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Abstract

Some catalysts such as copper zeolites have shown promise for direct NO decomposition and selective NO reduction via

hydrocarbons in lean exhausts. This paper describes modeling calculations for the performance of a Cu-ZSM-5 NOx reduction

catalyst. The numerical model simulates the multi-component transport and reaction processes that occur within a catalyzed

monolith support. The surface boundary conditions for the reacting species are satis®ed through the use of multi-dimensional

Newton±Raphson iteration. The model is used to formulate global rate expressions for the oxidation of C2H4 and the reduction

of NO by adjusting kinetic parameters until predicted conversion ef®ciencies match experimental data. Results from

simulation of NO reduction by C2H4 are compared to previous simulation of NO reduction by C3H6 and provide a detailed

explanation of the differences between the ef®ciency of C2H4 and C3H6 as reductants. Then the numerical model is compared

to data from higher space velocities to test the validity of the kinetic model. The comparison shows that additional

optimization of the kinetic parameters is required. Nonetheless, the simulated interactions within the catalytic passage

demonstrate important features of selective NO reduction. # 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The growing need for a NOx reduction catalyst for

diesel engines has prompted a worldwide search for a

`̀ lean NOx catalyst''. At present, the approach for

reducing NOx in lean exhausts showing the most

commercial potential involves precious metal cata-

lysts and injection of a supplemental reductant into the

exhaust system [1]. The need for a supplemental

reductant is due to the low concentration of unburned

hydrocarbons in typical diesel exhausts. Some reduc-

tants that have been considered include ethanol [1],

diesel fuel [1], and urea [2]. Problems common to

these precious metal based catalysts are poor selec-

tivity to N2, i.e., excessive N2O formation, a narrow

temperature range for maximum catalytic activity, and

poor hydrocarbon selectivity, i.e., the hydrocarbon

reductant oxidizes more rapidly than it reduces NO.

In contrast, zeolites, particularly Cu-ZSM-5, have

demonstrated an ability to stoichiometrically reduce

NO to N2 and O2 [3]. However, as is commonly

known, the Cu-ZSM-5 catalyst loses activity rapidly

in the presence of water vapor and sulfur, so this

catalyst is not presently commercially viable. None-

theless, Cu-ZSM-5 exhibits an intriguing ability to

directly decompose NO and to reduce NO with a

hydrocarbon reductant. In the work of Cho [4], an
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interesting comparison is made between the ef®cacy

of different hydrocarbons as reductants over Cu-ZSM-

5. While C3H6 displays a lower activation energy and

light-off temperature than C2H4, C2H4 proves to be the

more effective reductant for NO. When both C2H4 and

C3H6 were present as reductants, Cho observed a

`̀ kinetic antagonism'' between the two hydrocarbons

over Cu-ZSM-5. There are two explanations, perhaps

closely related, for the observed difference in ability to

reduce NO. One explanation is that, for reasons of a

physical chemistry nature, C2H4 is a more selective

reductant, e.g., the structure of the adsorbed hydro-

carbon molecule and the intermediate species that it

may form. The other explanation is based on the

simple fact that less C3H6 remained available to react

with NO on the zeolite surface because of its greater

oxidation activity. Consequently, C2H4 may not have

any more af®nity for reaction with NO than C3H6, but

may have instead remained available to react with NO

due to its slower oxidation rate. Cho also points out

that C2H4 may be the more relevant hydrocarbon to

study because it is present in higher concentrations

than C3H6 in vehicle exhausts. In typical gasoline

engine exhaust, the ratio of the concentration of

ethylene to propylene is about 3:1, and in diesel

engines this ratio is slightly larger [4].

In the present work, we have extended a model

previously applied to the C3H6�NO�O2 reaction

system [5], to the study of the C2H4�NO�O2 reaction

system. Here we provide a brief overview of the

numerical method, present a comparison of simulation

results and the experimental measurements of Cho [4],

and present a comparison of the C3H6�NO�O2 and

C2H4�NO�O2 reaction systems. The intent of this

work is to gain an understanding and an ability to

simulate the competitive reactions taking place over

Cu-ZSM-5 during lean NOx reduction.

2. Numerical

Fig. 1 shows the mathematical representation of the

monolith supported Cu-ZSM-5 catalyst used as the

basis for the numerical model. The rectangular pas-

sages of the monolith have been reduced to a single,

cylindrical, isothermal passage. The inevitable ®llet-

ing of the corners in the square monolith cell results in

the assumption of a cylindrical passage. The walls of

the passage are assumed isothermal so that only

convective transport and transverse diffusion of spe-

cies are considered. Flow in the passage is assumed to

be fully developed throughout. Surface reactions are

assumed to be adequately described as apparent or

overall rates given by global kinetic rate laws. More

detail on the numerical approach is provided else-

where [5]. Table 1 presents geometric and ¯ow con-

ditions used in these simulations which are based on

the experiments of Cho [4].

The two reactions of interest here are the oxidation

of ethylene, Eq. (1), and the reduction of nitric oxide

by ethylene, Eq. (2):

C2H4 � 3O2 ! 2CO2 � 2H2O (1)

NO� 1
6
C2H4 ! 1

3
CO2 � 1

3
H2O� 1

2
N2 (2)

The numerical model solves the species transport

equation for each species considered, C2H4, NO, O2,

CO2, H2O, and N2, given by
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while satisfying a coupled non-linear boundary con-

dition at the catalyst surface:
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XNRXN
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_Rkfi;k; (4)

where � is the mixture averaged density, Dim the bulk

Fig. 1. Cylindrical representation of the square monolith cell.

Table 1

Geometric and flow conditions

Parameter Value or range

ReD 0.26±0.33, 0.7±0.96

Space velocity (hÿ1) 12 000, 35 000

Dh (cm) 0.1017

L (cm) 2.5
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diffusion coef®cient for species i, yi the mass fraction

of species i, u the axial velocity, z the axial coordinate,

r the radial coordinate, NRXN the number of reactions

to be considered at the catalytic surface (2, in this

case), _Rk the rate of reaction k, and fi,k is the mass

action coef®cient for species i. The framework for

representing the two reactions of interest is as follows.

Each reactant can be assigned to be a primary reactant,

i.e., a species for which a chemical balance equation

describes the mechanism for the removal of that

species and for which that removal rate will be quan-

ti®ed via a rate law. Other reactants can be consumed,

but only the consumption of the primary reactants is

directly calculated. Conversion of the other reactants

and production of the product species are inferred

from the reaction rates of the primary reactants. For

each reaction, mass action coef®cients de®ne the rate

of consumption or production of each species, and for

each reaction, the mass action coef®cients have been

normalized based on one of the primary reactants. In

this case, Eq. (1) is normalized on C2H4 and Eq. (2) is

normalized on NO. For the primary reactants, Eq. (4)

represents a coupled boundary condition that must be

satis®ed in concert with the conservation equations via

iteration. The scheme used here is multi-dimensional

Newton±Raphson, based on routines MNEWT,

LUDCMP and LUBKSB from Numerical Recipes

[6]. The iteration scheme requires that the user de®nes

a Jacobian, or sensitivity coef®cient matrix, along

with a vector containing the values of the function

whose zeros are to be found. The function is given by

Fi � �Dim

@yi

@r
�
XNRXN

k�1

_Rkfi;k (5)

and the matrix (of dimensions NRXN�NRXN) and

vector (of length NRXN) are given by

�i � ÿFi; (6)

�ij � @Fi

@yj

: (7)

The multi-dimensional Newton±Raphson scheme

then calculates the adjustments to make to the iterates

(in this case, the surface concentrations of NO and

C2H4), by ®nding the solution to the system of equa-

tions de®ned by

�ij �yj � �i; (8)

where �yj is the vector adjustments to the surface

concentration of each primary reactant.

Eq. (3) is solved by a ®nite difference approach

using second order backward differencing for the

advection term and second order central differencing

for the diffusion term. A diagonal matrix results

from this implicit differencing scheme. A pentadia-

gonal matrix inversion is performed, so that second

order backward differences can be used to describe

the gradients at the centerline of the catalytic

passage and at the catalytic surface. Since Eq. (4)

must be solved at every axial location in the com-

putational domain, the marching scheme for advan-

cing the species conservation equations involves

iterating on Eq. (5) until all entries in the function

Fi are smaller than 1�10ÿ6. Typically, the solution

at each axial location required anywhere from 20 to

300 iterations to reach convergence. All simulations

were performed on a 100 MHz Pentium personal

computer.

3. Kinetic model

The kinetic model for the heterogeneous reaction

of C2H4 and NO over Cu-ZSM-5 was assumed to

follow a Langmuir±Hinshelwood dual site mech-

anism [7]. For the oxidation of C2H4, the rate law

form was based on the form originally suggested

by Voltz et al. [8] and later updated by Oh and

Cavendish [9]. For the reduction of NO by C2H4,

the rate law was based on the form suggested by

Cho [4]. In these global rate expressions, AI are

pre-exponential factors and EI are either activation

energies or equilibrium adsorption energies, depend-

ing on whether they occur in the driving force for

reaction (numerator) or in the inhibition term

(denominator):

_RC2H4
� A1�C2H4

�O2
eÿE1=RT

G
; (9)

where

G � T �1� 65:5�C2H4
eE2=RT�2

� �1� 4:79� 105�0:7
NO eÿ3733=T�;

_RNO � A2�NO�C2H4
e�ÿE3=RT�

�Tn�1� A3�NOe�ÿE4=RT�2 � : (10)
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4. Results and discussion

The application of the numerical model to the

experimental data of Cho [4] for a space velocity of

12 000 hÿ1 yielded the comparison shown in Fig. 2,

after a manual `̀ trial and error'' optimization of some

kinetic parameters. Primary attention was focused on

reproducing the critical trends of the catalyst's light-

off behavior, speci®cally that the NO reduction and

C2H4 oxidation reactions begin to increase sharply at

about the same temperature; and that the NO reduction

reaction reaches a maximum and falls off to zero

activity at higher temperatures. These trends are cap-

tured by the kinetic model using the values of the

kinetic parameters shown in Table 2. The results in

Fig. 2 represent a sequence of separate simulations of

the monolith passage. At more than a dozen values of

catalyst inlet temperature, the numerical model simu-

lated the ¯ow and reactions along the monolith. The

overall conversion ef®ciency for C2H4 and NO are

computed during each simulation and the results are

compiled in the ®gure. Fig. 3 shows the comparison

between the experimental conversion ef®ciencies

from Cho [4] and the simulation results [5] for the

C3H6�NO�O2 reaction system. Please note that the

data presented here for the C3H6�NO�O2 reaction

system are from new simulation results that have

corrected a mistake in [5]. Updated kinetic parameters

for the C3H6�NO�O2 reaction system are presented

in Table 3. The only change is that the factors A1 and

A2 have been decreased by a factor of 4 from the

results in [5]. The trends shown in Fig. 3 are nearly

identical to those presented in [5]. Comparison of

Figs. 2 and 3 clearly shows the differences between

the behavior of C3H6 and C2H4 as reductant for lean

Fig. 2. Conversion efficiency versus catalyst temperature for C2H4

(&) and NO (*). Flow conditions of 1200 ppm C2H4, 230 ppm

NO, 7% O2, balance He. Comparison between numerical simula-

tions and the experimental data of Cho [4] at 12 000 hÿ1 space

velocity.

Table 2

Final kinetic parameter values for the C2H4�NO�O2 reaction

system

Parameter Final value

A1 0.238�1010 g C2H4±K/cm2 s

A2 0.625�104 g NO±K1.5/cm2 s

A3 1�10ÿ6

E1/R 12 500 K

E2/R ÿ961 K

E3/R 0.0

E4/R ÿ14 050 K

n 1.5

Fig. 3. Conversion efficiency versus catalyst temperature for C3H6

(&) and NO (*). Flow conditions of 800 ppm C3H6, 230 ppm NO,

7% O2, balance He. Comparison between numerical simulations

and the experimental data of Cho [4] at 12 000 hÿ1 space velocity.
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NO conversion. In contrast to the C3H6�NO�O2

reaction system, C2H4 remains available to react with

the NO at higher temperatures because the oxidation

reaction for C2H4 is less active than for C3H6. The

higher availability of C2H4 to participate in the reduc-

tion reaction at higher temperatures leads to higher

observed conversion ef®ciencies (58% for C2H4 at

4008C versus 33% for C3H6 at 3508C) [4], which are

reproduced in these simulations.

Figs. 2 and 3 present the overall conversions at the

end of the 2.5 cm long monolith cell obtained from

numerous solutions of the catalytic passage model,

each for a different value of catalyst temperature.

Examination of the predicted behavior within the

passageways of the monolith reactor is also instructive

for understanding the competing oxidation and reduc-

tion reactions and for understanding how the differ-

ences between C3H6 and C2H4 are manifested. Within

each passageway of the monolith, the surface and bulk

concentrations vary with axial distance. Fig. 4 shows

the axial variation of normalized surface concentra-

tion (normalized against the inlet concentrations) of

NO and C2H4 for three of the simulations at 3008C,

3508C and 4008C. Fig. 5 shows the axial variation of

normalized surface concentration of NO and C3H6 for

three of the simulations at 3008C, 3508C and 4008C.

For the C2H4�NO�O2 reaction system and catalyst

inlet temperatures below 3508C, the surface concen-

trations of C2H4 and NO vary gradually with axial

distance, and the oxidation and reduction reactions

proceed at rates controlled by the species concentra-

tions and the catalyst temperature. For inlet tempera-

tures above about 3508C, the C2H4 oxidation reaction

transitions to diffusion control, and consequently, the

NO reduction reaction ceases. For the C3H6�NO�O2

reaction system, this transition from kinetically lim-

ited to diffusion limited oxidation occurs at a much

lower temperature of 3008C. At the highest tempera-

tures shown in Figs. 4 and 5 (4008C), the NO reduc-

tion reaction progresses at a higher rate than at the

intermediate temperature shown, but the net NO con-

version is lower because at elevated temperature, the

reductant becomes rapidly depleted. Fig. 6 presents a

comparison of the normalized surface concentrations

for the two reaction systems at a catalyst inlet tem-

perature of 3758C. This plot clearly shows why C2H4

is a more effective reductant than C3H6, despite the

higher oxidation activity of C3H6. Although the pre-

dicted NO reaction rate is initially higher at 3758C for

C3H6, the rapid depletion of C3H6 by oxidation causes

the NO reduction reaction to shut down near the inlet

of the monolith passage. However, C2H4 remains on

the catalyst surface throughout the passage allowing

the reduction reaction, which is activated at this

temperature, to progress much farther than for the

C3H6�NO�O2 reaction system.

Table 3

Updated kinetic parameter values for the C3H6�NO�O2 reaction

system

Parameter Final value

A1 1.28�1010 g C3H6±K/cm2 s

A2 0.113�104 g NO±K1.5/cm2 s

A3 1�10ÿ6

E1/R 11 000 K

E2/R ÿ500 K

E3/R 0.0

E4/R ÿ13 500 K

n 1.5

Fig. 4. Normalized surface concentration of C2H4 and NO versus

axial distance in a catalytic passage at catalyst temperatures of

3008C (- - -), 3508C (� � �) and 4008C (ÐÐÐ). Flow conditions of

1200 ppm C2H4, 230 ppm NO, 7% O2, balance He. Numerical

simulations based on the experimental data of Cho [4] at

12 000 hÿ1 space velocity.
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The test of the kinetic model is how well it can be

extrapolated to other experimental conditions. Veri®-

cation of the kinetic model was obtained by applica-

tion of the numerical model to another of Cho's test

conditions. At a space velocity of 35 000 hÿ1, the

kinetic model provides poor agreement between pre-

diction and experiment for NO reduction. As shown in

Fig. 7, the model qualitatively predicts the oxidation

and reduction behavior by matching the trend with

reaction temperature, but the peak NO conversion is

not correctly reproduced. As shown in Fig. 8, the

simulation of the C3H6�NO�O2 reaction system

provided better agreement with experiment for the

higher space velocity. Nonetheless, at both space

velocities the trends observed in Cho's experiments

for NO reduction by C2H4 over Cu-ZSM-5 can be

predicted reasonably well by the present model.

Further optimization of the kinetic parameters will

be possible when the determination of kinetic para-

meters is performed by a numerical optimization

scheme instead of by the manual `̀ trial and error''

method used here.

Fig. 5. Normalized surface concentration of C3H6 and NO versus

axial distance in a catalytic passage at catalyst temperatures of

3008C (- - -), 3508C (� � �) and 4008C (ÐÐÐ). Flow conditions of

800 ppm C3H6, 230 ppm NO, 7% O2, balance He. Numerical

simulations based on the experimental data of Cho [4] at

12 000 hÿ1 space velocity.

Fig. 6. Normalized surface concentrations of C2H4, C3H6 and NO

versus axial distance at catalyst temperatures of 3758C for the

C2H4�NO�O2 reaction system (� � �) and C3H6�NO�O2 reaction

system (ÐÐÐ). Flow conditions as in Figs. 4 and 5, respectively.

Fig. 7. Conversion efficiency versus catalyst temperature for C2H4

(&) and NO (*). Flow conditions of 1200 ppm C2H4, 230 ppm

NO, 7% O2, balance He. Comparison between numerical simula-

tions and the experimental data of Cho [4] at 35 000 hÿ1 space

velocity.
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As postulated by Cho [4] and con®rmed experi-

mentally by Cho [10], and supported by Burch and co-

workers [11,12], the mechanism of lean NO conver-

sion by hydrocarbons (speci®cally by C2H4 and C3H6)

involves dissociation of NO on catalyst sites reduced

by the hydrocarbon reductant. The nitrogen atoms

combine and desorb as N2, while the oxygen remains

adsorbed until it is `̀ cleaned-off'' the surface by the

hydrocarbon [10,11]. This mechanism, which appears

to be supported by both steady state [4,10] and tran-

sient [10] experiments, may explain the observed

differences between C2H4 and C3H6 as reductants.

If the sole function of the reductant is to maintain

active centers in the reduced state for dissociative

adsorption of NO, then the reductant with a higher

oxidation activity should provide greater NO conver-

sion. However, for C3H6 the rapid onset of oxidation

leading to catalyst light-off occurs at a temperature

that is lower than the active range of the NO conver-

sion reaction. So, while C3H6 can scavenge oxygen

from the catalyst sites, it rapidly becomes depleted at

temperatures where high rates of NO conversion can

occur. The NO conversion activity of C2H4 arises

because C2H4 continues to scavenge oxygen well into

the temperature range where rapid NO conversion

occurs.

Adams et al. [13] have examined the in¯uence of

space velocity on the behavior of Cu-ZSM-5. They

also report, as did Bennett et al. [14], activation energy

and pre-exponential factors determined for NO reduc-

tion by C3H6, assuming ®rst order reaction. A com-

parison of kinetic parameters reported by Adams et al.

with the present results shows some agreement for the

activation energy of the C3H6 oxidation reaction

(19�3 kcal/mol [13] versus 22 kcal/mol) but no

agreement for the NO reduction reaction

(15�3 kcal/mol [13] versus 27 kcal/mol). However,

the trends Adams et al. observed with space velocity

are consistent with the observations of Cho [4] and the

predictions of the present model.

5. Conclusions

The behavior of the C2H4�NO�O2 reaction system

has been simulated successfully by the present numer-

ical approach. The critical trend, a narrow temperature

window within which NO conversion reaches a max-

imum level and then falls off sharply, has been repro-

duced by ®tting kinetic parameters in a global

expression for the overall rates of C2H4 oxidation

and NO reduction. Further optimization of the kinetic

parameters may provide a more robust description of

the NO conversion process, and allow extrapolation to

diverse reaction conditions. At present, further opti-

mization of the kinetic parameters is needed. Compar-

ison of the simulations for the C2H4�NO�O2 and

C3H6�NO�O2 reaction systems provides a detailed

explanation for the higher observed NO reduction

ef®ciency of C2H4. Because C2H4 oxidizes more

slowly than C3H6, it remains available to react with

NO at temperatures where the NO reduction is more

rapid. Simulation results at 12 000 hÿ1 space velocity

compare well with the experimental results of Cho [4],

but agreement degrades when the model is extrapo-

lated to higher space velocity.

6. Nomenclature

A1 pre-exponential factor in Eq. (9) (g C2H4±K/

cm2 s)

Fig. 8. Conversion efficiency versus catalyst temperature for C3H6

(&) and NO (*). Flow conditions of 800 ppm C3H6, 230 ppm NO,

7% O2, balance He. Comparison between numerical simulations

and the experimental data of Cho [4] at 35 000 hÿ1 space velocity.
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A2 pre-exponential factor in Eq. (10) (g NO±K1.5/

cm2 s)

A3 frequency factor in Eq. (10)

Dh hydraulic diameter (cm)

Dim bulk diffusion coefficient for species i (cm/s)

E1 activation energy in Eq. (9) (J/mol)

E2 activation energy in Eq. (10) (J/mol)

E3 activation energy in Eq. (10) (J/mol)

Fi function of defining the balance of reaction

and diffusion at the catalytic surface

fi,k mass action coefficient for species i

L length of the monolith (cm)

r radial coordinate (cm)

R ideal gas constant (8.314 J/mol K)

ReD Reynolds number based on hydraulic diameter
_Rk rate of reaction for reaction k (g/cm2 s)

u axial velocity (function of r only) (cm/s)

yi mass fraction of species i

z axial coordinate (cm)

Greeks

�ij sensitivity coefficient matrix for multi-dimen-

sional Newton±Raphson iteration

�i vector for multi-dimensional Newton±Raph-

son iteration

�i mole fraction for species i
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