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A simple kinetic model for the standard NH;-SCR reaction by Cu-ZSM-5 catalysts has been developed by as-
suming three reaction steps: NH3 adsorption (desorption), reactions of adsorbed NHz with O, (NH3 oxidation)
and NO (NH3-SCR). The model is based on Arrhenius parameters for NH3-SCR and NH3 oxidation by a powder
catalyst, combined with models for heat and mass transport and parameters of monolithic catalysts. The model is
validated with the experimental results, not included in the estimation of the model, for NH;-SCR by monolithic
catalysts with different parameters (catalyst loading and cell density). NOx removal from diesel exhaust, gen-

erated by engine bench, was also carried out by using monolithic Cu-ZSM-5 and Cu-AFX catalysts. The results
suggest the poisoning effect of hydrocarbons in the exhaust emissions on NOx conversion is more significant for

Cu-ZSM-5 than Cu-AFX.

1. Introduction

The introduction of real driving emission measurements has been
decided in Europe [1]. So, accurate emission control of ammonia se-
lective catalytic reduction (NH 3-SCR) by Cu-zeolite catalysts [2] is be-
coming a critical issue. Thus, kinetic modeling of NH 5-SCR is indis-
pensable for the state-of-the-art diesel NOx emission control. Although
previous studies have shown excellent kinetic models of NH 3-SCR by
zeolite catalysts [3-12], two critical issues remain to be solved. First,
some of the models are too complicated to be used in general. Second,
there are a limited information on a difference between a model reac-
tion system using a surrogate gas mixture and a practical de-NOx
system for engine bench.

Based on these backgrounds, we study herein a simple kinetic model
for NH3-SCR and then show a comparison between NH 3-SCR for a
model gas mixture and real diesel exhaust emissions generated by en-
gine bench. First, we show a simple kinetic model for the standard NH ;-
SCR on the basis on the activation energy and frequency factor for a
powder Cu-ZSM-5 catalyst, which is combined with a model for heat
and mass transport in a monolithic catalyst [13,14]. The model is va-
lidated by comparison of the simulated NH 3-SCR data and NH3-SCR

* Corresponding authors.

data obtained by monolithic Cu-ZSM-5 catalysts under steady state
conditions. Then, the model gas tests and engine bench tests are con-
ducted for two representative monolithic catalysts: Cu-ZSM-5 (medium
pore zeolite) and Cu-AFX (small pore zeolite). The test results suggest
the inhibition effect of hydrocarbon emissions on NOx conversions at
low temperatures. The results are discussed in terms of the sizes of
hydrocarbon molecules and the micropores of ZSM-5 and AFX.

2. Experimental

Cu-ZSM-5 (Cu/Al = 0.635) and Cu-AFX (Cu/Al = 0.32) catalysts,
prepared by a standard ion-exchange method, were supplied from the
Research Association of Automotive Internal Combustion Engines
(AICE), Japan [15]. Powder-coated cordierite monolithic catalysts of
Cu-ZSM-5 and Cu-AFX were also supplied by AICE. The powder type
catalysts of Cu-ZSM-5 are used to obtain kinetic parameters.

NH3-SCR and NH3 oxidation reactions with powder Cu-ZSM-5 cat-
alyst (Fig. 3) were performed by a flow-type micro-reactor (quartz tube
with an inner diameter of 9 mm) equipped with mass flow controllers
(MFC) using model gas mixture (0 or 500 ppm NO, 500 ppm NH 3, 10%
0,, 2% H,0 in He, a total flow rate of 100 cm®/min) and 0.02-0.15 g
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Fig. 1. Outline of the apparatus for mixed gas tests and engine exhaust tests by
monolithic catalysts.

catalyst. Steady-state reaction rates were measured under the condition
where NO and NH; conversions were below 30% by changing catalyst
amount. The effluent gas was analyzed by FTIR spectroscopy (JASCO,
FTIR-4100) with a heated gas cell (JASCO, LPC-8M-S).

NH3-SCR by monolithic catalysts (Figs. 4 and 5) were performed by
a flow-type reactor (stainless tube of an inner diameter of 27.6 mm).
Fig. 1 shows an apparatus for gas feed and catalytic tests. The mono-
lithic Cu-ZSM-5 or Cu-AFX catalyst illustrated in Fig. 2 (a diameter of
25.4 mm, a length of 40 mm, a cell density of 600 or 400 cpsi, a catalyst
amount of 100 or 150 g/L) was surrounded with a glass wool to avoid
gas slip between the reactor wall and the catalyst. For the reaction with
a model gas mixture (Fig. 4), the gas mixture (300 ppm NO, 350 ppm
NH;, 5% O,, 3% H,0, in N, balance) was fed by MFC at a flow rate of
15L/min, corresponding to space velocity (SV) of 108,000 h ~*. Water
was fed into the N, stream from a syringe pump with a micro-feeder.
After exposure of the catalyst to the mixture at 500 °C for 1h, NO
conversions under steady-state conditions were measured at various
temperatures (600 °C to 150 °C). The gas mixture was pre-heated by a
furnace before introduction to the catalyst. The catalyst temperature
was measured by a K-type thermocouple at the center of the monolith.
Inlet and outlet gasses were analyzed using a HORIBA MEXA-4000FTIR
analyzer. All tubes and the FTIR gas cell were heated at 113 °C to avoid
condensation of water and formation of NH 4NO3. NO, conversion was
calculated as (cyox.in— CNox-ouT)/Cnox-ne Where NOx is the sum of NO
and NO,.

De-NOx from the real diesel exhaust (Fig. 5) was carried out using
the same apparatus for the above monolithic catalyst tests. We used a
single cylinder light-duty direct injection diesel engine (Table S1) with
a high pressure common rail fuel injection system, and the fuel used in
the experiments is the commercially available #2 Japanese diesel fuel
(cetane number 54). The engine operation conditions are shown in
Table S2. Under the engine operation conditions with 0.5 MPa BMEP
(break mean effective pressure) load condition, the exhaust contains
370 ppm NO, 10 ppm NO,, 120 ppmC hydrocarbons, 11% O 5, and 4%
H,0. Diesel particulates were removed from the exhaust by diesel
particle filter (DPF) without oxidation catalysts. A part of the exhaust
gas flow (15L/min) sampled from the exhaust was heated with a fur-
nace and was mixed with a NH3 flow from MCF, and the mixture
containing 420 ppm NH; was fed to the monolithic catalyst. For a
control NH3-SCR reaction with small amounts of hydrocarbons in Fig. 5,
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Reaction Pre-exponential factor | Activation energy
[1/s] [kJ/mol]
NH3 oxidation 1.9x10" 1686
Standard-SCR 1.6x10" 75.3
8 (b) Std- SCR
=-75.3x +23.7
6 | (a)NH, Oxidation R2 = 0.9465
y =-168.6 x +35.9
T R2 = 0.9805
4
2}
0 L s s s s
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1000/RT

Fig. 3. Arrhenius plots for (a) NH; oxidation and (b) standard SCR by a Cu-
ZSM-5 powder catalyst. Conditions: 500 ppm NO, 500 ppm NHs, 10% O», 2%
H,0 in N, balance.
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Fig. 4. The measured (O) and calculated (@) NOx conversions for the standard
NH3-SCR by monolithic Cu-ZSM-5 (A)-(C) with different catalyst coating
amount (g/L) and cell density (cpsi). Conditions: 300 ppm NO, 350 ppm NHg,
5% 0O,, 3% H,0 in N, balance, SV of 108,000 h~".
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Conditions Model gas
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NO [ppm] a0 350 300
NO; [ppm)] 10 30 0
NH3 [ppm] 1.0 100 5.0
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Fig. 5. De-NOx profiles for (a) Cu-ZSM-5 (A) and (b) Cu-AFX, (c) GC analysis of hydrocarbon emissions from the diesel engine.

a diesel oxidation catalyst (DOC) heated at 300 °C is equipped at the
upstream of the SCR catalyst. For the analysis of hydrocarbons in the
engine exhaust in Fig. 5(c), the emissions, without passing the DOC and
SCR catalysis, were sampled by a gas bag, and were analyzed by a gas
chromatograph-FID.

3. The model

The NH3-SCR model has been developed in Fortran, based on
computational fluid dynamics (CFD) and chemical kinetics [13,14]. The
initial and calculation conditions are the input data, and the initial
environmental conditions in the monolithic catalyst are calculated.
Then, the chemical reaction part is solved and the time step is updated.
The energy transport equation, flow distribution, and mass transport
equations are also solved. In the simulation with the monolithic SCR
catalyst, it is assumed that the same flow and the same chemical re-
actions occur in all flow channels in the catalyst, making the calcula-
tions performed for one channel represent the overall exhaust. A re-
presentative channel, illustrated in Fig. 2, is modelled in quasi-2D and
divided into the y-axis (the direction perpendicular to the flow) and the
Z axis (the direction parallel to the flow) components. The energy
transport, mass transport, and diffusion between gas-to-solid and solid-
to-solid components are taken into account. The time step for calcula-
tion is 0.1 msec. The properties of monolithic catalysts for model mixed
gas tests and engine exhaust test are shown in (Table 1).

The kinetic model is based on the three reactions listed in Table 2:
adsorption/desorption of NH 3 (R1), oxidation of the adsorbed NH 3
(R2), and reduction of the adsorbed NH ; under NO + O, (standard-
SCR). We assume that the adsorbed NH ; on an active site reacts with
NO + O, via the Eley-Rideal mechanism. For the NH ; adsorption/des-
orption step (R1), the reaction parameters by Olsson et al. [5] were
used. The rate equations for the NH 3 oxidation, Eq. (1), and the stan-
dard-SCR, Eq. (2), are defined in Egs. (3) and (4). The reaction rate
constants are calculated from Egs. (5) and (6). The activation energy

Table 1
Properties of monolithic catalysts for model mixed gas tests and engine exhaust
tests.
Catalyst Cu-ZSM-5 (A) Cu-ZSM-5 (B) Cu-ZSM-5 (C) Cu-AFX
Micropore size 56Ax53A — — 39Ax 374
Cell density [cpsi] 600 — 400 600
Coat amount [g/L] 100 150 — 100

Table 2

Reactions and rate expressions for NHs-SCR.

No. Reaction

Reaction rate

Rl NHj + S1=NH;-S1

R2  4NH;-S1 + 30,— 2N, + 6H,0 + 451

R3  4NH,-S1 + 4NO + 0, —>
4N, + 6H,0 + 251

1 = ki ¢ [NH3] 65,
vacant ~ K1,00Nm3-51
ry = ka[NH3] Onmss1
r3 = k3[NOJ 6ynz 1

S1: active site, k: rate constant, [X]:

component i.

molar concentration, 6; coverage of

and frequency factors were taken from the Arrhenius plot in Fig. 3 for

the powder Cu-ZSM-5 catalyst.
4NH; + 30, — 2N, + 6H,0

4NO + O, + 4NH; — 4N, + 6H,0
I'NHzoxi = KNz oxi [NH3|
rscr = kscr[NO]

TNH3 oxi

knmzoxi = [NH,|
3
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4. Results and discussion
4.1. Estimation and validation of kinetic model for SCR by Cu-ZSM-5

Fig. 3 shows the Arrhenius plots for the NH 5 oxidation (335-375 °C)
and standard NH3-SCR (175-225 °C) by powder Cu-ZSM-5 catalyst. The
activation energy and frequency factor for the NH 5 oxidation reaction
are 169 kJ/mol and 1.9 x 107 s™1, and those for the NH 3-SCR are
75kJ/mol and 1.6 x 10! s~1, These values are used in our kinetic
simulation model.

Next, we carried out NH3-SCR by monolithic Cu-ZSM-5 catalysts
using a model gas mixture (300 ppm NO, 350 ppm NH 5, 5% O,, 3%
H,0, in N, balance). Fig. 4 shows NOx conversion profiles for three
monolithic Cu-ZSM-5 catalysts: (A) a catalyst with catalyst loading of
100 g/L and cell density of 600 cpsi, (B) a catalyst with catalyst loading
of 150g/L and cell density of 600 cpsi, (C) a catalyst with catalyst
loading of 150 g/L and cell density of 400 cpsi. The conversions for
different cell density (B and C) were quite close to each other, which
indicates that mass transport in the monolith is not rate limiting pro-
cess. To verify the kinetic model, the calculated NOx conversions are
compared to the results of the monolithic catalyst tests. Independent of
the catalyst loading and cell density, the simulated conversion curves
are in good agreement with the measured curves. This indicates that
our simple simulation model is validated with the experimental results
for NH3-SCR by monolithic catalysts with different parameters (catalyst
loading and cell density). It is important to note that the experimental
data used for validation were not included in the estimation of the ki-
netic model.

4.2. Differences between the model gas and engine exhaust emission tests

Next, we carried out NOx removal from the real diesel exhaust by
monolithic catalysts using the same reactor as the above NH 3-SCR ex-
periment (Fig. 4). The catalysts used in the experiments are monolithic
Cu-ZSM-5 (A) and Cu-AFX with the same catalyst loading (100 g/L) and
cell density (600 cpsi). Two types of the reactions with and without
DOC were tested. As listed in the table in Fig. 5, the gas mixture without
DOC contains larger amount of hydrocarbons than that with DOC. NH 3
flow was added to the exhaust between the DOC and the catalyst bed.
The composition of the engine exhaust gas mixture without DOC, es-
timated by GC-FID analysis, is shown in Fig. 5(c). It is found that nearly
80% of the hydrocarbons in the exhaust are light hydrocarbons in-
cluding methane (21% based on ppmC), ethylene (47%), and propylene
(13%). The NOx conversion profiles with and without DOC by mono-
lithic Cu-ZSM5 (A) and Cu-AFX are compared in Fig. 5(a) and (b), re-
spectively. Clearly, the NOx conversions by Cu-AFX are higher than
those by Cu-ZSM-5 (A). For the Cu-ZSM-5 (A) catalysts below 350 °C,
the NOx conversions with DOC (black curve) are higher than those
without DOC (red curve). In contrast, the deference in the NOx con-
versions with and without DOC is relatively small for Cu-AFX.

To discuss observed difference between Cu-ZSM-5 (A) and Cu-AFX,
the kinetic diameter of the hydrocarbons [16] in the exhaust are
compared with the diameters of micropores of ZSM-5 (5.6;\ X 5.3 A)
and AFX (3.9 Ax3.7 10\) in Fig. 5(d). The kinetic diameters of NH 5 and
CH,4 molecules are smaller than the pore size of ZSM-5 and AFX, which
indicates that NH; and CH,4 can enter the micropores of Cu-ZSM-5 (A)
and Cu-AFX catalysts. The diameters of other light hydrocarbons in the
exhaust, ethylene and propylene, are larger than the pore diameter of
AFX but smaller than the pore diameter of ZSM-5. This indicates that
these hydrocarbons can access the active sites inside the particles of Cu-
ZSM-5 but they cannot access the active sites in the particles of Cu-AFX.

https://reader.elsevier.com/reader/sd/0725BFE5975FAAC56A281..97FFDAAD828E81AFD1240EE3BC5C1FBES8BB230AC3A23B4BC3FBFE9F8E
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hydrocarbons (ethylene and propylene) decreases the catalytic activity
of Cu-zeolite catalysts for NH 3-SCR [17-21], the larger promotion effect
of DOC on the activity of Cu-ZSM-5 (A) than Cu-AFX (Fig. 5) could be
explained as follows. With DOC, or in other word with large amount of
ethylene and propylene in the exhaust, the catalytic activity of the
medium pore zeolite (Cu-ZSM-5) is decreased by the hydrocarbons
adsorbed on the active sites. With DOC, or in other word with small
amount of these hydrocarbons in the exhaust, Cu-ZSM-5 undergoes less
inhibition effect. In contrast, these hydrocarbons cannot access the
inner space of the small pore zeolite (Cu-AFX), resulting in less poi-
soning effect by the hydrocarbons.

To support the above hypothesis, NH 3-SCR experiments by a model
gas mixture (300 ppm NO, 350 ppm NH 3, 5% O,, 3% H,O in N,) were
also conducted under the similar conditions as the de-NOx experiments
from engine exhaust. The NOx conversion profiles for the model gas
mixture tests (blue lines) by Cu-ZSM5 (A) and Cu-AFX catalysts are
included in Fig. 5(a) and (b). For the Cu-ZSM-5 (A) below 350 °C, the
NOx conversions for the model gas tests (blue line) are higher than
those for the engine exhaust tests with DOC and without DOC. In
contrast, the difference in the NOx conversions for the model gas tests
and engine exhaust tests are relatively small for Cu-AFX. These results
are consistent with our hypothesis that a poisoning effect of hydro-
carbons on the medium pore zeolite (Cu-ZSM-5) is more significant
than small pore zeolite (Cu-AFX). Thermodynamically, amount of ad-
sorbed hydrocarbons decreases with temperature. Oxidation of the
hydrocarbons by the Cu catalysts can also reduce the amount of ad-
sorbed hydrocarbons at high temperatures. These trends can account
for the experimental result that the NOx conversions for model gas and
engine exhaust gas with and without DOC are rather close to each other
at high temperatures (> 400 °C) for both catalysts (Cu-AFX and Cu-
ZSM-5). In summary, Cu-AFX catalyst with relatively small pore (8-
membered ring) undergoes less negative impact of co-existing hydro-
carbons than the Cu-ZSM-5 catalyst with relatively large pore (10-
membered ring).

5. Conclusions

We have developed a simple model for NH 3-SCR by Cu-ZSM-5 based
on kinetics and parameters for heat and mass transport and structure of
monolithic catalysts. In the model, adsorption and desorption reaction
of NHj, oxidation and SCR of the adsorbed NH 5 are considered. The
developed simulation model can predict the steady-state NOx conver-
sion of monolithic Cu-ZSM-5 catalysts with different parameters (cell
densities and amounts of catalyst coated) in the temperature range of
150-600 °C. For NOx reduction from the diesel engine exhaust below
350 °C, the hydrocarbons in the exhaust emissions have an inhibiting
effect on the NOx conversion. The inhibition effect is more significant
for Cu-ZSM-5 than Cu-AFX, which has smaller micropore size than Cu-
ZSM-5. It is suggested that hydrocarbons in the engine exhaust emis-
sions (ethylene and propylene) do not enter into the micropores of the
small pore zeolite (Cu-AFX), resulting in a lower inhibition effect of
hydrocarbons on the activity of Cu-AFX.
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