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In order to estimate the effect of diffusion during the selective catalytic reduction of nitrogen oxides (NOx) using propane on
Co-ion-exchanged ZSM-5, the catalytic activity wasmeasured for the catalysts prepared from zeolites having different crystal sizes.
The conversions ofNOx and propane on a catalyst having a large crystal size (1.3 �m)weremuch less than those on a catalyst having
a smaller crystal size (0.10 �m). Based on the experimental data and certain assumptions, the effective intracrystalline diffusion
coefficient ofNOduring the reaction in the presence of water vapor at 673Kwas estimated to be (6^9)�10ÿ15 m2/s.
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1. Introduction

Reducing nitrogen oxide (NOx) emissions from
exhaust containing excess oxygen, such as the exhaust of
diesel engines and lean-burn engines, is one of the most
important problems to be solved for environmental pro-
tection. In 1990, it was reported that NOx is selectively
reduced by hydrocarbons or alcohols even in the pres-
ence of excess oxygen on metal-ion-exchanged zeolite
[1^5], H�-form zeolite [6] and alumina [7].

It has been reported that selective catalytic reduction
by hydrocarbons (HC-SCR) proceeds with high selectiv-
ity to NOx reduction (reduced NOx/consumed HC) on
Co-based catalysts when light alkane is used as a reduc-
tant hydrocarbon [8^10]. Of the Co-based catalysts, a
Co-zeolite catalyst is apparently superior to Co/Al2O3
for HC-SCR using propane [11], therefore, zeolite must
play a certain role in this reaction. Since it has been
reported that Co is well-dispersed without the formation
of cobalt oxide agglomerates in Co-beta catalysts show-
ing high selectivity [12], it is considered that zeolite at
least contributes to the loading of Co with high disper-
sion. If the HC-SCR reaction occurred only on the sur-
face of the zeolite crystal, the loading state of Co might
be determined by defects on the crystal surface, and cat-
alytic activity might not be related to the species or the
micropore structure of zeolites. On the other hand, the
HC-SCR activity of Co-zeolite catalysts seems to be
strongly dependent on the species of zeolite [11], so that
it is necessary to confirm whether the HC-SCR reaction
proceeds in intracrystalline active sites or not in order to
discuss the dependence on the zeolite structure.

Witzel et al. reported that the rate of N2 formation
in the HC-SCR using isobutane was clearly lower than
that using methane on Co-ferrierite in the absence of
water vapor, while these rates were comparable on Co-
ZSM-5 [10]. This result strongly suggests that the HC-
SCR reaction occurs in intracrystalline active sites since
it is considered that isobutane cannot pass through the
narrow cross connection made of an eight-membered
ring in ferrierite causing the decrease in the diffusion
rates of the reactants, while such inhibition of diffusion
will not occur in ZSM-5, in which the channels are con-
nected with ten-membered rings. However, it does not
directly indicate that the HC-SCR reaction proceeds in
intracrystalline active sites because it is also thought that
the difference in the reaction mechanism between HC-
SCRusingmethane and isobutane, whichwas not distin-
guished on Co-ZSM-5, happened to be enhanced on Co-
ferrierite under the specific experimental conditions.
Furthermore, whether intracrystalline active sites are
used or not depends on the relative ratio between the
reaction and diffusion rates which vary greatly accord-
ing to reaction conditions.

Quite recently, Ogura et al. reported that SCR by
methane occurred in the micropores of Ir/In/H-ZSM-5
because Ir, which acted as a promoter of NO oxidation
into NO2, was highly dispersed on the zeolite according
to the hydrogen adsorptionmeasurement [13]. However,
a description of the number of the active sites which con-
tribute to the reaction in themicropore is lacking.

In this paper, the effect of the diffusivity of the reac-
tant of SCR using propane under actual HC-SCR condi-
tions containing water vapor for the purification of the
exhaust of a lean-burn gas engine is examined for Co-
ZSM-5 catalysts having different crystal sizes, and it is

Catalysis Letters 48 (1997) 203^211 203

* Towhom correspondence should be addressed.

Ä J.C. Baltzer AG, Science Publishers



attempted to estimate the intracrystalline diffusion coef-
ficient of the reactant.

2. Theory

2.1.Assumptions

Since the reaction mechanism of HC-SCR has not
been clarified, it is not possible to construct a strictly
defined model. The following assumptions are used to
analyze the effects of the diffusion:

(1) NO decreases only by one HC-SCR reaction,
which is dependent on the concentrations of NO, C3H8
andO2;

(2) C3H8 decreases by two reactions, one of which is
the same HC-SCR reaction as in the assumption (1), the
other is the simple oxidation reaction which is dependent
on the concentrations of C3H8 andO2.

Based on these assumptions, the mass balance equa-
tions including diffusion and reaction are expressed
using a general phenomenological reaction rate form as
follows:

@CNO

@t
� DNO�CNO ÿ kvCn

NOC
m
C3H8

Cl
O2
; �1�
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Here, C is the concentration of each species, assuming
that the total pressure is atmospheric pressure; D is the
diffusion coefficient of each species; kv and kvcomb are the
reaction rate constants of HC-SCR and simple oxida-
tion; S is the phenomenological ratio of the decrease of
C3H8/NO in theHC-SCR reaction.

Since the main products of the reactions, such as
H2O and CO2, are the major components of the test gas,
the concentrations of these species can be considered to
be constant in the whole catalyst bed. The concentration
of O2 is also considered to be constant for the same rea-
son. In contrast,NOandC3H8 are decreased by the reac-
tions and their concentrations may be influenced by
their diffusion. However, NO is so strongly adsorbed on
Co [14,15], especially in the presence of oxygen [16], that
its diffusion rate in the catalyst bed is considered to be
quite lower than C3H8. Thus, the following third
assumption is introduced:

(3) Only NO concentration spatially differs in the cat-
alyst particles.

Thus, the eqs. (1) and (2) are transformed into

@CNO

@t
� DNO�CNO ÿ kv0Cn

NOC
m
C3H8

(3)

@CC3H8

@t
� ÿSkv0Cn

NOC
m
C3H8
ÿ kv0combCm0

C3H8
; (4)

8>><>>:
where the suffix v0 means the renormalized value invol-
ving the term ofO2 concentration as a constant value.

2.2.Reaction rate equations

At a stationary state, eq. (3) is equal to zero at each
spatial position as follows:

@C
@t
� D�C ÿ kv1Cn � 0 ; �5�

where D and C are the diffusion coefficient and concen-
tration of NO, and kv1 is the renormalized rate constant
involving the terms of O2 and C3H8 concentrations as
constant values.

On the other hand, the catalyst effectiveness factor
can be expressed from the definition as

� � k�v1
kv1
�
R
Cn dvR
Cn
0 dv

; �6�

where k�v1 is the observed rate constant calculated from
the NO concentration at the surface of the catalyst
(C0).

Eqs. (5) and (6) are solved assuming spherical symme-
try as described in the appendix. Although there may be
an anisotropy in the intracrystalline diffusion, the
assumption of spherical symmetry seems to be reason-
able because ZSM-5 zeolite has a three-dimensional
channel structure. Thus, eq. (6) is transformed into a
well-known equation [17,18] using Thielemodulus':

� � 3
'

1
tanh'

ÿ 1
'

� �
; �7�

where

' � r0

�������������������
nkv1Cnÿ1

0

D

s
; �8�

and r0 is the radius of the particle in which there is an
NO concentration gradient.

Thus, using the NO concentration at the catalyst par-
ticle surface (C0NO), eqs. (3) and (4) are finally trans-
formed into

dC0NO

dt
� ÿ�kvCn

0NOC
m
C3H8

Cl
O2

(9)
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where � is defined as eq. (7) and
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Since eqs. (9) and (10) express the reaction rates taking
into consideration the effect of intraparticle diffusion at
a certain position of the catalyst bed, the overall conver-
sions of NO and C3H8 that are the only data experimen-
tally obtained can be derived from the integration of
these equations over the entire catalyst bed. Therefore,
DNO (and �) can be estimated from the experimental
results using catalysts having different r0.

2.3.Rate-determining step (intracrystalline diffusion
vs.macropore diffusion)

It is usually considered that a catalyst pellet consists
of primary particles of crystalline zeolite, and as a result,
that the catalyst hasmacropores besides the intracrystal-
line micropores of the zeolite. Therefore, we must first
consider whether the rate-limiting step is macropore dif-
fusion or intracrystalline diffusion. If the macropore dif-
fusion is the rate-determining step, r0 and DNO will be
substituted by the radius of the catalyst pellet (R) and the
diffusion coefficient in the macropore (Dma); otherwise,
these will be substituted by the radius of the primary
crystalline zeolite (r) and the intracrystalline diffusion
coefficient (Dmi), respectively. This can be seen from the
following equations [19]:

Dma

R2 �
Dmi

r2
: rate-limiting stage

� intracrystalline diffusion ; �12�
Dma

R2 �
Dmi

r2
: rate-limiting stage

� macropore diffusion : �13�

For the purpose of this paper,Dma will estimated later
assuming Knudsen diffusion or molecular diffusion to
confirm that the condition of eq. (12) is fulfilled.

3. Experimental

3.1.Catalyst

Twokinds ofNH4-ZSM-5 (SiO2/Al2O3 � 50) zeolites
(N.E. Chemcat Co.), different in primary particle size,
were used as a raw material for the experiments. ZSM-
5(a) is a small crystalline zeolite and ZSM-5(b) is a large
crystalline zeolite. Cobalt ion exchange was performed
by suspending NH4-ZSM-5 zeolites in an aqueous solu-
tion of cobalt acetate (0.006 M) at 333 K for 18 h. To
adjust the ion exchange level, this ion exchange proce-
dure was repeated six times for Co-ZSM-5(b), and twice
for Co-ZSM-5(a). The ion-exchanged zeolites were
washed, dried and pressed into tablets followed by

crushing into particles of 1^2 mm, and then calcined in
air at 773 K. For chemical and surface area analyses,
ground samples were used.

3.2.Characterization of catalyst

The cobalt content was measured by ICP analysis
and the ion exchange levels were calculated from the
content of Co assuming that one Co ion (2�) is
exchanged with twoNH�4 . The particle sizes of these cat-
alysts were measured from an FE-SEM (Hitachi S-4000)
image by averaging the diameter of a hundred primary
particles based on the particle volume (the third power
of the diameter). The pore distribution of these catalysts
was measured by a porosimeter (Micromeritics
Autopore II 9220). The surface area was measured by
the BET one-point method (N2) using an automatic BET
surface area analyzer (Ohkura Riken). The measured
BET surface area is not the outer surface of the zeolite
crystal but the entire area including the inner surface of
the micropores. The amount of CO adsorption was
measured by the pulse method after heating at 773 K for
4 h in air as pretreatment using an automatic CO adsorp-
tion analyzer (Ohkura Riken). Raman spectra were
measured as described elsewhere [12] using 514.5 nm
radiation from an argon ion laser.

3.3.Catalytic activity test

Catalytic activity was measured in a fixed-bed flow
reactor in a similar way to that described in the literature
[20]. The test gasmixture (500 ppmNO, 1000 ppmC3H8,
1000 ppm CO, 660 ppm H2, 10% O2, 6% CO2; dry gas
base) was fed at a flow rate of 1 `/min
(GHSV � 15,000 hÿ1) and water was added by a pump
through a vaporizer to the gas mixture before entering
the reactor. Gas was analyzed in the same ways as in the
literature [20]. NOx and C3H8 conversions were defined
as 2� (evolved N2)/(inlet NO) and (inlet C3H8ÿ outlet
C3H8)/(inlet C3H8), respectively.

4. Results

4.1.Results of the catalyst characterization

The SEM images of the catalysts are shown in
figure 1. From analyses of these images, the diameters of
the primary particles of Co-ZSM-5 were 0.10 �m for Co-
ZSM-5(a) and 1.3 �m for Co-ZSM-5(b). As shown in
figure 2, the catalysts have only one kind of macropore,
with diameters of 0.06 �m for Co-ZSM-5(a) and 0.8 �m
for Co-ZSM-5(b). Co ion exchange level, BET surface
area, and the amount of CO adsorption are shown in
table 1 with the above-mentioned data.

It is thought that Co ion exchange is not easy for Co-
ZSM-5(b) because the diffusion of Co ions is quite slow
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in the large crystalline zeolite and Co may agglomerate
on the crystal surface. If Co agglomerates and Co3O4 is
formed, HC oxidation will be enhanced [12,21,22], and
consequently, the analysis of the effects of the diffusion
will be perturbed by the difference in the occurrence of
Co3O4 between the two catalysts. When Co agglomera-
tion occurs, even if very slightly, a Co3O4 signal can be
observed with extremely high sensitivity in a Raman
spectrum [12]. However, as shown in figure 3, almost no
Co3O4 band at 690 cmÿ1 was observed in either the Co-

ZSM-5(a) or (b) catalyst, while Co-ZSM-5 having 117%
ion exchange level showed strong Co3O4 bands.
Furthermore, there is no clear difference in the amount
of CO adsorption between these two Co-ZSM-5 cat-
alysts (table 1), and so, Co was dispersed well in the zeo-
lite crystal in both catalysts.

4.2.Results of the catalytic activity test

The results of the HC-SCR activity tests of the Co-

a

b

Figure 1. SEM images of Co-ZSM-5 catalysts. (a) Co-ZSM-5(a),�50,000. (b) Co-ZSM-5(b),�5,000.
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ZSM-5 catalysts are shown in table 2. Since the purpose
is to evaluate the influence of diffusion on apparent HC-
SCR activity under actual conditions, the test was car-
ried out at 673 K. Both of the C3H8 and NOx conver-
sions in table 2 are the steady state values and happen to
be in a very appropriate conversion range for quantita-
tive analysis. Table 2 shows that the apparent activity of
Co-ZSM-5(b) is clearly lower than that of Co-ZSM-
5(a).

4.3.Calculation of the reaction parameters and the
catalyst effectiveness factors

Using the primary particle diameters in table 1, four
parameters: kv, DNO, kvcomb, and S are optimized by the
numerical integration of eqs. (10) and (11) to fit the
experimental overall conversions listed in table 2. The

calculation was carried out by dividing the catalyst bed
into 200 sections along the flow direction for two cases:
n � 1 and n � 2. In both cases, m � 1 and m0 � 1 are
assumed for the reaction order of C3H8 concentration.
The dependence on the O2 concentration was also
assumed to be of first order, but it affected only the
dimension and the absolute value of kv since CO2 can be

Figure 2. The pore distribution of Co-ZSM-5 catalysts. (a) Co-ZSM-
5(a), (b) Co-ZSM-5(b).

Table 1
Results of the characterization of Co-ZSM-5 catalysts a

Item Co-ZSM-5(a) Co-ZSM-5(b)

primary particle diameter (�m) 0.10 1.3
macropore diameter (�m) 0.06 0.8
Co ion exchange level (%) 61 56
BET surface area (m2 gÿ1) 341 288
CO adsorption (Nml gÿ1) 0.69 0.62

a SiO2/Al2O3 � 50. Catalyst particle diameter � ca. 1.5mm.

Figure 3. The Raman spectra of Co-ZSM-5 catalysts and a reference.
(a) Co-ZSM-5(a), (b) Co-ZSM-5(b), (c) Co-ZSM-5 (SiO2/Al2O3 � 50,

ion exchange level � 117%), (d) Co3O4.

Table 2
Catalytic activity of Co-ZSM-5 catalysts for SCRusing propane a

Co-ZSM-5(a) Co-ZSM-5(b)

NOx conversion (%) 47.1 14.4
C3H8 conversion (%) 54.7 29.7

a Reaction conditions: NO � 500 ppm, C3H8 � 1000 ppm,
O2 � 10%, H2O � 9%, CO2 � 6%, CO � 1000 ppm, H2 � 660 ppm,
He balance, GHSV � 15,000 hÿ1,T � 673K.
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regarded as a constant value over the entire catalyst
bed. In this calculation, the unit of concentration is
represented inmol/m3.

The results are listed in table 3. The catalyst effective-
ness factor (�) differs along the catalyst bed since it expli-
citly containsCC3H8 . However, in both cases, the catalyst
effectiveness factors of Co-ZSM-5(a) and Co-ZSM-5(b)
are around 0.9 and below 0.2, respectively. Therefore, it
may be concluded that the inner active sites were almost
fully used on Co-ZSM-5(a) while only active sites quite
near the surface of the crystal were used on Co-ZSM-
5(b) under the experimental conditions. The calculated
diffusion coefficient is dependent on the reaction order,
but it can be estimated to be around (6^9)�10ÿ15 m2/s at
673K.

5.Discussion

5.1.Confirmation of intracrystalline diffusion control

First of all, it must be confirmed that the influence of
diffusion in the present experiment originates not in the
macropore diffusion control but in the intracrystalline
diffusion control. Both catalysts have only one kind of
macropore, R and r in eq. (12) correspond to the radii of
the catalyst pellet and of the primary particle of zeolite,
respectively. In both catalysts, macropore diffusion is
considered to be controlled by Knudsen diffusion since
the macropore diameter is lower than 1000 nm [23]. The
Knudsen diffusion coefficientDk is represented by

Dk � 2
3
R

8kBT
�m

� �1=2

; �14�

where R, kB, T , and m are pore radius, Boltzman con-
stant, temperature, and mass of gas molecule, respec-
tively [23]. Here, the diffusion coefficient of NO at 673K
in the macropore of Co-ZSM-5 catalysts can be calcu-
lated using eq. (14) and the Dk of Co-ZSM-5(a) and of
Co-ZSM-5(b) are 1:4� 10ÿ5 and 1:8� 10ÿ4 m2/s,
respectively. These Dk and DNO correspond to Dma and
Dmi, respectively, so that eq. (12) can be confirmed using
the primary particle radius as follows, assuming that the
radius of the catalyst sample particle is 0.75mm and that
the value 9� 10ÿ15 m2/s is adopted asDNO,

Dma

R2 � 25 >
Dmi

r2
� 3:6 (Co-ZSM-5(a)) ; �15�

Dma

R2 � 320� Dmi

r2
� 0:021 (Co-ZSM-5(b)) : �16�

Thus, it can be concluded that the influence of the dif-
fusion in the present experiment is controlled by intra-
crystalline diffusion, and so,DNO can be identified as the
intracrystalline diffusion coefficient under the present
experimental conditions.

5.2.Adequacy of the assumptions

First, it should be confirmed that the reaction equa-
tions are reasonable from the aspects of the reaction
mechanism. The reaction mechanism of HC-SCR using
CH4 onCo-zeolites has been relatively well examined. Li
and Armor proposed a mechanism in which adsorbed
NO2 species, generated from adsorbed NOwith oxygen,
react with CH4 to form CH3y radicals on Co-ferrierite
[16,24]. Cowan et. al reported, based on their isotopic
exchange investigation, that the hydrogen abstraction
from methane is considered to be the rate-determining
step of HC-SCR using CH4 on Co-ZSM-5 at around
673 K in the presence of water vapor and that adsorbed
NO2 may abstract the hydrogen [25]. Lukyanov et al.
also reported that the reaction between NO2 and CH4 is
the rate-determining step on Co-ZSM-5 below 500�C
and that NO2 formation is not the rate-determining step
when O2 is present in large amount [26]. On the other
hand, Stakheev reported that NO2 activates C3H8 to
promote the HC-SCR reaction on Co-ZSM-5 with
higher Co loading (above 60% ion exchange), although
NO2 formation is not a prerequisite for the reaction on
Co-ZSM-5with lower Co loading. From the literature, it
can be assumed that the rate-determining step in the
present case is the reaction between C3H8 and adsorbed
NO2 species, generated from NO and O2, therefore, the
assumption (1) is considered adequate.

Concerning the consumption of C3H8, it has been
confirmed that the oxidation reaction without NOx also
proceeds to some extent under the present experimental
conditions [11]. Further, Lukyanov et al. indicated that
O2 participates in the oxidation of an intermediate spe-
cies of HC-SCR to reduce NO reduction selectivity

Table 3
Results of the calculation of reaction parameters and catalyst effective-

ness factors using the data in tables 1 and 2, and eqs. (7), (9)^(11)

Case 1 n � 1,m � 1,m0 � 1 (l � 1, l0 � 1)

parameters
kv ((m3 molÿ1)2 sÿ1) 2:13� 10
DNO (m2 sÿ1) 6:31� 10ÿ15

kvcomb (m3 molÿ1 sÿ1) 0.190
S 1.74

catalyst effectiveness factor (�) Co-ZSM-5(a) Co-ZSM-5(b)
inlet of reactor 0.90 0.17
outlet of reactor 0.95 0.20

Case 2 n � 2,m � 1,m0 � 1 (l � 1, l0 � 1)

parameters
kv ((m3 molÿ1)3 sÿ1) 1:42� 103

DNO (m2 sÿ1) 8:84� 10ÿ15

kvcomb (m3 molÿ1 sÿ1) 0.189
S 1.76

catalyst effectiveness factor (�) Co-ZSM-5(a) Co-ZSM-5(b)
inlet of reactor 0.82 0.12
outlet of reactor 0.95 0.15
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around 673 K [26]. Therefore, it would be appropriate
to take into account the selectivity factor (S) in addition
to the simple C3H8 oxidation by O2. Thus, the assump-
tion (2) as well as eq. (2) are considered adequate.

It is most important in the present analyses whether
the diffusion of C3H8 is much faster than that of NOx.
The intracrystalline diffusion rate is determined by the
potential wall between molecule and pore. In the case of
C3H8 on silicalite (ZSM-5), the activation energy of the
intracrystalline diffusion is estimated by the NMR
method to be around 7 kJ/mol [27], which is as little as
the heat of physisorption. Co-ZSM-5 may adsorb C3H8
more strongly, but it has been reported that C3H8 is
adsorbed on Co-ZSM-5 as strongly as NO or NO2. In
fact, we performed a TPD experiment and observed only
one desorption peak of C3H8 below 333 K from Co-
ZSM-5. Therefore, the adsorption of C3H8 on Co-ZSM-
5 is considered to be as weak as physisorption and its
heat is apparently considered to be much less than the
heat of chemisorption of the NOx which is not desorbed
at 473 K [16]. Therefore, it seems reasonable to consider
the assumption (3).

On the other hand, the question of whether NOx dif-
fuses in the form of NO or NO2 in the zeolite crystal
should be also considered. It has been reported that the
ratio of NO2/(NO � NO2) is quite low in the gas at the
outlet of the catalyst bed in the case of HC-SCR using
C3H8 on Co-beta [12]. This means that NO2 rapidly
reacts with reductive compounds such as C3H8, CO and
other intermediates into NO or N2. Therefore, it is
assumed here that NO2 evolves only around active sites
and does not diffuse so far without reacting into NO or
N2.

On the other hand, as for the accuracy of the calcu-
lated values, it should be noted that the values contain
the errors derived from the distribution of crystal size in
the catalyst, a difference in the crystal shape from a
sphere, and a possible radial gradient of the concentra-
tion of the exchangedCo in the zeolite crystal.

5.3.Comparisonwith diffusion coefficient data in the
literature

Although table 3 shows that the diffusion coefficient
of NO is not strongly dependent on the reaction order of
NO, it should be confirmed whether the reaction orders
are appropriate. Li and Armor reported that the orders
of NO and CH4 are 0.7 and 0.8^0.9, respectively, in the
case of NO � CH4� O2 on Co-ferrierite in the presence
of water vapor at 723^773 K. Therefore, the assumption
of first order for bothNOandC3H8 seems appropriate.

Zhang et al. measured the effective diffusion coeffi-
cients of NO on various metal-ion-exchanged ZSM-5
using a breakthrough curve during adsorption [28]. In
the literature, the diffusion coefficient of NO in Co-
ZSM-5 at 273 K was estimated to be 5:6� 10ÿ7 m2/s,
which is far larger than in the present analysis. However,

the experiment reported in the literature was performed
under the condition in which irrepressibly adsorbed spe-
cies are saturated and ample gaseous NO exists in the
pores. In such a case, a very rapid exchange occurs
between the adsorbed molecules and the gaseous mole-
cules, so called ``adsorption-assisted desorption'', which
has been actually observed for this system [29]. In the
case of adsorption-assisted desorption, desorption does
not require the activation energy corresponding to
adsorption heat, therefore, the diffusion of the adsorbate
seems to proceed almost without potential wall. In fact,
Zhang et al. indicated that the diffusion coefficient of
NO is similar to that of Kr, which is not considered to be
chemically adsorbed on zeolites. On the contrary, NO is
diluted and decreased with the reaction in the present
case, so that the adsorption-assisted desorption might
not occur, and as a result, the diffusion of NO requires
an activation energy corresponding to the adsorption
heat of NO. Therefore, the extremely low effective diffu-
sion coefficient of NO during the HC-SCR reaction is
mainly due to the large adsorption heat of NO and addi-
tionally due to the inhibition by coexisting molecules
such asH2O andCO2.

Finally, it may be worth mentioning when HC-SCR
reaction is controlled by intracrystalline diffusion.
Whether the diffusion controls the overall reaction rate
can be judged from the catalyst effectiveness factor �,
which can be calculated from eq. (7). For example, the
values of � are 0.94, 0.80, 0.48, and 0.27 for ' � 1, 2, 5,
and 10, respectively. Therefore, it can be concluded that
the reaction rate is controlled by the diffusion under the
conditions of ' > 10, while the influence of the diffusion
can be neglected in the case of' < 1. Here, Thiele modu-
lus ' is the function of reactant concentrations, reaction
rate constant of HC-SCR, diffusion coefficient, and pri-
mary particle size, as shown in eq. (11). It cannot be
judged here whether published data are obtained under
the conditions in which the diffusion did not control the
reaction, because all data which appear in eq. (11) are
not presented in literature, especially, primary particle
size of zeolite. However, the primary particle diameter
of commercially available ZSM-5 is usually around
0.1 �m, and so, we may extrapolate the present result for
Co-ZSM-5(a) to published data for HC-SCR on Co-
ZSM-5. If the experimental conditions including gas
composition are similar to those in the present experi-
ment, the influence of the diffusion may be neglected. It
is considered that most published data for HC-SCR
using methane on Co-ZSM-5 were not influenced by
intracrystalline diffusion since the reaction rate of HC-
SCR using methane on Co-ZSM-5 is considerably lower
than that using propane. However, for HC-SCR using
propane, when the product of the reactant concentra-
tions in eq. (11) is 10 times larger than that in the present
experiment, the effect of the diffusion cannot be
neglected. The same conditions appear in the case of 10
times larger reaction rate constant or 10 times smaller
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diffusion coefficient. However, these values are strongly
influenced by the species and concentrations of co-exist-
ing molecules, such as water vapor or sulfur oxides, so
that it is difficult to predict the influence of the diffusion
in general.

6. Conclusion

The catalytic activity for HC-SCR using C3H8 on
Co-ZSM-5 was measured in the presence of water vapor
for the catalysts prepared from zeolites with different
crystal sizes. The conversions of NOx and C3H8 on the
catalyst with a large crystal size (1.3 �m) were much less
than those on the catalyst with a smaller crystal size
(0.10 �m). To estimate the diffusion coefficient of the
reactant, the conversion results were analyzed under the
following assumptions: (1) NO decreases by only one
HC-SCR reaction which is dependent on the concentra-
tions of NO, C3H8 and O2; (2) C3H8 decreases by two
reactions, one of which is the same HC-SCR reaction,
the other of which is the simple oxidation reaction which
is dependent on the concentrations of C3H8 and O2; (3)
only NO concentration spatially differs in the catalyst
particles. The estimated value of the effective intracrys-
talline diffusion coefficient of NO during the reaction at
673Kwas (6^9)�10ÿ15 m2/s.
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Appendix. Solution of the catalyst effectiveness
factor for an nth order reaction

Assuming spherical symmetry, eq. (5) is expressed
using polar coordinates by

D
r2
@

@r
r2
@C
@r

� �
� kv1Cn : �A1�

At C � C0, the right side term can be expanded by
C=C0 and expressed by

D
r2
@

@r
r2
@C
@r

� �
� kv1Cn

0 n
C
C0
� 1ÿ n

� �
: �A2�

This equation can be solved atC � C0 and the result is

C � C0
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sinh��r�
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� nÿ 1

� �
; �A3�

where

� �
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D
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The differential of eq. (A3) atC � C0 is expressed by

@C
@r
� C0

n
r0

sinh��r0�
�r cosh��r� ÿ sinh��r�

r2

� �
; �A5�

and so, the differential towards the inside at the particle
surface is
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r�r0
� C0

n
�
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1
r0

� �
: �A6�

On the other hand, eq. (6) is transformed using
eq. (A1) into

� �
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0dv
� 4�
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Cnr2dr

4
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3
0C

n
0
� 3D
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@r

� �r0
0
: �A7�

Since there is nomass transfer at r � 0,

@C
@r

� �
r�0
� 0 : �A8�

Further, the value at r � r0 is expressed by eq. (A6),
and so, eq. (A7) is transformed into

� � 3D
r0Cn

0kv1

C0

n
�

tanh��r0� ÿ
1
r0

� �

� 3
�r0

1
tanh��r0� ÿ

1
�r0

� �
; �A9�

and so, eq. (7) can be derived using the definition:
' � �r0.
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