DIFFUSION-REACTION OF CO, NO AND O,
IN AUTOMOTIVE EXHAUST CATALYSTS

Simulations of simultaneous diffusion and reaction of CO, NO and O, in the pores of
ihree-way catalysts are matched with experimental data to give estimates of intrinsic
kinetics of C0-0, and CO-NO reactions. A steady state one-dimensional model for the
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monolith converter is developed, including heat and mass transfer between the bulk gas

and the solid, and diffusion-reaction within the pores. Non-isothermality of the pores is
accounted for by the internal-isothermal model, so that at any axial position within the
converter they are isothermal, but at a temperature different from that of the bulk gas.

Predictions of the model compare well with experiments.

Current converters catalytically control
only CO and hydrocarbons from automotive ex-
hausts. The NO standards are presently met by
exhaust gas recirculation (EGR) and by mani-
pulating engine operating conditions. In the
near future, NO and fuel economy standards
will become sufficiently stringent that cur-
rent methods for NO control will have to be
replaced by catalytic ones (1).

It is envisioned that catalysts which
simultaneously control CO, hydrocarbons and NO
will operate close to stoichiometry -- al-
though complicating oxidizing and reducing
transients will be present in the feed (2-7).
We here report some preliminary steps thathave
been taken in the direction of modeling steady
state monolithic converters using three-way
catalysts.

The reaction kinetics in as complex an
environment as automotive exhaust, with a
multicomponent catalyst, are simply not known
at this time. With a thermally agedcommercial
three-way monolith catalyst (aged at 790°C for
16 hours in burner exhaust at ~ stoichiometric
conditions), an experimental steady state data
base has been acquired for various subsystems
such as CO-N0-0,, in the presence of 20 ppm
S0., 12% €O, 16% H.,0 and N, as the diluent
(87. In ealh of thé subsys%ems, the number of
possible chemical reactions is considerably re-
duced. Certain likely kinetic expressions
with adjustable parameters are used in this
work, and values of these parameters are
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selected by an optimization procedure
described Tater.

Specifically, in the CO-NO-0, subsystem,
the following three reactions appéar to be
the most important:

1

co s O2 > CO2 (1)
1
€O + NO +-§-N2 + CO2 (2)
5C0 + 2NO + 3H20 > 2NH3 + 5C02 (3)

Further, since NH, is formed to a relatively
small extent in tRe data sets analyzed, for
a preliminary investigation, only the first
two are considered in this work. The experi-
mental data are utilized to invoke optimiza-
tion of intrinsic rate parameters by a
Simplex procedure coupled with diffusion-re-
action within the pores. With the optimized
parameters having thus been obtained, the
converter model predictions are tested. The
comparison of the model with experiments is
rather good, especially for CO.

THE BASIC EQUATIONS

The intrinsic reaction rate expressions
for reactions (1) and (2), containing intrin-
sic rate parameters, are assumed. The
simul taneous diffusion and reaction of CO,
NO, and 02 occurring in the pores of washcoat
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are governed by the balance equations:
2

d C1 _ k]C1C3 k2C1C2
Dy—% = 5+ 7 (4)
dy (1+K1C]+K202) (1+K]C1+K202)
2
i C2 _ k2C1C2
D) —= = 7 (5)
dy (1+K]C1+K2C2)
2 1
dCy g K00y
dy (1+K1C]+K2C2)

where k., k, are the intrinsic reaction rate
constanks o% reactions (1) and (2), respec-
tively, and y is the distance within the pore
from the pore-mouth. Subscripts 1, 2, and 3
represent €O, NO, and 0,, respectively. The
associated general bounaary conditions are:

dCi
—CT)T- =0 5 y=0 (7)
dCi
Di T kgi(cig—cis) ; y=L (8)
for i =1 = 3.
Introducing the dimensionless quantities,
u; = x1./x1.g , s=y/L , B1m1=kgiL/D1 R (9)
- 2 ., .2
Kig™KiPs¥ig » 5k Ps¥ o/ Pk
where
DS=1/RgTS > pg=1/Rng s X1=C1/ps s
(10)

and . =C.
nd X;4%C14/Pg

eqns. (4) to (8) reduce to dimensionless form

2 2 2
dup  dyg1UqUzTepe1 Y Yy

2 5 (1)

ds (1+K]gu1+K29u2)

2 2

duy Yy (12)
2 2

ds (1+K]gu]+K29u2)

2 1.2

duz; gt 13)
2 2

ds (1+K1gu]+Kzgu2)

with boundary conditions
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du1
i -0 » s%0
(14)
du. P
1 - na 9 . . =
= = Bim, (ps uis) ;  s=1

The integral monolith converter is
modeled as an adiabatic plug-flow reactor,
with heat and mass transfer between the gas
and the washcoat surface, and diffusion-re-
action within the pores. The complete mass
and heat balance equations are

Mass Balance:

dx . k A
- 19 . g1 - .
Py @z y (pgxig psxis), i=1,2,3 (15)
*ig A
L (16)

where R. is the rate of reaction of the i-th
species, and z is the distance from the con-
verter inlet.

Energy Balance:

T r
oy By L (g (17)
dT hﬂ_
9 _nAr
- ngp P V(Tg Ts) (18)

where r. is rate of the j-th reaction and n
is numbdr of reactions considered, which is
2 in present case. The meanings of various
terms are defined in the Notation.

The initial conditions for egns (15) to
(18) are:

X. = x,° s z=0
ig i9 (19)
=T ;220

Eqns. (11) to (19) accommodate changes
in gas and surface densities caused by axial
temperature variations. The mass and heat
transfer coefficients are calculated from
engineering correlations (9,10) as a function
of gas temperature, and of axial position in
the converter; they allow for turbulent flow
near the inlet, gradually developing into
Taminar flow. Other correlations of these
transfer coefficients are also reported in
Titerature (11-13).
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OPTIMIZATION OF INTRINSIC RATE PARAMETERS

It should be noted that with an integral
reactor, intrinsic kinetic data cannot be ob-
tained experimentally. Therefore, the model-
ing of the reaction system is resorted to get
the optimized intrinsic rate parameters based
on the experimental data base. The assumed
intrinsic reaction rate expressions for re-
actions (1) and (2) contain intrinsic rate
parameters, The temperature independent
parts of these rate parameters and Biot num-
ber of CO for external mass transport and the
corresponding activation energies which are
to be optimized are listed in Table 1.

TABLE 1.

Intrinsic Reaction Rate Parameters to be Optimized

X1 product of the pre-exponential part of k, and L?
Xo: product of the pre-exponential part of k, and L?
Xg: pre-exponential part of K,

Xyt ratio of pre-exponential part of Ky to that of K,
Xs: activation energy of k,

Xe: activation energy of k,

X7t activation energy of K,

Xg: difference of activation energies of Ky and Ki;

ice.s E (K2)-E (Ky)

Xo: temperature independent part of Bim,

The experimental data base of the subsystem
of C0-NO-0, was first fitted (8) with a com-
puter mode% of the catalytic converter, in-
cluding heat and mass transfer from the bulk
gas to the washcoat surface, by a Simplex
optimization procedure (1&,15). This produced
what in sequel will be termed "experimental
surface reaction rates"., Then, the system of
three coupled nonlinear ordinary differential
eqns. (11) to (13) for the pore is numerical-
1y solved by orthogonal collocation technique
(lgﬁlz). The calculated surface reaction
rates are then compared with the experimental
ones obtained as described above.

The sum of the squares of differences
between calculated and experimental rates for
the three species, divided by the observed
values is termed as the "object function" and
is an indication of the goodness of fit. A
Timited set of data points (all with less
than 2% conversion of NO to NH3), chosen for
probable reliability and appropriate ranges

of input variables, was selected. A sampled
data point consists of inlet temperature,
redox potential, compositions of CO, NO, and
0o. The redox potential, a measure of the
exhaust stoichiometry, of the reacting gas
mixture is obtained by dividing the sum of
the equivalent reducing components of the
mixture by the sum of the oxidizing compon-
ents. Thus,

_ [CO0]
Redox Pot.,, R = TN@j’:fzﬁjﬂ;T (20)

Therefore, R > 1 represents an overall reduc-
ing gas mixture and R = 1, a stoichiometric
gas mixture.

A total of twelve composition data
points shown in Table 2,

TABLE 2.

Inlet Conditions for Data Points Used for
Parameter Optimization
with 10% H,0, 12% CO,, 20 ppm SO, balance N,
Space Velocity: 50,000hr™?

AIChE SYMPOSIUM SERIES

intet inlet
temp,°F %C0 %02 ppm NO redox pot.
1107 0.300 0.110 1490 0.813
904 0.300 0.097 1509 0.870
902 1.490 0.750 1499 0.903
1107 0.300 0.110 988 0.941
1100 0.290 0.099 988 0.977
1096 1.520 0.750 500 0.981
904 0.300 0.097 997 1.021
903 1.020 0.390 2003 1.040
902 0.535 0.217 492 1.107
303 1.020 0.355 1998 1.121
1096 1.480 0.500 2500 1.184
1100 0.310 0.099 505 1.247

each with five different relevant surface
temperatures--900°, 950°, 1000°, 1050° and
1100°F, was chosen as the data base, This set
of twelve data points covers wide ranges of
bulk gas temperature, compositions, and redox
potential representative of the conditions in
the converter. A Simplex optimization was
performed to minimize the object function

over the data base, relative to all conceiva-
able variations of all the intrinsic rate
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parameters within a chosen large but Timited
domain for each parameter. The initial esti-
mates of these intrinsic rate parameters were
set equal to the corresponding values of con-
ventional oxidation catalyst (COC) model
(9,10). Activation energies were initially
set to some average, reasonable values, un-
Tess there existed some specific priar informa-
tion. The Simplex minimization process
changes one, or several, of the parameters,
repeats the computation of the object function
for the five relevant surface temperatures

and the twelve data points; and continues
doing this until a minimum value of the object
function in the parameter space is found--
within a relative change of 10-5 for all the
parameters.

The calculated and experimental surface
reaction rates for each species using the op-
timized rate parameters are shown in Figure 1.
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A total of 180 pairs of rates are compared.

As can be seen the comparison is reasonably
good--most of the points fall in the neigh-
borhood of the 45°diagonal with the exception
of a few points which are on the reducing side
of the stoichiometry of exhaust gas mixtures,
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CONVERTER MODEL PREDICTIONS

With the optimized intrinsic reaction
rate parameters having thus been obtained,
the integral monolith converter was modeled
as a plug-flow reactor, eqns. (15) to (18),
with heat and mass transfer between the gas
and the washcoat surface, and diffusion-re-
action within the pores.

At axial location z, for each gas phase
composition and temperature, there are cor-
responding surface compositions and tempera-
ture, which are obtained as described below.

Eqns. (15) and (16) are coupled to give
(21)

kgi(ogxig'psxis)“Ri =0

Also, egns. (17) and (18) lead to

r
(22)

e~

& ( AHj)rj+h(Tg TS) 0
For each gas phase temperature and composi-
tions, an initial estimate of the correspond-
ing surface temperature is guessed, and thus
the surface compositions are computed from
the diffusion-reaction within the pores,
eqns, (11) to (14). The resulting surface
temperature and compositions are substituted
into egns. (21) and (22) to see whether eqn.
(22) is met or not. If not, a new guess of
the surface temperature is made from (22),
and the same procedure is repeated until eqn.
(22) is satisfied. Then, the present surface
temperature and compositions are the exact
ones corresponding to the gas phase tempera-
ture and compositions at a particular loca-
tion z,

With the surface temperature and compo-
sitions having been obtained, the differen-
tial equations in xjq and T4 of (15) and (18)
are then numerically integrated to yield the
gas phase temperature and compositions at the
outlet of converter, Experimental data sets
for the integral converter, other than those
used to obtain the intrinsic rate parameters,
are now utilized to test the converter model
predictions. A comparison of the model with
experiments is shown in Table 3.
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TABLE 3. 1.0 T T T T 1200
Comparison of Calculated and Experimental Values
A. Converter Inlet
08F T 41180
Set Temp, °F %4C0 %02 ppm NO redox pot.
1 1096 1.345 0.682 1803 0.871 1
. . e
2 902 0.482 0.194 1367 0.916 06 INLET CONDITIONS : 1160
5 T R=1.306, Tg=1107°F .
3 909 0.909 0.365 2283 0.948 . CO=0473% '_m
4 902 0.486 0.19 906 1.006 % 0.4 NO = 0.182 % 41140 5
5 904 0.273 0.088 906 1.021 Qg = 0.090 % o
[y
6 1107 0.473 0.090 1821 1.306
0.2 11120
B. Converter Qutlet
Set Conversions, % 0 | , 100
o NO o} 0.2 0.4 0.6 0.8 1.0
EXpt. Calc. Expt. Calc. Temp, °F DIMENSIONLESS REACTOR LENGTH, Z —
1 100 100 14.3 22.3 1311 For the oxidizing gas mixture CO is complete-
, 100 9.8 763 6.9 085 1y used up, while in overall reducing atmos-
phere 0, is used up completely. As can be
3 100 99.9 76.5 78.2 1065 seen thére is appreciable temperature gradi-
4 99.1 97.8 98.0 91.4 983 ent between the bulk and surface near the
5 08.4 95.1 100 9.5 950 inlet, and both the temperature and composi-
tion profiles quickly develop to their final
6 74.4 76.6 92.2 99.9 1174

It appears that the predictions of the model
are rather good, especially for CO.

To get a clearer picture along the con-
verter length, bulk temperature and composi-
tion profiles are examined in Figures 2 and 3.

1.O T T T T 1100
0.8 41060
INLET CONDITIONS
R=0948, Tq= 909°F

06 Tg CO=0.909% 7 'OZOC';L
52 NO= 0.228 % -
(2}
o 0= 0.365 % -
x 04 -4 980 5
’_Ch

0.2 4 940

0 | ! 200

0] 0.2 04 0.6 0.8 1.0

DIMENSIONLESS REACTOR LENGTH, Z —

outlet values after the first 50% of monolith
length.

SOME FURTHER OBSERVATIONS ON THE DIFFUSION-
REACTION BEHAVIOR IN THE PORES

To obtain some qualitative insight of
the conditions to which diffusion-reaction
inside the pores corresponds, since the sys-
tem is non-isothermal, standard non-isotherm-
al, effectiveness factor-Thiele modulus plots
for reactions (1) and (2) were made for a
variety of realistic bulk gas phase composi-
tions. This was done by adding one more equa-
tion and B.C. to the mass and heat balance
equations in the pores:

21 (=8H kg CqCa=(=aH, )kyC4C,y

N = 5 (23)
dy (14K C1+K,C5)

with BCs

d1 _ 3 dar _ oop B}

ay =0 s y0 s gy =TT s yeL (24)

Eqns. (4) to (8) and (23), (24) were then
simultaneously solved numerically by
orthogonal collocation technique. The
effectiveness factor n is defined as the
ratio of the actual rate of reaction to

that which would prevail under conditions

of no transport limitations. Figures 4 to 8
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show several such curves; the expected Thiele
modulus values corresponding to the bulk con-
ditions and diffusion-reaction inside the
pores are also shown in the captions. It is
seen that NO reaction within the pores is in-
termediate between kinetic and pore-diffusion
control, while the CO reaction is intermediate
between pore-diffusion control and external
mass-transfer control. Some works investigat-
ing uniqueness and multiplicity behavior of
steady states of a reaction following the
bimolecular Langmuir-Hinshelwood mechanism
were reported in Titerature (18,19). Here,
for diffusion-reaction of CO, NO, and Q, in
automotive exhaust three-way catalysts, at
conditions covering a wide range of bulk tem-
perature, compositions, and redox potential

at the inlet or the middle of the converter,
as exhibited in Figures 4 to 8, multiple
steady states were not found,

As can be noted, in the optimization
of parameters and the converter model predic-
tions jsothermal diffusion-reaction within
the pores was assumed. But the whole system
of catalytic converter is non-isothermal, for
which the pore-diffusion problem is solved by
the internal isothermal model. It is worth
investigating whether the internal isothermal
model within the pores is valid here or not.
Thus, temperature and concentration profiles

AIChE SYMPOSIUM SERIES

within the pore are plotted in Figure 9.
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As seen in the figure, the temperature pro=-
file is virtually constant within the entire
pore. The internal isothermal model was
rigorously justified for most gas-solid cata-
Tytic reactions recently (20), and the pres-
ent work again shows that such a model is a
good one. It is recalled that the parameters
were optimized using a constant pore tempera-
ture, and the converter model utilizes the
internal isothermal model for pore-diffusion
~=both these procedures are thus fully justi-
fied, It is worth remarking that using the
internal isothermal model for pore diffu~
sion, rather than the complete differential
balance for energy, eqns. (23) and (24), re=
sults in a substantial saving of computation
time.

The fact that the NO concentration is
very close to unity as shown in Figure 9,
and the selectivity favors the C0-0, re-

action over the CO-NO reaction explains that
the non-isothermal effectiveness factor of
NO is relatively close to unity, as shown in
Figures 4 to 8. Further calculations show
that the asymptotic slope of the NO n vs

9= curves eventually approaches -1 for very
large ¢=, which is well=known and in agree-
ment with the theory of diffusion and re-
action (20,21).
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Also, as seen in Figures 4 to 8, the non-
isothermal effectiveness curves differ sub-
stantially from those of the fully isothermal
ones. This points to the necessity of includ-
ing heat transfer between the external mono-
1ith surface and the bulk gas--which is pre-
cisely what is done in the internal isothermal
mode1.

CONCLUDING REMARKS

In summary, intrinsic rate parameters
for the C0-0o and the CO-NO reactions were
determined by fitting the results of a dif-
fusion-reaction model with experimental rate
data obtained before (8). These parameters
were then used to predict the performance of
the monolith converter, which was compared
with experimental results. The converter
model was a one-dimensional model, coupled
with heat and mass transfer between the gas
and the solid, and diffusion-reaction within
the pores of the washcoat. The importance of
pore diffusion was shown, and it was also
shown that the internal isothermal model is
quite adequate for the pore diffusion-reac-
tion problem.

C0-0» reaction is favored over the CO-NO
reaction in the temperature range of interest.
For the overall oxidizing gas mixture both
the selectivity and calculated surface re-
action rates based on the optimized rate
parameters gave better fit with experimental
results.

Multiple steady states were not observed
for the representative conditions at the in-
let or the middle of the converter. The non-
isothermal effectiveness of NO is relatively
close to unity which is due to the fact that
the NO concentration inside the pore is very
close to unity and C0-02 reaction is favored
selectively.

It is a difficult task to extract true
kinetic parameters from integral reactor ex-
perimental data. This is so because a re-
actor model is required, Intrinsic kinetics
are better obtained in gradientless reactors
(22), such as a continuous-stirred-tank cata-
Tytic reactor (23) or a fixed-bed recycle
reactor (24-26). Indeed, we are presently
using a recycle reactor to experimentally
obtain intrinsic kinetics. However, in the
absence of intrinsic kinetics obtained from
such reactors, the present study provides
some estimates of the kinetic parameters and
is the best that can result from the experi-
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mental data of an integral reactor. The com-
parisons of predicted and experimental reac-
tor conversions (Table 3) are good, and so
provide the hope that overall kinetics are
perhaps not too different from those estab-
Tished here,
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NOTATION

A geometric surface area

Bim Biot number for external mass transport
C reactant concentration

Cp heat capacity of exhaust gas mixture

D effective diffusivity
E activation energy

AH heat of reaction

h heat transfer coefficient of gas
mixture

Ki adsorption rate constant of the i-th
species

kg mass transfer coefficient

kj the j-th reaction rate constant

L pore length
n number of reactions involved

R redox potential defined by eqn. (20)

Rg gas constant

Ri rate of reaction of the i-th species
rj rate of the j-th reaction

s dimensionless distance, y/L

T temperature

u dimensionless concentration, x/xg
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