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The promotion of Ag–ZSM-5 by cerium for the selective catalytic
reduction (SCR) of NO with methane in the presence of an excess
of oxygen was studied in this work. Ce–Ag–ZSM-5 catalyzes the
CH4-SCR of NOx over the temperature range of 450–600◦C. Rate
measurements of NO reduction to N2 under SCR conditions and
of the competing CH4 oxidation by O2 (CH4 combustion) show
that incorporation of a small amount (1–1.5 wt%) of cerium into
Ag–ZSM-5 enhances the activity and selectivity of the latter for the
SCR reaction. Catalysts with low Ag exchange levels (<50%) were
found to be more selective than those with high Ag loading, the
latter being more active for CH4 combustion. To examine the role of
silver and cerium in the Ce–Ag–ZSM-5 system, the kinetics of the
SCR reaction were complemented by studies of NO oxidation to
NO2, SCR of NO2 by CH4, and CH4 combustion as well as catalyst
characterization by STEM/EDS, HRTEM/EDS, XPS, and UV-VIS
DRS techniques. Silver existed mainly as dispersed Ag+ ions in
low Ag-content (Ag/Al< 0.5–0.6) Ce–Ag–ZSM-5 samples, while
nanoparticles of silver of ∼10 nm size were also found on the sur-
face of high Ag-content samples. The dispersed Ag+ state was more
active for the SCR reaction, while silver particles more effectively
catalyzed the methane combustion reaction. Cerium was present
in both the 3+ and 4+ oxidation states. The major functions of
cerium suggested by the data presented in this paper are to catalyze
the oxidation of NO to NO2, suppress the CH4 combustion, and
stabilize silver in dispersed Ag+ state. c© 1999 Academic Press
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INTRODUCTION

Stricter NOx emission standards recently adopted by
many countries are driving the search for more effective
and economical methods to control NOx emissions from
stationary and mobile sources. New opportunities for im-
provement have emerged following the discovery of new
catalysts for the direct decomposition of NOx and the selec-
tive catalytic reduction (SCR) of NOx with hydrocarbons.
The latter has sparked considerable scientific and industrial
interest ever since it was first reported by Iwamoto et al. (1)
and Held et al. (2). The most attractive feature of this NOx

reduction process, which distinguishes it from the previous
NOx reduction technologies using CO and H2, is that the
presence of oxygen in the exhaust stream is generally nec-
essary for high conversion of NOx to N2, and excess oxygen
31
may or may not be limiting depending mainly on the type
of catalyst used.

Among various hydrocarbons, CH4 is especially attrac-
tive as the NOx reductant for application to power gener-
ation using natural gas as the feedstock (gas turbines) and
to CNG engines/vehicles. Methane is typically more diffi-
cult to activate than other hydrocarbons. Catalysts active
for the SCR of NO by higher hydrocarbons or oxygenates
may not work or have much lower activity when methane
is used as the reducing agent (3, 4). Although several single
metal ion-exchanged zeolites, such as Co– (5, 6), Mn– (5),
Ga– (6–8), In– (8, 9), and Pd–ZSM-5 (10), have been shown
active for the SCR of NO by CH4, the NO reduction rates
over these catalysts are approximately one order of mag-
nitude lower than the rate of the currently employed SCR
of NO by NH3 over vanadia–titania catalysts (11). Lack of
durable catalysts with high activity at high gas space veloci-
ties and in the presence of water vapor and SO2 has hurdled
the application of this technology. Nevertheless, the search
for new catalysts has continued unabated.

In both the SCR of NOx by hydrocarbons as well as the
direct NO decomposition, the steady-state activity and sta-
bility of certain single metal ion-exchanged zeolite catalysts
may be improved by incorporation of a second metal ion
in the zeolite. Alternatively, by proper selection of the two
metals, new catalysts might be discovered for these catalytic
processes. In an early study by Teraoka et al. (12) on bi-
metal exchanged catalysts for the SCR of NO by ethene,
the coexistence of Ca, Co, or Fe with Cu ions in ZSM-5
was found to enhance the activity of Cu–ZSM-5 and to also
expand the active temperature window. A similar promo-
tion effect was also reported for the SCR of NO by propene
over alkaline earth-promoted cerium ion exchanged ZSM-5
catalysts by Yokoyama et al. (13). Strontium was found to
promote the catalytic activity and selectivity of the Ce–
ZSM-5 catalyst significantly, although Sr–ZSM-5 itself was
not active for the reaction. Modification of the coordina-
tion of Ce ions in the zeolite by the presence of Sr ions was
discussed as the probable cause for the enhanced perfor-
mance of the bi-metal catalyst. The effect of cocation on
the catalyst performance for the same reaction under wet
gas conditions was studied by Torre-Abreu et al. (14) over
alkaline earth-promoted copper ion-exchanged mordenite.
3
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Improvement of catalyst stability under wet conditions by
addition of Ba was observed. The authors further suggested
that the catalyst deactivation could be prevented by choos-
ing an appropriate cocation. In previous work carried out by
our group, the promotion effect of alkaline earths and rare
earths on Cu–ZSM-5 catalysts for the direct NO decom-
position was shown under both dry and wet gas conditions
(15, 16). Higher turnover frequencies of NO per copper
site were measured over cerium or magnesium-promoted
Cu–ZSM-5 catalysts. The wet gas activity of the bi-metal
Ce–Cu–ZSM-5 catalysts for the direct NO decomposition
was superior to that of unpromoted Cu–ZSM-5. A major
function of cerium in Ce–Cu–ZSM-5 is to stabilize copper
in dispersed form and suppress copper migration and aggre-
gation in the zeolite channels. Stabilization of copper was
also demonstrated by using La and Sr in Cu–ZSM-5 (17).

Recently, we examined the promotion effect of cerium
on metal ion-exchanged ZSM-5 catalysts for the SCR of
NO using methane as the reducing agent in the presence
of excess oxygen (18, 19). Catalysts studied included some
of those previously reported as active for the SCR of NO
with CH4, such as Co–, Mn–, Ga–, and In–ZSM-5, and
others reported to activate CH4 at relatively low temper-
atures, such as Ag– (20) and Pd–ZSM-5 (21). A significant
synergistic effect was found over cerium-promoted silver
ion-exchanged ZSM-5 (19). While neither Ce–ZSM-5 nor
Ag–ZSM-5 showed high activity for the SCR reaction with
CH4, Ce–Ag–ZSM-5 displayed high activity over the tem-
perature range of 450–600◦C. A small amount of cerium
(1.0–1.5 wt%) in ZSM-5 gave the maximum promotion and
the conversion of NO to N2 increased linearly with the silver
exchange level up to∼60%. Previous reports of SCR activ-
ity of silver catalysts were limited to other organic reduc-
tants. For example, although silver supported on alumina
and mordenite catalysts were found active and durable for
the SCR of NO by propene in the presence of both wa-
ter vapor and sulfur dioxide (22–24), they have not been
reported as active for the SCR of NO with methane.

The aim of the present work was to further examine the
promotion of Ag–ZSM-5 by cerium. Reaction rates were
measured for the SCR of NO and NO2 and for CH4 combus-
tion over a series of promoted and unpromoted Ag–ZSM-5
samples with various cerium and silver loadings. Charac-
terization of selected fresh and aged catalyst samples by
STEM/EDS, HRTEM/EDS, XPS, and UV-VIS diffuse re-
flectance spectrometry(DRS) was performed to correlate
catalyst activity with structure and identify potential struc-
tural effects of cerium.

EXPERIMENTAL

Sample Preparation
Detailed procedures for the preparation of ion-
exchanged Ag–ZSM-5, Ce–ZSM-5, and Ce–Ag–ZSM-5
TEPHANOPOULOS

catalysts were described in a previous paper (19). A Na–
ZSM-5 with Si/Al= 13 (obtained from the Davison Chem-
ical Division, W.R. Grace & Co.) was used as the parent
zeolite. Ag+ ion exchange was carried out at room temper-
ature in the dark for 24 h using 200 ml of aqueous silver(I)
nitrate solution (0.001 to 0.01 M) to exchange 2 g zeolite
each time. After exchange, the sample was filtered, washed
with deionized water, and dried at 110◦C overnight in air.
Heat treatment was performed at 500◦C in air for 2 h. If nec-
essary, the exchange was repeated two to three times before
washing to reach high Ag+ loadings. To prepare Ce–ZSM-5
samples, 0.0003–0.01 M cerium(III) nitrate solutions were
used and the exchange was carried out at 80◦C for 2 h. Ce–
Ag–ZSM-5 samples were prepared by first exchanging the
Na–ZSM-5 with cerium(III) nitrate and then silver(I) ni-
trate. Rinsing, drying, and calcination of Ce3+ exchanged
samples were performed before Ag+ exchange to stabilize
a fraction of the cerium ions inside the zeolite (16). The final
samples were analyzed by inductively coupled plasma emis-
sion spectrometry (ICP, Perkin–Elmer Plasma 40) to deter-
mine their elemental composition. Table 1 lists the samples
prepared in this work, their corresponding ICP analysis, and
their charge balance. In Table 1 the number in parentheses
next to each element indicates the percent exchange level,
assuming each Ag+ ion exchanges one Na+ ion and each
Ce3+ ion exchanges three Na+ ions. The latter may hardly
be possible in high Si–Al zeolites. Rather, it represents the
upper bound for Ce3+ ion exchange. The charge balance
for each sample was computed as (3Ce+Ag+Na)/Al. This
calculation may show an artificially high charge balance, i.e.,
(3Ce+Ag+Na)/Al greater than 1. On the other hand, pro-
tonation of some sites may be inferred by a charge balance
less than unity (see Table 1).

Reaction Rate Measurements

Reaction rates were measured in a fixed bed microre-
actor system, consisting of a 1/4 inch O.D. quartz reactor
tube, a temperature controller (OMEGA, CN2040), four
mass flow controllers (Brooks, 5850E), and a HP 5890 gas
chromatograph (GC) equipped with a thermal conductiv-
ity detector (TCD). A 10 ft, 1/8 inch O.D. 5A molecular
sieve column operated at 40◦C was used to separate O2,
N2, CH4, NO, and CO. Source gases were certified gas mix-
tures (Airco): 2.94 or 0.476% NO in He, 0.716% NO2 in
He, 4.87% CH4 in He, and 10.0% O2 in He, used without
further purification.

Reaction rates of the SCR of NO and NO2 and CH4

combustion were measured in the temperature range of
450–600◦C at a constant pressure of 1.5 atm (absolute).
Separate experiments with GHSV in the range of 30,000

to 450,000 h−1 (STP) were conducted at each of the four
temperatures, 450, 500, 550, and 600◦C, to establish oper-
ation free from mass transfer limitation. The catalyst was
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TABLE 1

Preparation of Ion-Exchanged Ag–, Ce–, and Ce–Ag–ZSM-5 Catalysts

Catalystsa,b Si/Alc Ce/Alc Ag/Alc Na/Alc Charge balanced Preparation conditions

Na–ZSM-5e 13.8 — — 1.0 1.00 As received
Ag(18)–ZSM-5 12.9 — 0.18 0.75 0.93 Ag:0.002 M, once
Ag(31)–ZSM-5 13.2 — 0.31 0.65 0.96 Ag:0.01 M, once
Ag(54)–ZSM-5 12.8 — 0.54 0.33 0.87 Ag:0.01 M, once
Ag(77)–ZSM-5 12.4 — 0.77 0.08 0.85 Ag:0.01 M, twice
Ag(86)–ZSM-5 12.9 — 0.86 0.01 0.87 Ag:0.01 M, thrice
Ce(9)–ZSM-5 13.8 0.03 — 0.75 0.84 Ce:0.0003 M, once
Ce(21)–ZSM-5 14.2 0.07 — 0.73 0.94 Ce:0.01 M, once
Ce(42)–ZSM-5 13.8 0.14 — 0.62 1.04 Ce:0.01 M, twice
Ce(54)–ZSM-5 13.8 0.18 — 0.54 1.08 Ce:0.01 M, thrice
Ce(21)–Ag(11)–ZSM-5 12.8 0.07 0.11 0.60 0.92 Ce:0.01 M, once; Ag:0.001 M, once
Ce(21)–Ag(22)–ZSM-5 13.4 0.07 0.22 0.46 0.89 Ce:0.01 M, once; Ag:0.003 M, once
Ce(21)–Ag(42)–ZSM-5 11.7 0.07 0.42 0.33 0.99 Ce:0.01 M, once; Ag:0.006 M, once
Ce(24)–Ag(61)–ZSM-5 13.8 0.08 0.61 0.20 1.05 Ce:0.01 M, once; Ag:0.01 M, once
Ce(24)–Ag(78)–ZSM-5 14.0 0.08 0.78 0.01 1.03 Ce:0.01 M, once; Ag:0.01 M, twice
Ce(21)–Ag(80)–ZSM-5 13.8 0.07 0.80 0.00 1.01 Ce:0.01 M, once; Ag:0.01 M, thrice
Ce(9)–Ag(72)–ZSM-5 13.7 0.03 0.72 0.03 0.84 Ce:0.0003 M, once; Ag:0.01 M, twice
Ce(39)–Ag(75)–ZSM-5 11.7 0.13 0.75 0.00 1.14 Ce:0.01 M, twice; Ag:0.01 M, thrice
Ce(54)–Ag(67)–ZSM-5 13.2 0.18 0.67 0.00 1.21 Ce:0.01 M, thrice; Ag:0.01 M, thrice

a Each Ce ion exchange was performed at 80◦C for 2 h with an aqueous solution of Ce(NO3)3 · 6H2O.
b Each Ag ion exchange was performed at room temperature in the dark for 24 h with an aqueous solution of AgNO3.

c Si, Al, Ce, Ag, and Na contents were measured by ICP.

r

d Charge balance was calculated as (3Ce+Ag+Na)/Al. The calculate
e Na–ZSM-5 was supplied by the Davison Chemical Division, W.R. G

in fine powder form (<53 µm in size). Samples of 0.025–
0.05 g and flow rates of 50–200 cc/min (GHSV= 30,000–
180,000 h−1, STP) were used in the measurements. Prior
to each experiment, the catalyst was pretreated in helium
at 500◦C for 2 h. After cooling to room temperature, the
reactant gas mixture was switched in and the temperature
was raised to each preset point at a rate of 10◦C/min. At
each temperature, steady-state data were collected. Each
test was run at a set temperature for 1.5 h after steady
state was reached. The molar flow rates of N2 produced
and CH4 consumed during reaction were used to calculate
the conversion of NO to N2 and CH4 to CO2. Under all
test conditions reported here, CO was not detected in the
product gases. Steady-state catalyst weight-based rates of
NO reduction to N2 and CH4 oxidation were calculated as

Rate of NO reduction to N2 = FNO× XNO

W
(mol/g/s)

Rate of CH4 oxidation = FCH4 × XCH4

W
(mol/g/s),

where FNO and FCH4 are inlet molar flow rates of NO and
CH4, respectively; XNO and XCH4 the conversions of NO to
N2 and CH4 to CO2; and W the weight of catalyst loaded.

The rate of NO reduction to N2 (based on N2 production)
was used rather than the overall rate of NO consumption
to avoid any errors by the potential gas-phase conversion
d value is an upper bound for ion exchange.
ace & Co. Lot #: SMR 5-5829-0994, Si/Al= 13.8.

of unreacted NO with oxygen to form NO2 downstream of
the reactor.

The kinetic measurements presented in this paper were
not converted to turnover frequency (TOF) because in the
silver-exchanged zeolite, we could not use chemisorption to
characterize the silver. Reduction by hydrogen followed by
oxygen chemisorption could change the dispersion of silver
ions, but it would also be obscured by the contribution from
cerium reduction (Ce4+→Ce3+). As will be discussed later
in the paper, HRTEM has identified that a fraction of silver
exists in nanoparticle and cluster forms. The same is true for
cerium, which is predominantly on the surface in fine oxide
particle form (1–3 nm). Thus, it would be futile to try to sep-
arate the silver from the cerium phases by HRTEM/EDS
and estimate the fraction of metallic silver at different silver
loadings in Ce–Ag–ZSM-5 samples.

The catalyst selectivity is defined here with respect to
methane as the rate of N2 produced to the rate of total
CH4 consumed according to the following SCR reaction
stoichiometry,

2NO+ CH4 +O2 = N2 + CO2 + 2H2O, [I]

and CH4 oxidation by oxygen (combustion),

CH4 + 2O2 = CO2 + 2H2O. [II]
For the measurements of NO oxidation to NO2, a 0.2-g
sample and a flow rate of 50 cc/min (STP) were used. NO2
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was measured by a chemiluminescence NO/NOx analyzer
(Thermo Electron, Model 141A).

Catalyst Characterization

Selected fresh and reaction-aged catalyst samples were
characterized by STEM/EDS, HRTEM/EDS, XPS, and
UV-VIS DRS. The fresh samples were air-calcined at 500◦C
for 2 h. Aged samples were exposed to a gas mixture of 0.5%
NO, 0.5% CH4, 2.5% O2, bal. He at 500◦C for 24 h.

A VG HB603 scanning transmission electron microscope
(STEM) equipped with an energy dispersive X-ray spec-
trometer (EDS) was used to study elemental distribution
in the catalyst samples. The samples were supported on a
200 mesh copper grid in the STEM chamber without coat-
ing. The distribution of Ag, Ce, Si, Al, and O in the catalyst
samples was obtained simultaneously with a spot size of
0.5 nm by 1 nm and a magnification of 5× 105.

A JEOL 2010 high resolution transmission electron mi-
croscope (HRTEM) operated at 200 kV was used to study
the morphology of catalyst samples. The TEM had an ulti-
mate point-to-point resolution of 0.19 nm and was equipped
with EDS for elemental analysis of selected sample areas.
Catalyst samples were coated with carbon and supported
on a 200 mesh copper grid in the TEM chamber.

A Perkin–Elmer Model 5100 X-ray photoelectron spec-
trometer (XPS) with 2-mm spatial resolution was used to
determine metal ratios on the surface of catalyst samples.
The Al Kα anode X-ray source was operated at 300 W. A
layer of catalyst sample in powder form was pressed on
a copper adhesive tape mounted on a sample holder. The
sample was then introduced into the XPS vacuum cham-
ber. The base pressure of the vacuum chamber was below
5× 10−8 Torr. Each sample was exposed to the X-ray beam
for about 40 min for data acquisition. Atomic ratios of sil-
ver and cerium to silicon in the surface region of the zeolite
crystal were determined based on the core level spectra of
Ag, Ce, and Si.

UV-visible diffuse reflectance (UV-VIS DR) spectra of

Ce–, Ag–, and Ce–Ag–ZSM-5 were taken in a HP 8452A
dio
refl

from 450 to 600 C. Among the three catalysts, Ce(21)–
e
e

de array spectrometer coupled with a Harrick diffuse
ectance attachment and a reaction chamber which could

TABLE 2

SCR Reaction Ratesa,b and Catalyst Selectivityc

NO to N2 CH4 to CO2 Selectivity

Temperature (◦C) 450 500 550 600 450 500 550 600 450 500 550 600

Ce(21)–Z 0.08 0.12 0.17 0.23 0.05 0.08 0.18 0.37 0.85 0.72 0.48 0.31
Ag(77)–Z 0.24 0.50 1.16 1.91 0.30 0.44 3.43 5.07 0.40 0.56 0.17 0.18
Ce(24)–Ag(78)-Z 0.38 1.00 2.59 4.38 0.21 0.59 2.94 7.09 0.91 0.84 0.44 0.31

ZSM-5 showed the lowest activity for the SCR reaction. Th
rate of NO reduction to N2 over Ce(21)–ZSM-5 was thre
a mmol NO or CH4/g catalyst · s× 103.
b Measurements were performed with a gas mixture of 0.5% NO-0
c The catalyst selectivity is defined as the ratio of the rate of N2 pro
TEPHANOPOULOS

be heated up to 600◦C. The spectra were recorded in the
range of 180–820 nm with a resolution of 2 nm. High purity
MgO (99.998%, Johnson Matthey) was used as reference
material. In situ reduction and oxidation experiments were
performed with 10% H2–He and 20% O2–He gas mixtures,
respectively, at a flow rate of 20 cc/min (STP).

RESULTS

SCR of NO by CH4

Activity studies. In a previous paper (19), we reported
a significant promotion effect of cerium on Ag–ZSM-5 for
the SCR of NO by CH4 in the presence of excess oxygen. An
80% conversion of NO to N2 was obtained over a Ce–Ag–
ZSM-5 catalyst in a gas mixture of 0.5% NO, 0.5% CH4,
2.5% O2, bal. He, at a space velocity of 7500 h−1 (STP)
at 500◦C. However, only 20–25% conversion of NO to N2

was measured over each of the Ag–ZSM-5 and Ce–ZSM-5
materials with equivalent metal loading at the same condi-
tions. We found that 20–30% Ce3+ exchange (1–1.5 wt%)
gave the maximum promotion effect, while the conversion
of NO to N2 increased linearly with Ag loading up to∼60%
exchange level.

In the present work, the promotion effect was further
examined in terms of NO reduction rate and CH4 oxida-
tion rate over the single-metal-loaded zeolite, Ag–ZSM-5
and Ce–ZSM-5, and the bi-metal Ce–Ag–ZSM-5 at the
four temperatures of 450, 500, 550, and 600◦C. Rate mea-
surements over these three catalysts are shown in Table 2.
Also listed in Table 2 is the catalyst selectivity. The two Ce-
containing samples had approximately the same cerium ion
exchange level of 21–24%, which corresponds to 1–1.2 wt%
cerium. The Ag+ ion exchange level was 78 and 77% (cor-
responding to ∼8.5 wt% silver) in the promoted and un-
promoted samples, respectively.

As shown in Table 2, the rate of NO reduction to N2 in-
creased with temperature over all three types of catalysts.
No bend-over was observed over the temperature range

◦

.5% CH4-2.5% O2-bal. He, at SV= 30,000–180,000 h−1.
duced/rate of CH4 consumed according to reactions I and II.
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to eight times less than that over Ag(77)–ZSM-5 and 5–19
times less than that over Ce(24)–Ag(78)–ZSM-5. This indi-
cates that Ce–ZSM-5 is a poor catalyst for the SCR of NO
with CH4. A higher NO reduction rate was obtained over
the Ag(77)–ZSM-5 sample, which varied from 0.24× 10−3

to 1.91× 10−3 mmol/g · s in the temperature range of 450–
600◦C. The highest NO reduction rate was measured over
the bi-metal Ce(24)–Ag(78)–ZSM-5. As shown in Table 2,
this was 1.5–2.5 times higher than that over Ag(77)–ZSM-5.
Thus, incorporation of a small amount of cerium into Ag–
ZSM-5 promoted the activity of the latter for the SCR re-
action.

The promotion effect is further manifested by the differ-
ent methane oxidation rate and different selectivity over
these catalysts as shown in Table 2. The CH4 oxidation rate
shown in this table is for the overall CH4 oxidation by both
(NO+O2) in reaction I and O2 in reaction II. Similar to its
low catalytic activity for the SCR reaction, Ce(21)–ZSM-5
also had the lowest CH4 oxidation rate among the three
catalyst types. The data in Table 2 indicate that Ce–ZSM-5
is practically inactive for CH4 combustion. On the other
hand, Ag(77)–ZSM-5 showed almost the same rate of CH4

oxidation as Ce(24)–Ag(78)–ZSM-5, although the activ-
ity of the former for converting NO to N2 was lower. As
a result, the selectivity of Ag(77)–ZSM-5 was the lowest
among the three catalysts, indicating that Ag(77)–ZSM-5
was more active for CH4 combustion than for the SCR re-
action. For Ce(24)–Ag(78)–ZSM-5, although its SCR rate
was increased by a factor of 1.5–2.5 upon the incorporation
of Ce compared to that of Ag(77)–ZSM-5, its CH4 oxida-
tion rate remained essentially the same (except at 600◦C).
Therefore, the presence of cerium also enhanced the CH4

selectivity of Ag–ZSM-5 significantly as shown in Table 2.

Effect of Ag loading. The dependence of the catalytic
activity of Ce–Ag–ZSM-5 on Ag loading was studied over a
set of samples with a fixed Ce exchange level of 21–24% and
various Ag exchange levels from 11 to 85%. Figures 1a and
1b show the rate of NO reduction to N2 and rate of overall
CH4 oxidation, respectively, at the four temperatures of
450, 500, 550, and 600◦C.

As shown in Fig. 1a, at a given temperature, the rate
of NO reduction increased linearly with Ag loading up to
approximately Ag/Al= 0.6 (atomic ratio), suggesting that
within the range of Ag/Al= 0–0.6, Ag ions incorporated
into the ZSM-5 zeolite were approximately equivalent to
each other in terms of their effectiveness to convert NO
to N2. However, with further increase of Ag loading from
Ag/Al= 0.6 to 0.85, the rate of NO reduction leveled off,
especially at the high temperatures of 550 and 600◦C. The
dependence of CH4 oxidation rate on Ag/Al is very differ-
ent as shown in Fig. 1b. At 450 and 500◦C, CH4 oxidation by

O2 contributed very little to the overall CH4 oxidation as
indicated by the very low CH4 oxidation rate. At these two
temperatures, CH4 was primarily consumed by the SCR re-
ZSM-5 BY CERIUM 317

FIG. 1. Effect of Ag loading on the rate of (a) NO reduction to N2

and (b) overall CH4 oxidation in the SCR of NO by CH4 over Ce–
Ag–ZSM-5 catalysts. Ce exchange level= 21–24%. Feed gas: 0.5% NO–
0.5% CH4–2.5% O2–bal. He. SV= 30,000–180,000 h−1. Symbols: j, 450◦C;
d, 500◦C; m, 550◦C; r, 600◦C.

action, resulting in the high selectivity of Ce–Ag–ZSM-5 at
450 and 500◦C shown in Table 2. At 550 or 600◦C, Fig. 1b
shows that an initial slow increase of CH4 oxidation rate
in the lower Ag/Al range was followed by a much faster
increase at higher Ag/Al ratios, in contrast to what was ob-
served in Fig. 1a, i.e. the leveling-off of the NO reduction
rate at high Ag/Al ratios. These data clearly demonstrate
that catalysts with higher silver loading are more active for
CH4 combustion.

Effect of Ce loading. The dependence of Ce–Ag–ZSM-
5 activity on Ce loading is shown in Figs. 2a and 2b at a
Ag ion exchange level of 67–80%. The Ce loading was var-
ied from Ce/Al= 0 to 0.18. As shown in Fig. 2a, at each
temperature tested, the rate of NO reduction to N2 first
increased with the Ce/Al ratio reaching a maximum at ap-
proximately Ce/Al= 0.1–0.13, which corresponds to∼1.5%
cerium by weight. With further increase of Ce loading, the
rate of NO reduction declined. Thus, a small amount of
cerium (∼1.5 wt% Ce) provided the maximum promotion
of the SCR reaction.

The effect of cerium loading on the catalyst activity for

CH4 oxidation depends on the operating temperature. As
shown in Fig. 2b, different profiles of CH4 oxidation rate
vs the Ce/Al atomic ratio were obtained at 450, 500, 550,
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FIG. 2. Effect of Ce loading on the rate of (a) NO reduction to N2

and (b) overall CH4 oxidation in the SCR of NO by CH4 over Ce–Ag–
ZSM-5 catalysts. Ag exchange level= 67–80%. Feed gas: 0.5% NO–0.5%
CH4–2.5% O2–bal. He. SV= 30,000–180,000 h−1. Symbols: j, 450◦C;
d, 500◦C; m, 550◦C; r, 600◦C.

and 600◦C. At 450 and 500◦C, the methane oxidation rate
did not change much with the Ce/Al ratio. A monotonic de-
crease of methane oxidation rate with Ce/Al was obtained
at 550◦C, in contrast with the dependence of NO reduction
rate on cerium loading at the same temperature shown in
Fig. 2a. This suggests that incorporation of Ce in Ag–ZSM-5
suppressed the CH4 oxidation by O2, resulting in higher
catalyst selectivity. At 600◦C, a maximum CH4 oxidation
rate was obtained at Ce/Al=∼0.08. The initial increase of
the CH4 oxidation rate with cerium at Ce/Al< 0.08 was due
to the fast increase of the rate of SCR reaction with cerium
loading at 600◦C as shown in Fig. 2a. Above Ce/Al> 0.08,
the suppression effect of cerium and the drop of the SCR
reaction rate took control, resulting in the bend-over of the
CH4 oxidation rate with cerium.

CH4 Combustion

In separate tests, kinetic measurements of methane com-
bustion were carried out over a series of Ce–ZSM-5, Ag–
ZSM-5, and Ce–Ag–ZSM-5 catalysts with various Ag
loadings using a feed gas mixture of 0.5% CH4, 2.5% O2,

bal. He. Because of low CH4 conversion, reliable values for
the reaction rate could not be obtained over Ce–ZSM-5 at
high space velocity (>30,000 h−1) where the reaction was
TEPHANOPOULOS

FIG. 3. Effect of Ag loading on the rate of CH4 combustion over
Ag–ZSM-5 catalysts. Feed gas: 0.5% CH4–2.5% O2–bal. He. SV= 30,000–
120,000 h−1. Symbols: j, 450◦C; d, 500◦C; m, 550◦C; r, 600◦C.

free of mass transfer limitations. However, CH4 conversion
data obtained at a GHSV of 7500 h−1 have shown that
Ce–ZSM-5 is not an effective catalyst for CH4 combustion
(19). By contrast, Ag–ZSM-5 is active for this reaction,
especially at high silver loadings. Light-off of the reaction
occurred at about 450◦C and complete conversion of CH4

to CO2 was measured at 600◦C over Ag(77)–ZSM-5 (19).
The effect of Ag loading on the activity of unpromoted

and Ce-promoted Ag–ZSM-5 catalysts for CH4 combus-
tion is shown in Fig. 3 and 4, respectively, in terms of the
rate of CH4 combustion vs the Ag/Al atomic ratio at four
temperatures: 450, 500, 550, and 600◦C. The corresponding
values are also listed in Table 3. At each temperature, the
rate of CH4 combustion increased with the Ag/Al ratio over
the entire silver loading range tested for both types of cata-
lysts. However, over the unpromoted Ag–ZSM-5 (Fig. 3),
a linear relationship between the rate of CH4 combustion

FIG. 4. Effect of Ag loading on the rate of CH4 combustion over Ce–

Ag–ZSM-5 catalysts. Ce exchange level= 21–24%. Feed gas: 0.5% CH4–
2.5% O2–bal. He. SV= 30,000–120,000 h−1. Symbols: j, 450◦C; d, 500◦C;
m, 550◦C; r, 600◦C.
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TABLE 3

Rate of CH4 Oxidation in CH4 Combustion Experimentsa,b

Temperature (◦C)

Ag/Al 450 500 550 600

Ag–ZSM-5
0.18 0.07 0.15 0.35 0.73
0.31 0.16 0.30 0.65 1.34
0.54 0.20 0.60 1.09 2.40
0.77 0.25 0.61 1.40 3.22
0.86 0.32 0.74 1.69 3.35

Ce–Ag–ZSM-5c

0.11 0.02 0.03 0.06 0.14
0.22 0.06 0.11 0.21 0.44
0.42 0.07 0.17 0.39 0.95
0.61 0.08 0.29 0.89 2.06
0.78 0.21 0.50 1.19 2.90
0.80 0.20 0.51 1.32 2.95
0.85 0.29 0.64 1.58 3.25

a In mmol/g · s× 103.
b Feed gas mixture was 0.5% CH4, 2.5% O2, bal. He at SV= 30,000–

120,000 h−1.
c The cerium loading was 21–24% in exchange level.

and Ag/Al ratio was obtained at each temperature, while
over the promoted Ce–Ag–ZSM-5 (Fig. 4), a nonlinear cor-
relation was found. By comparing the corresponding rate
in Fig. 3 and that in Fig. 4 at a given Ag/Al ratio, it can be
seen that at low Ag/Al ratios, the rate of CH4 combustion
over Ce–Ag–ZSM-5 was much lower than that over the
unpromoted Ag–ZSM-5. As Ag/Al was increased, the rate
of CH4 combustion increased and approached that of the
unpromoted samples. For example, at 600◦C, the rate of
CH4 combustion over a Ce–Ag–ZSM-5 with Ag/Al= 0.2
was 0.40× 10−3 mmol/g · s which was about one half of
that over a Ag–ZSM-5 sample with the same Ag loading
(0.75× 10−3 mmol/g · s). However with Ag/Al= 0.85 at the
same temperature, the rate of CH4 combustion for the Ce–
Ag–ZSM-5 and Ag–ZSM-5 samples was very close, i.e.,
3.25× 10−3 and 3.35× 10−3 mmol/g · s, respectively. This is
true at all four temperatures, as shown in Table 3, and
demonstrates that the activity of Ce–Ag–ZSM-5 for CH4

oxidation by O2 is lower than that of Ag–ZSM-5 with the
same silver loading. In other words, the presence of cerium
in Ag–ZSM-5 suppressed the catalyst activity for the CH4

combustion, especially at low Ag loadings, consistent with
the data in Fig. 2b.

NO Oxidation to NO2

In much of the HC-SCR literature, it has been pointed
out that an important role of O2 in the SCR reaction is to

convert NO to NO2 (3, 25–27). In a study of NO reduction
by propane over Ce–ZSM-5 catalysts by Yokoyama et al.
(25), Ce–ZSM-5 as well as bulk CeO2 were reported active
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for the oxidation of NO to NO2. Haneda et al. (28) have re-
cently reported that the major function of Ag in a Ag/TiO2–
ZrO2 catalyst for the SCR of NO with propene, 2-propanol,
or acetone was to catalyze the reaction of NO2 with the hy-
drocarbons. These studies suggest that a potential role of
Ce in Ce–Ag–ZSM-5 is to catalyze the oxidation of NO to
NO2, while the reaction of NO2 with CH4 takes place on
Ag sites. To examine this hypothesis, separate studies of
oxidation of NO to NO2 and SCR of NO2 by CH4 were car-
ried out over Ag–ZSM-5, Ce–ZSM-5, and Ce–Ag–ZSM-5
catalysts.

The NO oxidation experiments were conducted with a
feed gas mixture of 0.2% NO, 2.5% O2, bal. He. The results
are shown in Fig. 5 together with the data obtained with
an empty reactor. The thermodynamic equilibrium conver-
sions for NO to NO2 are also shown in Fig. 5. At tempera-
tures below 450◦C, Ce(54)–ZSM-5 showed the same activ-
ity for converting NO to NO2 as Ce(54)–Ag(67)–ZSM-5.
Similar results were reported by Yokoyama et al. (25) over
a Ce(15)–ZSM-5 catalyst. The conversion of NO to NO2

over the Ag(77)–ZSM-5 sample was the lowest of the three
catalysts shown in Fig. 5, suggesting that Ce sites are more
active than Ag sites for the oxidation of NO to NO2 at low
temperatures. At temperatures above 500◦C, the reaction
is limited by equilibrium and the gas-phase concentration
of NO2 is very low over all the catalysts, as shown in Fig. 5.

SCR of NO2 by CH4

The rate of NO2 reduction by CH4 was measured in
both the presence and the absence of oxygen over Ag(77)–
ZSM-5 and Ce(24)–Ag(78)–ZSM-5 using a feed gas stream
of 0.2% NO2, 0.5% CH4, 2.5 or 0% O2, bal. He at GHSV=
30,000–180,000 h−1. The results are shown in Fig. 6 in terms
of the rate of NO2 reduction to N2 vs temperature. With

FIG. 5. Oxidation of NO to NO2 by O2. Feed gas: 0.2% NO–2.5% O2–

bal. He. Sample weight= 0.2 g, flow rate= 50 cc/min. Symbols: d, Empty
reactor; j, Ce(54)–ZSM-5; r, Ag(77)–ZSM-5; m, Ce(54)–Ag(67)–ZSM-
5; dashed line, equilibrium.
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FIG. 6. Rate of NO2 reduction to N2 in the SCR of NO2 by CH4 in
the presence and absence of O2. Feed gas: 0.2% NO2–0.5% CH4–2.5%
O2–bal. He. (solid lines), 0.2% NO2–0.5% CH4–bal. He (dashed lines).
SV= 30,000–180,000 h−1. Symbols: d and s, Ag(77)–ZSM-5; j and h,
Ce(24)–Ag(78)–ZSM-5.

NO2 in the feed gas mixture, the unpromoted Ag(77)–
ZSM-5 sample showed the same rate of NO2 reduction
to N2 as the Ce-promoted Ce(24)–Ag(78)–ZSM-5 sample
in the low temperature range (<500◦C), regardless of the
presence or absence of O2. This result agrees well with
our earlier report that the conversion of NO2 to N2 over
a Ag–ZSM-5 catalyst became identical to that of a Ce–Ag–
ZSM-5 catalyst upon substitution of NO with NO2 when the
temperature was lower than 500◦C (19). At temperatures
above 500◦C, Fig. 6 shows a significant difference in activ-
ity between the Ag(77)–ZSM-5 and Ce(24)–Ag(78)-ZSM-5
samples for NO2 reduction. The rate of NO2 reduction to
N2 over the Ag(77)–ZSM-5 sample was much lower, and it
either leveled off earlier in the presence of oxygen (solid
lines) or bent-over earlier in the absence of oxygen (dashed
lines) compared to the rate over Ce(24)–Ag(78)–ZSM-5 at
the same conditions.

Catalyst Characterization

STEM/EDS and HRTEM/EDS. The morphology and
the elemental distributions of Si, Al, Ag, and Ce in fresh
and aged Ag–ZSM-5 and Ce–Ag–ZSM-5 samples were
examined by STEM/EDS and HRTEM/EDS. Figures 7a
and 7b show the elemental mappings taken over two low
Ag-content samples: Ag(54)–ZSM-5 and Ce(21)–Ag(42)–
ZSM-5 after calcination. The annular dark form (ADF) im-
ages in the pictures show the area of the samples on which
elemental mappings were taken. Magnification of each ele-
mental mapping is 5× 105. In both the unpromoted Ag(54)–
ZSM-5 and the promoted Ce(21)–Ag(42)–ZSM-5 solids,
uniform distribution of Ag was observed at this level of Ag
exchange. The Ag distribution closely matches the Al dis-

tribution in the two samples, showing a strong association
of Ag with framework Al. This indicates that at low Ag
exchange levels (<∼50%), Ag is highly dispersed in both
TEPHANOPOULOS

types of materials in the as-prepared form (calcined in air
for 2 h at 500◦C).

As Ag loading was increased, Ag dispersion decreased
as shown in Figs. 7c and 7d for the Ag(77)–ZSM-5 and the
Ce(24)–Ag(78)–ZSM-5 samples. Compared with the Ag
dispersion in Figs. 7a and 7b, aggregation of Ag (clusters)
is observed in these two high Ag-content samples, although
the distribution of Al is still uniform. However, in the pres-
ence of cerium, the extent of Ag clustering was lower in
Ce(24)–Ag(78)–ZSM-5 (Fig. 7d) than in Ag(77)–ZSM-5
(Fig. 7c). This suggests that another function of cerium in
Ce–Ag–ZSM-5 is to keep silver better dispersed. The same
function of Ce has been reported for the Ce–Cu–ZSM-5
system (29).

The above observations were confirmed by the
HRTEM/EDS analysis, as shown in Figs. 8a and 8b for the
fresh (as-prepared) Ag(77)–ZSM-5 and Ce(24)–Ag(78)–
ZSM-5 samples, respectively. In Fig. 8a, particles of size 5–
30 nm are observed. Strong surface agglomeration is clearly
seen in this sample. On the promoted Ce(24)–Ag(78)–
ZSM-5 sample (Fig. 8b), particles in the size range of ∼8–
12 nm as well as highly dispersed clusters of 1- to 3-nm
size are observed. X-ray emission analysis performed on
the large particles identified them as metallic silver. In the
areas where large silver particles were absent, X-ray emis-
sion corresponding to silver and cerium was obtained in
addition to Si, Al, and O. In this case, the silver emission
was due to Ag+ ions embedded in the zeolite. As will be
shown below, XPS identified that most of the cerium was
concentrated on the surface of the zeolite particles. Thus,
the 1- to 3-nm clusters located on the surface of the zeolite
are Ce species, most likely in oxidized form. Clearly, in the
promoted sample, the number density of Ag particles was
much lower (Figs. 8a and 8b).

After an aging test with 0.5% NO, 0.5% CH4, 2.5% O2,
bal. He at 500◦C for 24 h, Ag were found aggregates in the
Ag(77)–ZSM-5 sample. As shown in Fig. 9a, the signal in-
tensity of Al (white dots in Al mapping) at the right edge
of the sample is slightly weaker than that in other parts of
the sample; however, the Ag signal at the same location is
much stronger. Thus, aggregation of silver due to reaction
occurred in this sample. However, after aging at the same
conditions, the dispersion of Ag in the Ce(24)–Ag(78)–
ZSM-5 sample (Fig. 9b) is essentially the same as that of
the fresh one (Fig. 8d), suggesting little structural change.

The state of Ce remained similar in the fresh and aged
Ce–Ag–ZSM-5 catalysts as can be seen in Figs. 7b, 7d, and
9b. Well-dispersed clusters of cerium phases are observed
in all Ce-containing samples although the Ce loading was
low (∼1 wt%). No bulk CeO2 reflections were found by
X-ray diffraction analysis of these samples.
XPS. The atomic ratios of Ag and Ce to Si in the
surface region of the fresh and aged Ag(77)–ZSM-5 and
Ce(24)–Ag(78)–ZSM-5 samples were measured by XPS.
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FIG. 7. STEM/EDS elemental mappings of fresh (a) Ag(54)–ZSM-5, (b) Ce(21)–Ag(42)–ZSM-5, (c) Ag(77)–ZSM-5, and (d) Ce(24)–Ag(78)–
ZSM-5.
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FIG. 8. HRTEM images of fresh (a) Ag(77)–ZSM-5 and (b) Ce(24)–
Ag(78)–ZSM-5.

The surface atomic ratios of Ag and Ce to Si are shown in
Fig. 10 along with the bulk ratios measured by ICP for com-
parison. Clearly, in the unpromoted Ag(77)–ZSM-5 sam-
ple, the surface Ag/Si ratio was higher than the bulk, i.e.,
0.09 vs 0.058, consistent with the STEM/EDS Ag mapping
(Fig. 7c) and HRTEM image (Fig. 8a) of the same mate-
rial, in which silver particles were observed. After aging,
the surface Ag concentration was further increased, i.e.,
Ag/Si= 0.107. However, for the fresh and aged Ce(24)–
Ag(78)–ZSM-5 samples, the surface Ag/Si ratios were 0.065
and 0.058, respectively. These values are both close to the
bulk Ag/Si ratio of 0.058, implying that Ag was better dis-
persed in the presence of cerium. The surface ratios of Ce/Si

in the Ce(24)–Ag(78)–ZSM-5 sample before and after ag-
ing (∼0.12–0.13) were significantly higher than the corre-
sponding bulk value measured by ICP (0.006), indicating
TEPHANOPOULOS
FIG. 9. STEM/EDS elemental mappings of reaction-aged (a)
Ag(77)–ZSM-5 and (b) Ce(24)–Ag(78)–ZSM-5. Reaction-aging was per-
formed in 0.5% NO–0.5% CH4–2.5% O2–bal. He at 500◦C for 24 h.
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FIG. 10. Comparison of surface (by XPS) and bulk (by ICP) Ce and
Ag concentrations in fresh and reaction-aged catalysts. (a) Ag/Si ratio in
Ag(77)–ZSM-5, (b) Ag/Si ratio in Ce(24)–Ag(78)–ZSM-5, and (c) Ce/Si
ratio in Ce(24)–Ag(78)–ZSM-5. Reaction-aging was performed in 0.5%
NO–0.5% CH4–2.5% O2–bal. He at 500◦C for 24 h.

surface enrichment of cerium, in agreement with the
STEM/EDS and HRTEM analyses in Figs. 7d, 8b, and 9b.

UV-VIS DRS. UV-VIS DRS was used to examine the
oxidation states and electronic transition of Ce and Ag
reduction–oxidation of the catalysts. Figure 11 shows the
in situ UV-VIS DR spectra of Ag(77)–ZSM-5 during suc-
cessive reduction and oxidation treatments at various tem-
peratures. The spectrum of the parent Na–ZSM-5 has been
subtracted from these spectra. As can be seen in this figure,
at room temperature (25◦C) in air, the UV-VIS DR spec-
trum of Ag(77)–ZSM-5 displays three overlapped bands at
196, 212, and 222 nm, a small peak at around 300 nm, and
a broad peak at 420 nm. A similar spectrum was obtained
in pure He (curve 2 in Fig. 11). The three overlapped bands
have been assigned to the 4d10→ 4d95s1 electronic transi-
tion of isolated Ag+ ions in the zeolite matrix (30–33). The
broad band at 420 nm is characteristic of metallic silver par-
ticles and aggregates with a size of several nanometers or
greater (33, 34). Upon reduction by H2 at 300 and 500◦C,
this band grew appreciably, and the band at 300 nm evolved
to a distinct doublet peak (295 and 315 nm) with a shoulder
at 335 nm, indicating that absorption at these wavelengths
was due to the electronic transition of reduced Ag species.
These species may be oligometric Agn clusters (absorption
band at 285–345 nm) (34, 35) or a film-like (bulk Ag) struc-
ture at 310–315 nm (33, 36), also of a relatively large size as
evidenced by the fact that they could not be oxidized fully
at 300◦C (37). At temperatures above 300◦C, the bands at
295, 315, and 335 nm decayed in the presence of oxygen
and, simultaneously, bands at 258 developed (curves 4, 6,
7 in Fig. 11). The latter may be assigned to oxidized Agδ+n

clusters (31, 34).

UV-VIS DR spectra for various air-calcined Ce–ZSM-
5, Ag–ZSM-5, and Ce–Ag–ZSM-5 samples are shown in
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Figs. 12a–12c, respectively. These spectra were taken in
air at room temperature. Ce–ZSM-5 samples show a well-
resolved peak at 294 nm (Fig. 12a). Two shoulders at 260
and 210 nm can also be seen, especially at low Ce loadings,
i.e., Ce(9)–ZSM-5 and Ce(21)–ZSM-5. But these two bands
were very weak in the high cerium-containing samples. The
bands at 260 and 210 nm are due to the 4f–5d interconfigu-
ration transitions of Ce3+ species (38, 39), while the band at
294 nm is attributed to the Ce4+←O2− charge transfer of
CeO2 clusters of several nanometers in size (39, 40). Thus,
a mixture of cerium in 3+ and 4+ states co-existed in Ce–
ZSM-5. The intensity of the band at 294 nm increased with
Ce exchange level while the two bands at 260 and 210 nm
disappeared at high Ce loadings, suggesting the presence of
CeO2 predominantly in high cerium-containing samples. In
Ce–Ag–ZSM-5 catalysts (Fig. 12c), the two bands for Ce3+

could not be distinguished because of the overlapping of
cerium and silver spectra. Only the 294-nm band for CeO2

clusters can be seen, whose intensity increased with cerium
loading.

All Ag–ZSM-5 catalysts displayed similar absorption
spectra as shown in Fig. 12b: three overlapping peaks at 196,
212, and 222 nm, a small peak at 300 nm, and a broad peak
at 420 nm. The band at 300 nm was present in all samples,
while the broad band at 420 nm grew with Ag exchange,

FIG. 11. In situ UV-VIS DR spectra in reduction and oxidation of
Ag(77)–ZSM-5. (1) 25◦C in air; (2) 25◦C in He; (3) 300◦C in H2; (4) 300◦C

in O2; (5) 500◦C in H2; (6) 500◦C O2; (7) 600◦C in O2. Reduction gas was
10% H2 in He at a flow rate of 20 ml/min. Oxidation gas was 20% O2 in
He at a flow rate of 20 ml/min.
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FIG. 12. UV-VIS DR spectra of fresh Ce–, Ag–, and Ce–Ag–ZSM-5
samples. (a) 1-Ce(9), 2-Ce(24), 3-Ce(42), 4-Ce(54)-ZSM-5; (b) 1-Ag(18),
2-Ag(31), 3-Ag(54), 4-Ag(77)–ZSM-5; (c) 1-Ce(9)–Ag(72), 2-Ce(24)–
Ag(78), 3-Ce(54)–Ag(67)–ZSM-5. All spectra were taken in air at room
temperature.

indicating that more metallic silver particles were formed
as Ag loading was increased. Therefore, in the fresh Ag–
ZSM-5 samples, silver existed as highly dispersed Ag+ ions,
Agn clusters, and metallic silver particles. In the presence
of Ce, the peak at 420 nm disappeared as shown in Fig. 12c.
The absence of this band in the Ce–Ag–ZSM-5 suggests
that the interaction of Ce and Ag inhibits the formation
of large metallic silver particles. This is consistent with our
observation of color changes with these materials. A grada-
tion from white to gray color from the Ag(18)– to Ag(77)–
ZSM-5 samples was observed, while all Ce–Ag–ZSM-5
samples were white.

DISCUSSION

In the presence of excess oxygen, reactions I and II may

take place simultaneously. The CH4 selectivity of a catalyst
may strongly depend on the structure of the catalyst as has
been demonstrated for Pd–HZSM-5 (41, 42). Highly dis-
TEPHANOPOULOS

persed Pd2+ ions favor the SCR reaction, while PdOx parti-
cles catalyze the CH4 oxidation by O2. In view of the findings
of the present work, the sites catalyzing the SCR reaction
and CH4 oxidation by O2 in Ce–Ag–ZSM-5 are different.
Thus, structural effects are also present in this system. The
evidence for this and the role of cerium in modulating cata-
lyst selectivity are discussed below.

Catalyst Preparation and Structure

During sample preparation, we found that Ag+ ions could
be easily exchanged into the zeolite matrix to high exchange
levels, but for Ce3+, high exchange levels were difficult to
achieve. Protonation of some exchange sites might also
have occurred during the exchange of either Ce3+ or Ag+

ions as indicated by the charge imbalance in Table 1 and
by the presence of clusters of cerium oxide and silver parti-
cles on the zeolite surface (Figs. 7–10). However, the pres-
ence of Brønsted acid sites is not important for the SCR
activity of Ag–ZSM-5 as we found in separate experiments
where silver was exchanged in HZSM-5 rather than the
Na–ZSM-5 zeolite (18, 19). This is in contrast to the case of
Pd-exchanged ZSM-5 where protons have been reported as
essential for the SCR reaction, while Na has a deleterious
effect (10, 41).

The oxidation state and dispersion of both Ce and Ag
in the zeolite strongly depend on their exchange levels. At
low exchange levels (<50–60%), Ag was well dispersed in
both the promoted and unpromoted samples as shown in
Figs. 7a and 7b. The strong association of Ag+ ions with the
framework Al in these two figures implies that most Ag+

ions exchanged the Na+ ions on the AlO−2 sites of the zeo-
lite. In Table 4, the increase of Ag+ or Ce3+ exchange level
(columns C and E, respectively) is compared with the loss of
Na+ ions (column G) during the ion exchange step for Ag–
ZSM-5 and Ce–ZSM-5, based on ICP measurements. The
number of Na+ ions (column G) being replaced is greater
than the corresponding number of Ag+ ions (column C)
exchanged into the zeolite at low Ag exchange levels, indi-
cating both one to one exchange of Ag+ for Na+ as well as
protonation of some exchange sites. As Ag loading was in-
creased, aggregation of Ag occurred in both the promoted
and unpromoted Ag–ZSM-5 as evidenced by the forma-
tion of Ag particles in Figs. 7c, 7d, and 8. These particles are
metallic in nature as indicated by the HRTEM/EDS and
UV-VIS DRS analyses, Figs. 8 and 12, respectively. Migra-
tion of silver complexes to the surface followed by dehydra-
tion and agglomeration during calcination may contribute
to the formation of metallic silver particles (31).

The UV-VIS DR spectra in Figs. 12a and 12c show that
cerium in the Ce–ZSM-5 and Ce–Ag–ZSM-5 catalysts ex-
ists both in the 3+ and 4+ oxidation states. The latter is the

dominant state for catalysts with high Ce loading. These
results are consistent with those reported by Zhang et al.
(29), who used luminescence to identify the presence of
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TABLE 4

Comparison of the Increments of Ag and Ce Ion-Exchange Levels with the Loss of Na
Ions during Ion-Exchangea

A B Cb D Ec F Gd

Catalysts Ag/Al 1Ag/Al Ce/Al 1(3×Ce/Al) Na/Al −1Na/Al

Na–ZSM-5 0.0 — — 1.0
0.18 0.25

Ag(18)–ZSM-5 0.18 — — 0.75
0.13 0.10

Ag(31)–ZSM-5 0.31 — — 0.65
0.23 0.32

Ag(54)–ZSM-5 0.54 — — 0.33
0.23 0.25

Ag(77)–ZSM-5 0.77 — — 0.08
0.09 0.07

Ag(86)–ZSM-5 0.86 — — 0.01

Na–ZSM-5 — 0.0 1.0
0.09 0.25

Ce(9)–ZSM-5 — 0.03 0.75
0.12 0.02

Ce(21)–ZSM-5 — 0.07 0.73
0.21 0.11

Ce(42)–ZSM-5 — 0.14 0.62
0.12 0.08

Ce(54)–ZSM-5 — 0.18 0.54

a All elements measured by ICP.

b Increment of silver ion-exchange level calculated from Column B.
c l

r

Increment of cerium ion-exchange level calcu

d Decrease of residual sodium level calculated f

Ce3+ in various Ce–ZSM-5 and Ce–Cu–ZSM-5 materials
prepared by the same ion exchange method and the same
heat treatment as in this work. The Ce3+ luminescence in-
tensity did not increase with Ce loading from Ce/Al= 0.035
to 0.2, implying that saturation of Ce3+ species was reached
at relatively low exchange levels. In Table 4, the higher Ce
exchange increments (column E) than the corresponding
amount of Na+ (column G) being exchanged out of the ze-
olite (except for the Ce(9)–ZSM-5 sample) indicates that
cerium may exist in partially hydroxylated form, such as
[Ce(OH)2]+ and [Ce(OH)]2+. During the air-calcination
step, oxidized cerium clusters can be formed on the zeo-
lite surface. This is supported by surface Ce/Si ratios higher
than the bulk in Fig. 10, as well as by the Ce clusters seen
in the STEM/EDS mappings (Figs. 7b, 7d, and 9b) and in
the HRTEM image (Fig. 8b) and the strong CeO2 UV-VIS
DR band at 294 nm (Fig. 12a). On the basis of HRTEM,
the CeO2 clusters are 1–3 nm in size. However, an amount
of Ce3+ still remains, as verified by luminescence (29) and
UV-VIS DRS (Fig. 12a). It is not clear how this Ce3+ is
coordinated with oxygen in the zeolite structure.

Structure and Activity of Silver
NO reduction to N2 over Ce–Ag–ZSM-5
rly with the Ag ion exchange level up to
ated from Column D.
om Column F.

Ag/Al≈ 0.6 (Fig. 1a). Within this range, silver ions ex-
changed into the zeolite appear to be very effective for N2

production, and the rate of the SCR reaction was higher
than the rate of CH4 oxidation by O2 (Fig. 1a vs Fig. 4),
resulting in high catalyst selectivity. At higher Ag loading,
the rate of the SCR reaction leveled off (Fig. 1a), while the
rate of the CH4 combustion increased significantly (Figs. 1b
and 4). As discussed above, Ag is well dispersed in the ze-
olite channels at low loadings, while at high Ag loadings,
Ag particles (Figs. 7d and 8b) were found on the zeolite
surface. Therefore, it can be concluded that dispersed Ag+

ions and Ag particles have different catalytic properties for
the SCR and CH4 combustion reactions. The dispersed ionic
state of silver is highly active and selective for the SCR re-
action, while silver particles are nonselective and catalyze
CH4 combustion. Nanocrystalline (5–10 nm) silver particles
on zirconia have been found to be very active for the com-
plete oxidation of methane in recent work in our lab (43,
44). In a recent paper, Bethke and Kung (23) have similarly
explained the low activity of a 6 wt% Ag/Al2O3 for the SCR
reaction of NO with C3H6, i.e., metallic silver particles in
this high Ag-content material catalyzed the combustion of

propylene rather than the SCR reaction. The opposite was
true for a low Ag-content sample, 2 wt% Ag/Al2O3, which
contained silver in oxidized form.
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The Role of Cerium

Ce–ZSM-5 as a catalyst for the SCR of NO by hydro-
carbons has been studied extensively by Yokoyama and
Misono (13, 25, 45) using propene as the reducing agent.
The major function of Ce suggested in those studies was to
initiate the SCR reaction by converting NO to NO2. This
function of cerium is also clearly manifested here in the Ce–
Ag–ZSM-5 system for the SCR of NO with methane (Figs. 5
and 6). In Fig. 6, using NO2 in the feed gas, at temperatures
lower than 500◦C where the gas-phase NO2 concentration
is sufficiently high, the activity of Ag–ZSM-5 was the same
as that of Ce–Ag–ZSM-5. This indicates that once NO2 is
available, Ag–ZSM-5 is capable of converting NO2 to N2

at the same rate as the bi-metal Ce–Ag–ZSM-5 catalyst. In
other words, the SCR of NO on Ag–ZSM-5 is limited by the
availability of NO2 and one function of Ce in Ce–Ag–ZSM-
5 is to catalyze the NO oxidation to NO2 (Fig. 5). The high-
temperature deviation of the rate over Ag(77)–ZSM-5 from
that over Ce(24)–Ag(78)–ZSM-5 (Fig. 6) may be explained
by the decrease of gas-phase NO2 concentration due to the
equilibrium of NO2→NO. But on Ce(24)–Ag(78)–ZSM-
5, surface NO2 species may be continuously formed on the
Ce sites and continuously consumed on the Ag sites under
steady-state conditions. The drop of the high-temperature
catalyst activity when O2 was removed from the feed gas
stream (Fig. 6, dashed lines vs solid lines) further supports
this explanation. We may also suggest that stable nitrite or
nitrate species are formed on the cerium sites extending the
SCR activity to higher temperatures similar to the findings
by Sadykov et al. (46) on Ca–Fe–ZSM-5 and Sr–Cu–ZSM-5.

The dependence of SCR activity on the cerium exchange
level shown in Fig. 2a can be explained in part by increased
NO2 supplied by cerium. The stronger dependence of the
NO reduction rate on Ce/Al at higher temperatures (550
and 600◦C) is probably due to the increasing importance
of surface NO2 species formed on the Ce sites. At these
elevated temperatures, gas-phase NO2 is less available as
determined by thermodynamic equilibrium (Fig. 5), and
surface NO2 on the Ce sites may be the major source of
this important reaction intermediate.

Characterization of Ce–ZSM-5 samples by UV-VIS DRS
shows that both Ce3+ species and CeO2 co-exist in the Ce–
Ag–ZSM-5 catalysts. Oxidation of NO to NO2 conducted
over CeO2 demonstrated that CeO2 is an even better cata-
lyst for oxidation of NO to NO2 (18, 25). Therefore, we
believe that CeO2 formed on the catalyst surface may also
contribute directly to the enhancement of the SCR reaction.

As discussed before, Ag+ ions provide the main sites for
the SCR reaction. In the presence of cerium, higher disper-
sion of silver was achieved as shown in Figs. 7d and 8b, espe-
cially at high Ag loadings. Migration of silver may, thus, be

inhibited by cerium. Ag is stabilized by cerium and retained
in dispersed oxidized state which favors the SCR reaction.
All structural evidence from Ce–Ag–ZSM-5, namely, the
TEPHANOPOULOS

lower extent of clustering shown in Figs. 7d and 8b, the
lower surface Ag/Si ratio in Fig. 10, and the absence of the
420-nm metallic silver band in Fig. 12c, clearly shows cerium
plays a major structural role in Ce–Ag–ZSM-5: it stabilizes
silver in a highly dispersed and ionic state. A similar struc-
tural function of cerium has been reported in the Ce–Cu–
ZSM-5 system for NO decomposition (16, 29).

Addition of cerium into Ag–ZSM-5 suppresses the activ-
ity of Ag–ZSM-5 for CH4 combustion, as shown in Figs. 2b,
3, and 4. The rate of CH4 oxidation over Ce-promoted Ag–
ZSM-5 decreased also for the sample with Ag/Al= 0.22
(Table 3). In this material, silver initially existed in dispersed
Ag+ form even in the absence of cerium. At present, we do
not have adequate data to explain the suppression of CH4

combustion at low Ag/Al ratios. One possibility is that in
the absence of cerium, the aggregation of silver may be
fast at high temperature. As the Ag/Al ratio increased, i.e.,
when silver particles were formed, the rate of CH4 com-
bustion increased and approached that of the unpromoted
Ag–ZSM-5 samples (Figs. 3 and 4). This is in line with the
activity of metallic silver particles for hydrocarbon combus-
tion, including methane (23, 33, 34, 43, 44).

CONCLUSION

Addition of a small amount of Ce in Ag–ZSM-5 pro-
motes both the activity (rate of NO reduction to N2) and
the selectivity of the catalyst for the SCR of NO by CH4

in the presence of excess oxygen. Different correlations
between catalyst activity and Ce and Ag exchange levels
were identified in this work for the CH4–SCR reaction and
CH4 combustion. Increase of Ce loading to 1.5 wt% in-
creases the rate of NO reduction to N2, while it decreases
the rate of methane combustion. Catalysts with high Ag ion
exchange level (>50%) are more active for methane com-
bustion, while those with low Ag loading are more effective
for the SCR reaction.

The activity and selectivity of Ce–Ag–ZSM-5 for the SCR
reaction are closely related to the dispersion and oxidation
states of silver and cerium. Cerium is present in two ox-
idation states, 3+ and 4+, primarily in the form of CeO2

clusters of 1–3 nm on the zeolite surface. Silver exists as
isolated ions, clusters, and metallic particles of 8–12 nm on
the zeolite surface. The dispersed silver state provides sites
for the SCR reaction, i.e., the formation of N2, while metal-
lic Ag particles are active for CH4 combustion.

The major functions of cerium in the Ce–Ag–ZSM-5 sys-
tem have became clear in this work; namely cerium cata-
lyzes the oxidation of NO to NO2 and suppresses CH4 com-
bustion. Most importantly, the incorporation of cerium into
Ag–ZSM-5 stabilizes silver ions and keeps them dispersed,

thus suppressing the formation of silver particles, which
are more active for the competing methane combustion
reaction.
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