reasonably well with the most accurate correlation
between the model and experiments at high CH,/O, ratios and
temperatures. As the CH, pressure decreases, the model predicts
a decrease in rco with lower temperatures that exceeds the ex-
perimentally observed decrease in the rate of CO generation.
As will be discussed later, however, the rate parameters for
both the CO oxidation reaction (CD) and CO desorption (CM)
have been shown to change as the coverages of O or CO increase
(Berlowitz et al., 1988; Campbell et al., 1980; Gland and Kollin,
1983; McCabe and Schmidt, 1977). For these simulations, lit-
erature values which apply in the low coverage limit have been
used, and thus, the decreases in the temperature or CH,/O,
ratio give higher coverages of O and the model fails under these
conditions. In additional simulations not shown here, decreas-
ing the CO oxidation rate parameters to those in the literature
for the high O coverage limit [kycp=2 X 10%'""/RT (Campbell

Table 2. Catalyst Parameters

Parameter 50 ppi Pt Foam 80 ppi Rh Foam
o (cm) 0.20 0.12
A (cm?) 2.5x10° 9.0x10°
v, (cm/s) (T,=298 K) 20.6 20.6
P (atm) 1.4 1.4
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Figure 1. Experiments (symbols) and model (lines): (a)
H, and (b) CO selectivities, (¢) CH, conver-
sions, and (d) surface temperatures for meth-
ane oxidation over a 50 ppi (pores per in.) Pt
foam monolith with 11.6 wt. % Pt.

Open symbols and dashed lines represent CHy-air feeds, closed
symbols and solid lines represent CH,-O, feeds, circles represent
feed temperatures of 25°C and squares represent feeds preheated
to 460°C.
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Figure 2. Experimentally measured (a) CO and (b) CO,
generation rates during methane oxidation
over a polycrystalline Pt foil vs. (¢) CO and (d)
CO, generation rates predicted by the low-
pressure CSTR model (Py,,=0.1 torr).

The curves in (a) and (b) are nor model fits.

et al., 1980)] resulted in predicted CO rates in much better
agreement with the experimental data at lower temperatures
and lower CH, pressures. These parameters, however, did not
give good correlations with the data in the high-temperature
(low oxygen coverage) limit.

A final important point is that roo approaches an oxygen
flux-limited value at high temperatures and high CH,/O, ra-
tios. Because the surface reaction model assumes that CH,
adsorption is activated and reversible, O increases with tem-
perature. To predict an O, flux limit consistent with the data,
O, sticking must be independent of 8.. Hence, oxygen was
assumed to be adsorbed noncompetitively on Pt. This as-
sumption was also applied to Rh and has been used previously
(Zum Mallen et al., 1993). In the low O coverage limit, besides
giving the experimentally observed O, flux limit, this assump-
tion has no additional effects on model predictions.

OH desorption rates from CH, and O, at low pressure
over Pt

Previously reported (Marks and Schmidt, 1991) low-pressure
studies of OH radical desorption during CH, oxidation on Pt
foils at high temperatures (1,300 to 1,600 K) provide another
test of the model predictions for the O-H reactions during CH,
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Figure 3. (a) Experimentally measured LIF signal (Marks
and Schmidt, 1991) vs. (b) OH desorption flux
from the surface predicted by the low-pressure
CSTR model (Py,,=0.1 torr).

oxidation. In these experiments, reactions in Table 1 are as-
sumed to occur, and OH, is formed by the step OH—OH,,
whose rate is negligible compared to those steps that produce
major products. However, since the OH desorption rate is
proportional to the OH surface coverage for a given surface
temperature, laser induced fluorescence (LIF) experiments in-
directly measure the surface coverage of this important reaction
intermediate.

Figure 3 compares OH desorption rates (a) measured by LIF
for various temperatures and compositions with (b) model
predictions at the same conditions. Using previously published
OH desorption rate parameters (Williams et al., 1992) with
the additional term for OH desorption added to Eq. 7, the
model gives good qualitative agreement with the experiments.
The model predicts the maxima in OH desorption rates at
CH,/0, ratios only slightly smaller than observed in the LIF
experiments. The model also gives a good approximation of
the increase in OH desorption with temperature up to 1,500
K. The LIF experiments show that OH desorption becomes
temperature-independent above ~ 1,500 K, suggesting a CH,
flux limit, although the model does not predict this behavior.
Making CH, adsorption (M) reversible might improve the
agreement between model and experiment above 1,500 K, but
since the atmospheric pressure studies generally had auto-
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thermal temperatures below 1,500 K, this modification was
not necessary.

Methane oxidation at atmospheric pressure over Pt: PFR
model

In Figure 1, model predictions from the PFR model with Pt
rate parameters are compared with experimental data for CH,
oxidation with a Pt-coated foam monolith over a wide range
of feed conditions. The model accurately predicts the large
increase with autothermal reactor temperature in hydrogen
selectivity, defined as:

0.5Fy;

3
FCHAin _FCH4oul

S = (23)

and the accompanying improvement in fractional conversion
of methane. Furthermore, the model predicts only a slight
increase in selectivity of CO formation:

Feo

FCH4in —FCH4ou(

29

Sco=

The primary shortcoming of the model appears to be that
it does not accurately predict the leveling off in autothermal
reaction temperature at high CH,/O, ratios and the accom-
panying decreases in Sy, and Sco. This observed behavior is
probably due to multilayer carbon deposits which are likely to
occur for fuel-rich feeds and which are not included in the
model. Thus, when the model predicts ©.—1, the real system
may deviate from the low coverage behavior assumed by the
model.

The variation in species coverages predicted by the model
can be seen in Figure 4, where coverages are plotted vs. axial
position in the reactor tube. As shown in panel (a), even under
the most lean conditions examined (15% CH, in air), carbon
is the primary surface species, although all coverages are below
0.1 monolayers at the tube inlet, where most of the reaction
occurs. As the reaction progresses and the O, is consumed,
the carbon coverage increases as expected.

In Figure 4b (30% CH, in air), both the C and CO coverages
exceed 0.1 monolayers very early in the reactor. Since the model
does not account for multilayer carbon or changes in the re-
action parameters due to adsorbate-adsorbate interactions, the
model predictions deviate from the experimental data for feeds
with CH,/O, feed ratios close to 2/1.

Methane oxidation at atmospheric pressure over Rh:
PFR model

Figures 5 and 6 show similar plots for results from the PFR
model with Rh rate parameters compared to experimental data
for CH, oxidation with a Rh-coated foam monolith. Again,
the agreement between model and experiments is quite good
at lower CH,/O, ratios, with discrepancies occurring at higher
CH,/0, ratios. As with the Pt catalysts, the model appears to
err when the coverages at the inlet approach unity.

The most important point to note is that the model accurately
predicts the superiority of Rh over Pt for the production of
H, and CO. An examination of the rate parameters reveals
that the primary difference between Rh and Pt is the activation
energy for OH formation, reaction 1. This and other differ-
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Figure 4. Fractional surface coverages as a function of
axial position for PFR model simulations of
room temperature feeds with (a) 15% CH, in
air and (b) 30% CH, in air over a Pt catalyst.

ences in the energetics of the various surface reactions lead to
remarkably different catalytic behaviors. A comparison of Fig-
ures 4 and 6 reveals some of the differences predicted by the
model.

One significant difference between Pt and Rh is the predicted
oxygen coverage. For a room temperature feed of 15% CH,
in air, O is less than ~ 10~ on Pt, while O, is as high as 10~
on Rh. Three factors contribute to higher 6, on Rh: (a) the
autothermal reaction temperature is lower; (b) the sticking
coefficient of oxygen is higher; and (c) the activation energy
for oxygen desorption is higher. In spite of these higher O
coverages, which would generally be expected to give better
total oxidation selectivity, Rh is predicted to give better partial
oxidation selectivities than Pt. This happens because Rh has
an activation energy for OH formation of 20 kcal/mol vs. 2.5
kcal/mol for Pt and because Rh has a lower activation energy
for CH, chemisorption.

Methane oxidation at atmospheric pressure over Pt and
Rh: mass-transfer model

Because mass transfer can have significant effects on the
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Figure 5. Experiments (symbols) and model (lines) (a)
H, and (b) CO selectivities, (¢) CH, conver-
sions, and (d) surface temperatures for meth-
ane oxidation over an 80 ppi Rh foam monolith
with 9.83 wt. % Pt.

Open symbols and dashed lines represent CHg-air feeds, closed
symbols and solid lines represent CH,-O, feeds, circles represent
feed temperatures of 25°C, and squares represent feeds preheated
to 460°C (air) or 300°C (O,).

selectivity of a partial oxidation reaction (Hickman and
Schmidt, 1992b), the mass-transfer model was compared to
the PFR model to determine the importance and the effect of
boundary layer mass transfer for CH, oxidation over Pt and
Rh monoliths. Figure 7 is a plot of the H, and CO selectivity
and the axial length required for complete conversion of O,
as a function of the mass-transfer coefficient k. for a fixed
feed composition (22.5% CH, in air) and a constant wall tem-
perature (1,056 K) with the model parameters for Rh.

As shown, for k.>1,000 cm/s, the model predictions are
independent of the mass-transfer coefficient. Similar results
are observed at other feed compositions and temperatures for
both the Rh and Pt model parameters. For lower values of k,
the selectivities both increase slightly and the length required
for complete conversion of oxygen increases dramatically. As
shown in Figures 4 and 6, as the redction proceeds, O, is
consumed and the coverage of C increases. When all of the
O, has been consumed, O.— 1, and no more sites are available
for additional reactions to occur. Thus, the lower values of &,
require longer residence times for complete conversion of O,,
allowing more time for H,O to adsorb and provide additional
O adatoms for the oxidation of carbon adatoms. Thus, the
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observed increases in Sy, and Sco are primarily due to the
increased residence time with available reaction sites. Essen-
tially, more time is then available for the steam reforming
reaction to occur:

CH,+H,0—-CO +3H,. (25)

This was confirmed with the model by showing that Sy, and
Sco change much less with k. than shown in Figure 7 when
H,0 adsorption is not allowed.

These results show that the PFR model is adequate for sim-
ulations of catalysts with geometries that give high rates of
mass transfer (such as the foam monoliths in Figures 1 and
5). A mass-transfer coefficient of ~10? cm/s is estimated for
laminar flow through cylindrical tubes with channel dimen-
sions similar to those of the foam monoliths. By the Reynolds
analogy, the mass-transfer coefficient is proportional to the
friction factor for a fixed velocity (Cussler, 1984). Because the
foam monoliths do not have straight channels, they have higher
pressure drops than straight-channeled monoliths of similar
channel dimensions and consequently will give even higher
mass-transfer coefficients than estimated for flow in straight
tubes. Thus, Figure 7 suggests that for foam monoliths with
k.~ 10° cm/s, the exact value of the mass-transfer coefficient
is not significant for these simulations. Even for k. as low as
10% cm/s, the calculated selectivities only vary by less than 5%.

Typically, when an increase in the mass-transfer coefficient
has no effect on the observed rates of conversion, the system
is said to be ‘‘reaction-limited.’’ However, in the case of these
simulations for k.> 10°, the observed rates are gas flux-limited.
Because the surface reaction rates are very fast, the overall
rate is in fact primarily limited by the flux of reactant species
(r.a.) to the catalyst surface. Although not shown here, in-
creasing the value of the oxygen sticking coefficient (and thus
k,,) causes an inversely proportional decrease in Lg,, the re-
actor tube length required for complete conversion of O,.
Hence, for high rates of interphase mass transfer, these sim-
ulations show that CH, oxidation rates become O, flux-limited.

Discussion
Reaction rate parameters

One important objective of this effort was to determine
whether the high-temperature oxidation of methane could be
simulated by an elementary-step model. Obviously, the strength
of this model is that it is based on reaction rate parameters
from several independent studies of the various reaction steps.
The data for the parameters are taken from studies of single
crystal and polycrystalline catalyst studies and can be applied
to this model because the monolith catalysts used in the at-
mospheric-pressure studies have high loadings of the noble
metal which form large crystallites (Hickman and Schmidt,
1993) and are thus expected to behave similar to unsupported
catalysts. The numerical values for these parameters are listed
with their sources in Table 1. Unless otherwise mentioned in
this section, all of the activation energies and preexponential
factors were taken directly from the literature.

When more than one set of rate parameters (from experi-
ments at low coverages) were reported in the literature for a
given reaction step, the set that gave the best correlation with
these CH, oxidation experiments was selected.
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O-H Reactions. The reaction rate parameters for all of the
steps involving only O and H adatoms (reactions 1-3, H, O
and W) have been identified in two recent articles from this
laboratory (Williams et al., 1992; Zum Mallen et al., 1993).
According to these studies, the elementary steps in H, oxidation
on Pt and Rh have been determined by fitting a model to
experiments which measure the desorption of OH radicals by
laser-induced fluorescence (LIF) over polycrystalline foils ex-
posed to mixtures of H,, O,, and H,O for surface temperatures
above 1,000 K. In these studies, the adsorption of H, and O,
was found to best-fit a first-order model. This first-order de-
pendence is well established in the literature for O, (Yates et
al., 1979; Monroe and Merrill, 1980) and for H, (Hellsing et
al., 1987). First-order O, adsorption is assumed in many kinetic
studies of CO oxidation and is consistent with a mechanism
where the rate-controlling step involves the interaction of the
adsorbing O, molecule with a single catalytic site (Oh et al.,
1986).

All of the O-H reaction parameters were left unchanged
from those published previously except for two slight modi-
fications. As will be described in the section comparing model
predictions to low-pressure CSTR experiments, the sticking
coefficient for O, on Pt was decreased from 0.04 to 0.003 to
better-fit the O, flux limit observed at high temperatures (Has-
enberg, 1984). This value is not outside the range of other
reported values in the literature (Kaul et al., 1987, and ref-
erences therein). For Rh, the previously reported sticking coef-
ficient of 0.01 was used (Oh et al., 1986). The second
modification was the assignment of a nonzero rate for the
dissociation of OH on Rh. This parameter was not important
for the LIF experiments, and changing it to physically rea-
sonable value of k_,=10e 3%¥KT had no significant effect
on the atmospheric-pressure model results.

CO Adsorption/Desorption. Because of the importance of
this reaction in the automobile catalytic converter, carbon
monoxide oxidation kinetics on Pt and Rh have been studied
extensively on both polycrystalline and single crystal samples,
including a large number of experiments which measure the
rates of CO adsorption and desorption. Thus, the adsorption
and desorption rate parameters used in this modeling study
were taken directly from the literature.

The desorption energy of carbon monoxide is approximately
the same on both metals and has been shown to decrease as
the CO coverage increases (McCabe and Schmidt, 1977; Thiel
et al., 1979; Oh et al., 1986; Peterlinz et al., 1991). In the
atmospheric-pressure simulations for Pt, the CO coverage was
almost always less than 0.1, so a coverage-independent acti-
vation energy of 30 kcal/mol was used.

However, a coverage-dependent activation energy was used
for CO on Rh. In previous modeling studies of carbon mon-
oxide oxidation (Oh et al., 1986; Sant and Wolf, 1990), this
coverage dependence has been approximated by a value that
decreases linearly with CO coverage:

Esco=Euc0(0= 0) — acoBco (26)
Since the Rh simulations gave CO coverages close to unity in
some cases (Figure 6), a coverage-dependent activation energy
for CO desorption was necessary to obtain good agreement

between the model and experiments. These simulations used
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the previously reported value of aco = 10.6 kcal/mol (Sant and
Wolf, 1990) with E,.o=31.6 at low coverages (Thiel et al.,
1979).

CO+ O Reaction. The bimolecular CO oxidation reaction
has been studied extensively on various single-crystal and po-
lycrystalline Pt surfaces, with reported activation energies
ranging from 12 to 40 kcal/mol (Campbell et al., 1980; Gland
and Kollin, 1983; Engstrom and Weinberg, 1988). This vari-
ation in activation energy is accompanied by a corresponding
change in the preexponential and corresponds to different re-
action conditions, with higher activation energies and pre-
exponentials observed at low coverages and lower activation
energies and preexponentials occurring with high oxygen cov-
erages. For this study, a low coverage activation energy of 24
kcal/mo! with a preexponential of 1x 10" (Campbell et al.,
1980) was used, because oxygen coverages are expected (and
calculated) to be low at the high temperatures and CH,-rich
conditions of these atmospheric pressure experiments. The
preexponential factor was increased above the reported value
of 1.1x 10" to obtain better agreement between model and
experiments in both the low-pressure and high-pressure sim-
ulations.

Many of the discrepancies between the model and the low-
pressure experiments are a result of the activation energy of
the CO + O reaction. For example, at lower temperatures and
lower CH,/O, feed ratios, where O coverages are higher, the
model predicts CO generation rates much lower than those
experimentally observed (Figure 2). As described earlier, how-
ever, changing the rate parameters to those derived from ex-
periments with high O coverages drastically improved the
agreement between model and experiments in the high O cov-
erage regime.

In kinetic studies of CO oxidation on Rh where CO is the
dominant surface species, apparent activation energies of 20
to 33 kcal/mol were reported (Schwartz et al., 1986; Berlowitz,
et al., 1988; Wong and McCabe, 1989; Oh et al., 1991a).
However, the desorption of CO to free vacant sites for O,
adsorption was the rate-limiting step in these experiments, so
the observed activation energies are attributed to the desorption
of CO, and determination of the CO + O reaction activation
energy is less straightforward. An earlier study which modeled
the kinetics of O, titration by CO (Campbell et al., 1979) found
the CO +O surface reaction on polycrystalline Rh had two
distinct activation energies: 14.3 kcal/mol for surface tem-
peratures (T,) below 529 K and 25.0 kcal/mol for 7,>529 K.
The higher activation energy, expected to apply in the low
coverage limit, is consistent with a more recent molecular beam
study of CO oxidation on Rh(111) (Brown and Sibener, 1988)
and was used in these simulations.

In addition, the formation and desorption of CO, have been
lumped into a single step for both metals. This assumption is
consistent with the fact that CO, adsorbs dissociatively on these
metals (Castner et al., 1978) and has been used in other-ele-
mentary-step models of CO oxidation over Pt and Rh (Oh et
al., 1986; Kaul et al., 1987; Sant and Wolf, 1990). Furthermore,
the reverse reaction, the dissociative adsorption of CO,, was
not allowed in these modeling studies, since the CO, partial
pressures were always very low and the residence times were
very short. The effect of H,O adsorption on Figure 7 shows
that the adsorption of CO, should have no significant effect
on the model predictions at these short residence times.
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C+ O Reaction. The C+ O surface reaction has not been
studied as extensively as the other C-O reactions, with most
studies examining Ni catalysts and reporting activation energies
from 32 to 43 kcal/mol (Astaldi et al., 1989; Kelemen and
Krenos, 1985; Benziger and Preston, 1984). One recent study
examined the reaction of O, with a carbon-covered Pt surface
at 1,100 to 1,240 K and reported an activation energy of 46
kcal/mol for this reaction (Kislyuk et al., 1991). These exper-
iments, however, were performed with polycrystalline Pt foils
which were completely covered with carbon, and the results
do not conclusively show that the C + O surface reaction is the
rate-limiting step in these experiments.

The best fits to the data for the low-pressure experiments
over Pt were obtained by choosing rate parameters with rates
high enough so that the C + O reaction was not a rate-limiting
step. Since the low-pressure results were independent of these
rate parameters, they were chosen to best approximate the
trends observed in the atmospheric-pressure experiments with
Pt. Similar fits could be obtained with activation energies as
high as the reported value of 46 kcal/mol as long as the preex-
ponential factor was large enough (~ 10" s™") to give the ex-
perimentally observed CH, conversion rates.

As discussed in the next section, making methane adsorption
a single step in the model does not eliminate other adsorption
mechanisms in which H atoms dissociate sequentially. Thus,
the surface reaction mechanism may actually involve oxidation
of an adsorbed CH, species to form adsorbed CO and H. This
is consistent with the following methane oxidation surface
reaction sequence proposed by Oh et al. (1991b) for lower
reaction temperatures on noble metals:

CH,(x=2 or 3) + O—~HCHO~CO+2H 27N

Oh’s mechanism is not inconsistent with the model, since (a)
at higher temperatures, the conversion of CH, to CO and H
in reaction 27 may occur in a single concerted step, (b) Oh’s
mechanism does not allow for H abstraction by adsorbed O
atoms,

CH,+0~CH,_,+OH, (28)

and (c) the C+ O reaction in this model is very fast. Since the
C + O reaction is fast, the formation rate of adsorbed CO and
H is controlled by the methane adsorption rate, and the model
results do not change significantly if the model equations are
modified so that some of the H atoms are removed from the
adsorbed CH, after the initial CH, chemisorption step.

The activation energy for the reverse reaction, CO disso-
ciation, was calculated to be consistent with thermodynamic
data for the gas-phase species at 298 K, with the assumption
that C adsorbed on Pt is isenthalpic with graphitic carbon.
This assumption essentially provides a lower bound for the
activation energy of the CO dissociation reaction, since the
binding energy for a carbon atom on a Pt surface [between
120 and 170 kcal/mol (Tully, 1980)] is equal to or less than
the heat of sublimation of graphite (171 kcal/mol). The model
was not very sensitive to the CO dissociation reaction rate
parameters, since this rate was quite slow.

For the atmospheric-pressure simulations for Rh, the model
predictions were much less sensitive to the rate parameters for
both the forward and reverse reactions than for Pt (see Table
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Table 3. Sensitivity Parameters”

Pt 22.5% CH, in Air Rh 20% CH, in Air
Reacti TK S S, ACH, TK S S ACH,
eaction K) H2 co CH,, ) H2 Cco CH,,
H+O0—-OH ) 1.6 -19 5.7 —42 —1.1x10"" -55 7.8 ~9.4x 10"
OH-O+H (=1) -55x10"* 6.8x10"7 —21x10"? 1.5x107® -2.5x10"* 9.1x1072 -12x10"' 1.8x1072
H+OH-H,0 () 6.2x107* 0.0 1.1x 1072 0.0 31x107 —92x10"%  1.2x107' —1.1x10"2
H,0—~OH+H (-2) -24x10"% 2.8x10~° —12x10"° 1.5x10™° —3.4x107* 6.5x107* —3.4x10"* 4.4x10~*
20H-H,0+0 (3} —4.0x10"° 5.1x107% -3.0x107  5.5x10°* 0.0 0.0 0.0 0.0
H,,—2H (aH) 1.5 -18 5.3 -4.1 1.2x 107! -48 6.5 -1.0
2H-H,, (dH) -1.6 19 -58 4.2 —1.1x10"! 5.8 -7.8 1.2
0,,—20 (a0) 5.3 -17 -1t -10 13 -8.2 —11 - 14
20-0,, (d0) -9.8x1077 0.0 0.0 0.0 -2.1%x107* 0.0 0.0 0.0
H,0,~H,0 (@#) 3.8x107° 0.0 —13x107* 0.0 1.7%107* 0.0 -8.4x107* 0.0
H,0-H,0, (W) -20x10"° 2.5x10™* 0.0 0.0 ~92x107% —1.3x107*  4.5x10™*  1.1x107*
C+0-CO @) -22 1 2.1 4.6 ~22x10°2  2.2x10°?  85x107°  2.6x107?
CO~C+0 (-4 3.6x10°2 —20x10"' —1.1x10"? -82x10"% 9.3x10° -1.3x10"* 0.0 —Lix10"*
CH,~C+4H (aM) -53 17 11 10 -13 7.9 1 14
CO+0—CO,, (dCD)  6.2x10™" 8.1 -7.9 -33x107'  3.7x107" 5.6 -84 7.2x10"!
CO,—~CO  (aCM)  9.3x10™" 6.5 -8.2 -9.8x10"! 1.6 2.1 -56 ~1.1
CO—-CO, (dCM) -9.3x10™" —-6.6 8.3 9.9%10™" -1.7 -2.3 6.0 1.2
-1.7 -1.5 4.9 1.4

Qco

*As defined in Eq. 28, PFR model sensitivities (x 100) to changes in the preexponential factors of various reaction steps (or change in the variable activation

energy of CO desorption on Rh).

3). Since changing these parameters had little effect on the
model results, the same values were used for Rh as for Prt,
with the activation energy of the reverse reaction adjusted for
thermodynamic consistency.

CH, Adsorption. For both Pt and Rh, the methane ad-
sorption step was assumed to be first order in Py, and irre-
versible. Using higher-order kinetics had little effect generally
on the model results. The assumption of irreversible adsorption
was used, because the oxidation reactions are very fast, so little
CH, would be expected to desorb under these reaction con-
ditions.

Reaction (M) also lumps the breaking of all four C-H bonds
into one step. Making this reaction a single step in the model
does not eliminate other adsorption mechanisms in which H
atoms dissociate sequentially, but it does eliminate the pos-
sibility of the abstraction of H atoms from adsorbed CH,
species by O adatoms, reaction 28. However, high selectivities
for H, formation on Pt and Rh suggest that such abstraction
reactions are not a dominant reaction step for CH,-rich oxi-
dation at high temperatures.

A final point is that CH, chemisorption was assumed to be
activated, with Pt having a higher activation energy than Rh.
The dissociative chemisorption of CH, on several different
metal surfaces is a topic of much current research, with in-
vestigators using a variety of techniques to identify the im-
portant factors in CH, adsorption energetics. The value for
Rh of 5 kcal/mol was taken from low-temperature studies of
CH, adsorption on Rh films which estimate activation energies
between 5 and 7 kcal/mol (Brass and Ehrlich, 1987; Stewart
and Ehrlich, 1975). Similar experiments for polycrystalline Pt
or Pt(111) have not been reported in the literature, although
activation energies of 9.9 (Luntz and Bethune, 1989) and 14.4
(Sun and Weinberg, 1990) kcal/mol have been reported for
other Pt crystal surfaces. The value of 10.3 kcal/mol was taken
from a semiempirical electronic structure calculation for the
activation energy of dissociative chemisorption on Pt(111) (An-
derson and Maloney, 1988).
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Parameter Sensitivities. An analysis of the sensitivity of
the PFR model to slight changes in various rate parameters is
tabulated in Table 3. These data were calculated by changing
the preexponential factor for a given reaction step and cal-
culating the resulting change in the selectivities, conversion
and reactor temperature. The sensitivity of the model to a
particular parameter is defined here as:

Ax/x

sensitivity = M’

29

where x is the model output variable of interest (7, Sy,, Sco,
or CH, conversion) and k; is the parameter that is being varied
(the reaction rate preexponentials). The data in Table 3 were
calculated by making differential changes in a given parameter
and determining the resulting change in the model output vari-
ables. For this analysis, the calculations for Pt and Rh were
based on room temperature feeds of 20% and 22.5% CH, in
air, respectively.

These data help to identify the reaction steps which play a
significant role in determining the reaction selectivity. For ex-
ample, the rate parameters for O, and CH, adsorption have
the most profound impact on the model results. Changing one
of these two adsorption rates essentially changes the stoichi-
ometry of the available surface species, with higher O/fuel
ratios giving lower partial oxidation selectivities. Since the
available O, is always consumed, the reactant adsorption rates
are the primary factors in determining the CH, conversion.

In addition, the adsorption and desorption rates of H, and
CO have a significant impact on the model predictions. For
example, a higher rate of adsorption or lower rate of desorption
of H, increases the residence time of H on the surface, resulting
in more H,O and lower Sy,. Since the O/fuel ratio on the
surface is determined primarily by the reactant adsorption
rates, this decrease in Sy, is accompanied by an increase in Sco
because fewer O adatoms are available to oxidize CO before
it desorbs.
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Besides the adsorption and desorption steps, the (1) O+H,
(4) C+ 0, and (dCD) CO + O surface reactions have the most
significant effect on the catalyst selectivity. The relative rates
of these reactions determine the partitioning of O between O-
H reactions and O-C reactions. For instance, increasing the
rate of reaction (Eq. 1) gives a higher rate of H,O formation,
decreasing Sy, and increasing S¢. The sensitivity of the model
to the parameters for the O + H reaction (Eq. 1) confirms that
this reaction step is a key factor in making Rh more selective
than Pt for the formation of H, during CH, oxidation.

An interesting difference between Pt and Rh is the sensitivity
of the model to the parameters for the C + O reaction (Eq. 4).
For Rh, the model is essentially insensitive to the parameters
for both the forward and reverse reactions, while these pa-
rameters have a small effect on the model predictions for the
Pt catalyst. This difference may be due to the different O
coverages on the two metals, with the lower O coverages on
Pt making this step a small, but significant, factor in deter-
mining product selectivities.

Comparison of Ptand Rh. Based on the activation energies
used in these models, potential energy diagrams for CH, ox-
idation in the low coverage limit are shown in Figures 8 and
9. To present the various surface reactions in a single, coherent
diagram, a CH,/O, stoichiometry of 1/2 was used. Thus, all
of the activation energies for the O-H reactions on the right
half have been multiplied by a factor of 2 to account for this
stoichiometry. In addition, the secondary (less significant) O-
H reaction path represented by reaction 3 has been excluded
to simplify the diagram.

By comparing these potential energy ‘landscapes,’” one can
get a better understanding of the causes behind the differences
between Pt and Rh. A comparison of the left sides of the
diagrams shows a strong similarity between Rh and Pt for the

C-O reactions, with the primary difference being the activation
energy of CH, chemisorption. The right sides, however, are
strikingly different with respect to the formation of OH from
O and H. The formation of OH requires crossing a significant
energy barrier on Rh but is relatively unhindered on Pt. The
drastically different catalytic selectivities of Rh and Pt are
attributed to this difference.

Role of mass transfer

The model results for the mass-transfer model show that for
high rates of mass transfer, these reactions become flux-lim-
ited. This result may explain why in earlier experiments with
both extruded (straight-channeled) and foam monoliths coated
with Pt (Hickman and Schmidt, 1992b), similar product se-
lectivities and conversions were observed for both geometries.
In an earlier article (Hickman and Schmidt, 1992c), it was
shown that the effect of mass transfer on selectivity depends
on the reaction orders of the partial and total oxidation steps.
A partial oxidation reaction can be described by the following
series-parallel reaction scheme:

A—’B, r|=k| As” (30)
A+B—’2C, r2=kch£'§"d£‘§5 (31)

dCB_le,E{;'M_mu) _l (32)

As shown in Eq. 32, changes in the mass-transfer coefficient
have the greatest effect on reaction selectivity when m, , # m,,.
Although the CH, oxidation model in this article is much more
complex than this simplified scheme, the observed relative

0 —
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Potential
Energy -120[ — 15 - -
(kcal/mole)
Car+ 20+ 4Hy+ 20— 00 @ *2H,, |2x37
- ~J2H,0¢
2x10.8
2H,0,

Figure 8. Potential energy for the CH, oxidation reaction system at low coverages on Pt.

The potential energy values (y-axis
are surface species.
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Figure 9. Potential energy for the CH, oxidation reaction system at low coverages on Rh.
The potential energy values (y-axis) are calculated relative to CH,, and Oy, at 298 K. Gas-phase species are denoted by the subscript g; all other species

are surface species.

insignificance of the mass-transfer coefficient is largely due to
the fact that the partial oxidation and total oxidation steps
have effectively the same reaction order with respect to O,.

Applicability of the model

As with any model of a reaction system, one must consider
the assumptions made in developing the model when evaluating
the results. The primary feature of this model is the use of
reaction rate parameters derived from experiments over model
catalysts in the low coverage limit. This feature limits appl-
icability of this model to high temperature conditions with
catalysts where metal-support interactions are not significant.
The high temperatures ensure low coverages, and the absence
of significant metal-support interactions is important when
using rate parameters from experiments over polycrystalline
and single-crystal catalysts.

In the atmospheric-pressure experiments described earlier,
the monolith catalysts were coated with very high loadings
(~ 10%) of Pt or Rh. These catalysts were shown previously
to consist of large metal crystallites of the noble metal on the
monolith surface (Hickman and Schmidt, 1993). Thus, the
alumina support is expected to have little or no effect, and the
observed catalytic activity should be due solely to the noble
metal. This feature, combined with the high autothermal tem-
peratures encountered during methane oxidation, makes these
catalysts ideal candidates for a model based on catalytic re-
action rate studies at low coverages.

Beside being limited to low coverage situations, the reliability
of the model may depend on the microstructure of the catalyst
and the structure sensitivity of the surface reactions. The model
essentially assumes that the rate parameters used are adequate
approximations of the average behavior observed over a real
catalyst where many different crystal faces and surface defects
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are exposed. The good agreement between the model predic-
tions and experimental results is strong evidence that this ‘‘sur-
face averaging”’ is a good approximation and is consistent with
many previous studies of CO oxidation which show that this
reaction is essentially insensitive to the catalyst microstructure.

The surprisingly good accuracy of this model has important
implications for use of this and similar models in catalyst and
reactor design. The comparison of Pt and Rh outlined earlier
is a good example of the application of such a model to catalyst
design. Because the model is based on an elementary-step re-
action scheme, differences in catalytic selectivity during CH,
oxidation over Pt and Rh are predicted to occur because of
the variations in the energetics of individual reaction steps. As
reaction data are accumulated for other reaction steps and
other catalyst surfaces, a library of data (such as is found in
the combustion literature for gas-phase reactions) will allow
for more detailed models to be developed.

In addition, catalytic reactor models generally implement
empirical rate expressions which have limited usefulness out-
side of the range of conditions under which they were derived.
The use of elementary-step models based on the reaction mech-
anism allows more reliable extrapolations to be made. As dem-
onstrated, rate parameters from low-pressure studies can be
extrapolated to high-pressure CH, oxidation experiments within
the limits of the low coverage conditions under which the rate
parameters were measured.

Summary

An elementary-step model of CH, oxidation has been de-
veloped using rate parameters from the literature. This model
has been shown to agree with data from low-pressure exper-
iments over polycrystalline Pt catalysts. In addition, this model
also predicts selectivities and conversions similar to those ob-

1175




served at the atmospheric-pressure conditions used in a lab-
oratory-scale methane to synthesis gas reactor which contains
monolith catalysts coated with high loadings of Pt and Rh.

For catalysts which give high interphase mass-transfer rates,
such as the foam monoliths used in the atmospheric-pressure
experiments, a plug flow tubular reactor model adequately
describes all experimental results, because the reactions are
actually flux-limited rather than mass-transfer-limited.

The consistency of the model and experimental results
strongly suggests that, under CH,-rich conditions at high tem-
peratures, H, and CO are primary products of the direct ox-
idation of methane via a pyrolysis mechanism. Based on rate
parameters from experiments at low coverages, this model
demonstrates that the superiority of Rh over Pt for the direct
oxidation of CH, to H, and CO is due primarily to the dif-
ference in the activation energy for formation of OH from O
and H adatoms (20 kcal/mol for Rh vs 2.5 kcal/mol for Pt).
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Notation
A = cross-sectional area of flow
Ags = catalyst surface area
¢; = bulk molar concentration of species i in the gas phase
¢, = molar concentration of species i in the gas phase at the
surface
E; = activation energy of reaction i
k; = rate coefficient for reaction i (units shown are for first
order)
m; = order of reaction j with respect to component
M; = molecular weight of species i
F = total molar flow rate
F, = molar flow rate of species i (subscript o implies inlet flow
rate)
F, = total molar flow rate at tube inlet
Ly, = reaction tube length required for complete conversion of
0,
N,, = Avogadro’s number
N, = monolayer coverage (assumed to be 10" molec./cm?)
P = reactor pressure
P,;, = partial pressure of / in the bulk gas phase
P, = partial pressure of species / at the catalyst surface
P;, = feed partial pressure of component /
r; = net flux of species / from the catalyst surface (ryes,; — 7ads,)
R, = gas constant
s; = sticking coefficient of species i
Sz = selectivity of formation of H,, (defined in Eq. 23)
Sco = selectivity of formation of CO, (defined in Eq. 24)
T, = gas temperature
T, = initial (feed) temperature
T, = autothermal surface temperature
(UA),s = overall heat-transfer coefficient representing heat lost
through reactor walls
v, = velocity air tube inlet
Vy = reactor volume

Greek letters

O, = fractional surface coverage of species i (v=yvacant sites)
©,nc = fractional coverage of available vacant noncompetitive
surface sites
p, = density at tube inlet
g = tube perimeter
T = reactor residence time (assumed identical for all species)
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