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The deactivation of mordenite-type zeolite catalysts for the se-
lective reduction of NO by hydrocarbons in the presence of SO, was
examined in a packed-bed flow reactor system. The physicochemi-
cal properties of the deactivated catalysts by SO, were extensively
characterized by TGA, TPSR, XPS, Raman, XANES, the measure-
ments of surface area and elemental analysis. Not only the surface
area and sulfur content of the deactivated catalysts, but their TGA
and TPSR patterns strongly suggest the formation of a sulfur species
as a deactivating agent on the catalyst surface. It is also observed
that the sulfur species exists in the form of sulfate (sof;) by XPS
and Raman. It mainly causes the loss of NO removal activity of the
catalysts. The sulfate species formed on the deactivated catalysts
by SO, did not significantly alter the chemical environment of the
copper ions contained in the zeolite catalysts such as CuHM and
CuNZA. It does not exist in the form of cupric sulfate pentahydrate
on the catalyst surface as revealed by Cu K-edge absorption spectra
of the catalysts. (© 1998 Academic Press

INTRODUCTION

Selective catalytic! reduction of NOy by hydrocarbons
has been investigated, not only as an alternative technology
of NOy reduction by NH3 which is commercially available
for the reduction of NOy from stationary sources such as
industrial and utility boilers but as a new technology reduc-
ing NOy from the exhausts of lean-burn gasoline and diesel
engines. A number of catalysts have been extensively exam-
ined by previous studies for this technology (1-10). Transi-
tion metal ion-exchanged zeolite catalysts, mainly MFI and
MOR structure types such as ZSM-5 and mordenite exhibit
a high catalytic performance among the catalysts developed
so far.

Most of flue gas from the emission sources also contains
H,O vapor and SO,, as well as NOy, which may cause the
loss of NO reducing activity of SCR catalysts. Therefore,
their tolerances of the catalysts are essential for the success-
ful commercial application of the catalytic process. Since
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the significant loss of NO removal activity of the transition
metal ion-exchanged zeolite catalysts was observed for the
reduction of NO by hydrocarbons in the wet feed stream
(1, 4,9, 11-13), the recent studies of this technology mainly
concerned elucidation of the cause of the catalyst deacti-
vation by H,O (14-18). Therefore, the effect of SO, on the
activity loss of the catalysts employing hydrocarbons as a
reductant has not been widely studied yet.

The influence of SO, on the performance of Cu-ZSM-5
catalyst for NO reduction by CsHg was reported by
Iwamoto et al. (20), observing the slight decrease of the
deNOxy activity by the addition of SO, to the feed gas stream
during the course of reaction. The conversion of NO at the
reaction temperature of 300°C, however, was completely
recovered when the feed of SO; to the reaction stream was
terminated. They suggested that the loss of the removal ac-
tivity of the catalyst is probably due to the alteration of the
copper ionic state on the catalyst surface. However, they
did not further characterize the deactivated catalyst by SO,
to elucidate the cause of the loss of NO removal activity.

A moderate deterioration of the deNOy performance
over Cu-mordenite catalyst for the reduction of NO by
CsHg with SO, was previously observed by Mabilon and
Durand (21), while the performance of the oxidation reac-
tion of C3Hg was significantly inhibited by SO,. Although
the recovery of the oxidation activity of C3Hg to COy was
not observed by termination of the SO, feed to the reaction
stream, NO conversion was immediately restored to the ini-
tial activity of NO removal. Recently, Li and Armor (22)
also examined the effect of SO, with and without H,O in the
feed gas stream on the deNOy efficiency of Co-ZSM-5 and
Co-ferrierite catalysts for the reduction of NO by CHy. Its
effect on the catalytic performance for the reduction with-
out H,O strongly depends on the types of catalyst, as well
as on the reaction temperatures. It is primarily due to the
sulfur poisoning of cobalt ionic sites on the catalyst surface.

The study for the influence of SO, on the reduction of NO
by hydrocarbons was not sufficiently made in the current
literature to investigate the cause of the catalyst deactiva-
tion by SO,. Furthermore, the deactivation mechanism of
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zeolite catalysts for NO reduction by hydrocarbons with
SO, was not well understood yet. The water tolerance of
mordenite-type zeolite catalysts has been previously exam-
ined for the selective catalytic reduction of NO by hydro-
carbons such as C,H,; and C3Hg (9, 16). Indeed, the cause
of the catalyst deactivation by H,O vapor included in the
feed gas stream has been extensively studied for the same
reaction system (16). When 1000 ppm of SO, was admitted
to NO reduction by hydrocarbons over the zeolite catalysts,
the sulfur tolerance of the catalyst has been also observed
in the previous work (23).

In the present study, a deactivating agent formed on the
surface of mordenite-type zeolite catalysts was identified
to elucidate the cause of the loss of the deNOy activity of
the catalysts for NO removal reaction by SO,. The role of
Cu?* ions on the catalyst surface attributed to the catalyst
deactivation was also investigated by the characterization
of the catalysts before and after reaction with TGA, TPSR,
XPS, Raman, and XAS.

EXPERIMENTAL

Catalyst Deactivation by SO,

Hydrogen mordenite (HM) and Cu-exchanged hydrogen
mordenite (CuHM) were obtained from synthetic mor-
denite, Zeolon 900Na (PQ Corp.). A natural zeolite (NZ)
mainly containing mordenite-type zeolite mined from
Youngil, Korea was also employed to prepare CuNZA
(copper ion-exchanged natural zeolite) catalyst (24). Fol-
lowing the procedure for ion exchanging, drying, and cal-
cining as described in the previous studies (9, 16,24), CUHM
and CuNZA catalysts containing Cu ions of 3.5 (Cu/Al =
0.24) and 1.8 wt% (Cu/Al=0.22), respectively, were em-
ployed in the present study.

The sulfur tolerance of mordenite-type zeolite catalysts
such as HM, CuHM, and CuNZA for the selective reduc-
tion of NO by hydrocarbons has been observed in a fixed-
bed flow reactor system with the reaction mixture, including
500 ppm of NO, 1000 ppm of C,H,4 or 2000 ppm of C3Hs,
4.2% of O,, 1000 ppm of SO,, and He as a balance gas (23).
A detailed description of the reaction system and experi-
mental conditions has been described in the previous works
(9, 23). The deNOy performance of the catalysts for NO re-
moval reaction by hydrocarbons with SO, at the reaction
temperatures of 360 and 400°C has been observed during
more than 12 h of the reactor on-stream time, as also ex-
amined in the previous study (23).

Catalyst Characterization

Surface areaand sulfur content measurements. The BET
surface area of the deactivated catalysts by SO, was mea-
sured with a Micromeritics Accusorb 2100E using liquid
N, at 77 K after the catalysts were pretreated in vacuo at
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180°C for 10 h. The contents of sulfur and carbonaceous
deposits on the surface of the deactivated catalysts were
also determined by an oxidation method with a LECO SC-
132 Sulfur Systems and CS-044 Carbon & Sulfur 781-000
Systems (LECO Co.).

Thermogravimetricanalysis (TGA). Theweightchange
of the deactivated catalysts by SO, was examined with a
SEIKO I 300 instrument, using about 10 mg of sample and
the heating rate of 10°C/min. TGA patterns were basically
obtained within the temperature ranges from 25 to 800°C;
40 cm®/min of the flow rate of high purity He (99.9999%)
as a carrier gas was maintained during TGA analysis.

Temperature-programmed surface reaction (TPSR).
TPSR for the catalysts deactivated by the reaction
stream containing SO, has been examined with an on-
line quadrupole mass spectrometer (MMPC-200D, VG
Quadrupoles), which may provide the information on the
composition of a deactivating agent and its adsorption
strength on the catalyst surface. The deactivated catalyst
was charged into a quartz U-shaped reactor with 1/4”OD.
The reactor was surrounded by a cylindrical electric fur-
nace which is readily controlled by a PID temperature con-
troller with a K-type thermocouple. After the reactor is fully
purged by He at 50°C, its temperature was ramped from 50
to 800°C at the ramping rate of 10°C/min for the identifi-
cation of the desorbing compounds from the surface of the
deactivated catalysts such as H,O, CO, CO,, CHy, SO,, and
SOj3 by the mass spectrometer.

X-ray photoelectron spectroscopy (XPS). XPS spectra
for the deactivated catalysts were observed by a Perkin-
Elmer PHI 5400 XPS spectrometer using Mg K« primary
radiation (350 W). S and Cu 2p lines of the catalysts were
mainly examined with their self-supporting wafer after the
reduction of NO by hydrocarbons in the presence of SO..
The pass energy of the instrument was set at 72 eV. An en-
ergy width of 200 meV was also chosen in the present study.
A charging effect of the spectra was carefully corrected with
a carbon peak at 284.6 eV as a standard.

Raman spectroscopy. Raman spectra for HM, CuHM,
and CuNZA catalysts deactivated by SO, were observed
by a Spex 20 spectrometer equipped with a Spex Datamate
computer. The excitation of the zeolite catalysts has been
made with 514.5 nm line of a Spectra Physics 171 Ar ion
laser powered by a Spectra Physics 265 exciter. To minimize
local heating effects, where the laser beam impinges on the
catalyst surface, a rotating lens assembly was employed.

X-ray absorption spectroscopy (XAS). XAS experi-
ments for copper containing catalysts such as CuHM and
CuNZA were performed at Beam Line 7C of Photon
Factory in National Laboratory for High Energy Physics
(KEK-PF), Japan. The synchrotron radiation from the stor-
age ring (2.5 GeV, 300-250 mA) was monochromatized
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by a channel-cut Si (111) crystal monochromator. The
samples were ground into powder and then pressed into
self-supporting wafers without any binder. Cu K-edge ab-
sorption was examined for the Cu-exchanged catalysts at
room temperature before and after reaction with SO, as
well as for the reference chemicals such as Cu(OH), and
CuSOq - 5H,0.

RESULTS

Sulfur Tolerance of Mordenite-Type Zeolite Catalysts

As previously observed by Kim et al. (9), the deNOy per-
formance of the synthetic and natural zeolite catalysts for
NO removal reaction strongly depended on the types of hy-
drocarbon as a reductant. The synthetic mordenite catalysts
such as HM and CuHM exhibited a significant NO reduc-
ing activity when C,H, was employed as a reductant, while
C3Hg was favorable for the reduction of NO over CUNZA
catalyst. The influence of SO, on the deNOy activity of the
catalysts has been examined for these two kinds of reaction
condition (23) where the catalytic systems reveal the best
deNOy performance.

Figure 1 shows the deNOy activity maintenance of the
catalysts for NO removal reaction without and with SO..
About 6.5x 10~ mmol/g-s of NO removal rate (NO
conversion =60%) over HM catalyst at 360°C was attained
for NO reduction by C,H4 under the SO,-free condition
even during 11 h of the continuous operation of the reac-
tor. However, its NO removal activity gradually decreased
when 1000 ppm of SO; is introduced to the reaction system.
After the initial loss less than 0.7 x 10~°>mmol/g - s of the re-
moval rate (NO conversion = 10%) within 8 h, the catalytic
activity is still in a decreasing mode. The deNOy perfor-

Rate of reaction x 10° (mmol NO/g.s)

0 2 4 6 8 10 12 14
Reactor on-stream time (hr)

FIG. 1. Sulfur tolerance of HM (O, @), CuHM (A, A) and CuNZA
(O, W) catalysts (O, A, O) without SO,; (@, A, B) with SO,. Reaction
condition: NO 500 ppm, C,H,4 1000 (HM and CuHM) or C3Hg 2000 ppm
(CuNZA), O, 4.2%, SO, 1000 ppm, and T =360°C (HM and CuHM) or
400°C (CuNZA).
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TABLE 1
Physicochemical Properties of the Catalysts Deactivated by SO,

Sulfur content BET surface area

Catalyst (Wt%) (m?/g) SO2°/H* or Cu?*
HM? — 449 —

HMP 0.00 419 -

HME 1.10 384 0.15
CuHM? - 433

CuHMP 0.00 418 -

CuHM® 1.86 207 1.04
CuNZA? - 210

CuNZAP 0.00 210 -
CuNZA® 0.54 139 0.59

2 Fresh catalyst.
b After reaction without SO».
¢ After reaction with SO, of 1000 ppm.

mance of CuUHM catalyst at the same reaction temperature
decreased from the initial rate of reaction of 6.3 x 10~° (NO
conversion = 58%) to 4.0 x 10~°> mmol/g - s after 13 h of the
reactor operation with SO,. Although the activity mainte-
nance of the catalyst containing copper ions without SO, is
quite stable, the feed of SO, to the catalytic system caused
more rapid loss of its NO removal activity than that of HM
catalyst without Cu ions on the catalyst surface.

In the absence of SO,, the stable maintenance of the re-
action rate of CUNZA catalyst for NO reduction by C3Hg
at 400°C was also observed even for the reactor on-stream
time of 10 h, as shown in Fig. 1. The decrease of the ini-
tial rate of NO removal reaction, however, was more than
60% when SO is existing in the feed gas stream. No loss of
NO removal activity due to carbonaceous compounds de-
posited on the catalysts was anticipated during the course
of reaction without SO,. The deteriorating trend for the
oxidation reaction of the hydrocarbons such as C,H, and
CsHg in the presence of SO, was also similar to that for
NO removal reaction, regardless of the types of catalyst
employed in the present study.

Characterization of Deactivated Catalysts by SO,

BET surface area and sulfur content. The surface area
of the mordenite-type zeolite catalysts even after the reduc-
tion of NO by hydrocarbons without SO, was quite similar
to that of the fresh catalysts, as listed in Table 1. It confirms
that no carbonaceous compounds on the catalyst surface are
attributed to the loss of the deNOy activity of the catalysts.
About 10% loss of the surface area for HM catalyst was
observed by SO,, while more than 50% of the reduction of
the area appeared for the deactivated CuHM catalyst. For
CUNZA catalyst, about 30% of the surface area decreased
by the feed of SO, to the reaction stream.

The loss of the surface area and the sulfur content of the
deactivated catalysts by SO, strongly suggest the deposition
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of a sulfur species as a deactivating agent on the catalyst
surface. CuHM catalyst exhibited a higher sulfur deposition
on the catalyst surface than HM catalyst. It well agrees not
only with the decreasing trend of their BET surface areas
but with milder deactivation of HM catalyst than CuUHM
catalyst. It was also observed by Ham et al. (25) for the
reduction of NO by NH3; over CuHM catalyst. In addition,
the copper content of the catalysts such as CUHM (3.5 wt%o)
and CuNZA (1.8 wt%) also plays a crucial role for the loss
of surface area by SO, and the deposition of sulfur on the
catalyst surface.

TGA and TPSR. TGA for the deteriorated catalysts
by SO, was made to observe the decomposition of a de-
activating agent formed on the catalyst surface. As shown
in Fig. 2A, the continuous weight loss up to about 500°C
was examined over the fresh HM catalyst, which is mainly
due to the desorption of the adsorbed water on the catalyst
surface. The weight loss pattern of HM catalyst after the
reduction of NO by C,H,4 without SO, was similar to that
of the fresh catalyst. However, it differs from the pattern
for the catalyst deactivated by SO,, which exhibits the steep
weight loss rate at the ramping temperature of about 470°C.

Although the weight loss trend of the catalyst without
SO, was almost analogous to that of HM catalyst, the TGA
trend of CuHM catalyst deactivated by SO, was distinc-
tive as shown in Fig. 2B. It exhibited the significant weight
change at the temperature ranges from 420 to 680°C. The
degree of the weight loss of CUHM catalyst deactivated by
SO, seems to be much more severe than that of the deac-
tivated HM catalyst. It is probably due to the difference in
the amount of sulfur deposits on the catalyst surface.

Although the fresh CUNZA catalyst shows the similar
weight loss to HM and CuHM catalysts, the catalyst after
reaction with SO, presented the unique TGA patterns, as
revealed in Fig. 2C. The weight loss of CUNZA catalyst de-
activated by SO; initiating at about 400°C was much more
significant than that of the synthetic zeolites, even though
the sulfur deposition of the natural zeolite is much less. It
is mainly due to another compound formed on the cata-
lyst surface during the course of reaction such as a reaction
intermediate as shown in Fig. 2C. ¢ for the catalyst after re-
action without SO,. It should be noted that the TGA simply
exhibits the total weight loss of the catalyst, regardless of
the composition of the compounds. It will be further exam-
ined by TPSR. The TGA pattern for the deactivated cata-
lysts also suggests the presence of a deactivating agent on
the catalyst surface causing the decrease of the deNOy per-
formance during the course of NO removal reaction with
SO..

The surface sulfur compound on the deteriorated cata-
lysts by SO, was carefully examined by TPSR, which may
provide the information on the major species on the catalyst
surface responsible for the loss of NO removal activity by
SO,. As depicted in Fig. 3, the desorption of SO, from the
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FIG. 2. TGA profile for the deactivated catalysts by SO,: HM (A);
CuHM (B); CuNZA (C). (a) fresh catalyst; (b) after reaction with SO,;
(c) after reaction without SO,.

surface of the deactivated catalysts was evidently observed
at temperatures higher than 400°C, regardless of the types
of catalyst employed in the present study. The maximum
desorption peak of SO, over HM catalyst was developed at
630°C. CuHM catalyst showed an unique desorption profile
of SO, compared to that of HM catalyst, which exhibits
three kinds of maximum desorption peaks at 450, 600, and
680°C. The desorption pattern of SO, for CUNZA catalyst is
quite similar to that of CuHM catalyst. It may be due to the
peculiar role of Cu?* ion for the formation of a deactivating
agent on the catalyst surface. In addition, the amount of
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FIG.3. TPSR profile for the deactivated catalysts by SO,.

SO, desorption from the catalyst surface was proportional
to the sulfur deposition of the catalyst as listed in Table 1,
although the weight loss of CUNZA catalyst by TGA differs
from the catalyst sulfur contents.

XPS and Raman. S 2p XPS spectra for the deacti-
vated catalysts by SO, were examined to identify a sulfur
compound as a deactivating agent on the catalyst surface.
Figure 4 shows S 2p bands on the surface of the deteriorated
catalysts. The S 2p line at the binding energy of 169.4 eV was
observed for the synthetic zeolite catalysts, HM and CuHM,
deactivated by SO,. Itiswell known that XPS bandsat 161.0
to 162.8 eV (26-28) and at about 164.0 eV (26, 28, 29) of
the binding energies represent sulfide and elemental sulfur,
respectively. The peaks at 167.8 to 171.0 eV, however, can
be uniquely found for sulfates (26, 30). It indicates that the
sulfur compound deposited on the surface of the deacti-
vated catalysts exists in the form of sulfate (sof;) species
which may be mainly attributed to the loss of the catalytic
activity for NO removal reaction by SOs.

The similar S 2p XPS line to CUNZA catalyst deactivated
by SO, was also observed, as depicted in Fig. 4. The peak at
168.4 eV of the binding energy appeared over the catalyst,
indicating that the sulfur compound on the catalyst surface
also exists in the form of sulfate species. It should be noted
that the sulfate species on CuNZA catalyst exhibited XPS
band at lower binding energy than that on the synthetic
zeolite catalysts.

The Raman shift for the deactivated catalysts by SO, was
examined to further identify the sulfur species on the cata-
lyst surface. The Raman spectra for the synthetic zeolite
catalysts deactivated during the course of NO reduction by
C,Hy in the presence of SO, are shown in Figs. 5A and
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B. The band shift at about 975 cm~! was evident for HM
and CuHM catalysts after the reaction with SO,. When the
fresh catalyst treated with a 0.2 N H,SO, solution followed
by drying at 300°C for 3 h was employed as a reference, it
also exhibited the Raman shift similar to the deactivated
catalysts by SO,.

Figure 6 shows the Raman spectra for CUNZA catalyst
deactivated by SO, included in the feed gas stream. The ab-
sorption band due to the sulfate on the catalyst surface was
also found in the similar region, 973 cm~? to that of HM and
CuHM catalysts shown in Fig. 5. The prominent absorption
band at 1120 cm~* was notably observed, regardless of the
catalysts employed in the present work. It is probably due
to silicates contained in the zeolite catalysts as an impurity
(31).

In addition, the Cu 2p XPS line of Cu-exchanged zeolite
catalysts, CuUHM and CuNZA, was also examined to in-
vestigate the effect of the sulfate species on the chemical
surrounding of the copper ions on the catalyst surface, as

(b)
(@
HM
35
s
2z
T
8 (b)
£
CuHM @
(b)
(@)
CuNZA

173 171 169 167 165
Binding energy (eV)

FIG. 4. S2p XPS spectrafor the deactivated catalysts by SO,: (a) after
reaction without SO; (b) after reaction with SO.
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FIG.5. Raman spectra for the synthetic mordenite catalysts deactivated by SO,: HM (A) and CuHM (B). (a) fresh catalyst; (b) after reaction with

SOy; (c) fresh catalyst treated with a 0.2 N H,SO, solution.

depicted in Fig. 7. Each of the j=1/2 and 3/2 components
over CuO and Cu0O, respectively, as a reference for di-
valent and monovalent copper compounds exhibits a two-
peak structure. Itis in good agreement with the XPS spectra
for the reference chemicals (32, 33). The main Cu 2p peaks
as indicated by an upward arrow in Fig. 7 are found for
both references: 932.2 to 933.7 eV (Cu 2p 3/2)and 952.3 to
954.0 eV (Cu 2p 1/2). However, the shake-up structures at
about 942.2 (Cu 2p 3/2) and 962.5 eV (Cu 2p 1/2) are ob-
served only for CuO, which is evidence for the existence

C)]
B
s
2 |
0
§ (b)
=
] (c)
I T T T T T
200 500 800 1100 1400 1700 2000

Raman shift (cm™)

FIG.6. Raman spectra for CUNZA catalyst deactivated by SO,.
(a) fresh catalyst; (b) after reaction with SO,; (c) fresh catalyst treated
with a 0.2 N H,SO4 solution.

of divalent copper. The copper-exchanged zeolite catalysts
without and with SO, obviously appeared the Cu 2p 3/2 and
1/2 satellites at about 944.2 and 963.6 eV, respectively. It
indicates that the chemical state of the copper ions on the

Cuz0

N

b
-
S
N

2p3,

CuO

S QL)

(T E
(CCC S
T

—

962.5

“Suse

f main peak
& shake-up

954.0

942.2
933.7

T T T T T T T T T
975 970 965 960 955 950 945 940 935 930 925

Binding energy (eV)

FIG. 7. Cu2p XPSspectraforthe deactivated catalysts by SO,: CUHM
(a, b, c) and CuNZA (d, e, f). (a, d) fresh catalyst; (b, e) after reaction
without SOy; (¢, f) after reaction with SO,.
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FIG.8. CuK-edge XANES spectra for Cu(OH); (---) and CuSOy, -
5H,0 (---) as a reference.

surface of the catalysts was not altered at all, even during the
course of the reduction of NO by hydrocarbons with SO..

XANES. The effect of the sulfate species on the elec-
tronic structure of Cuions was further examined by X AS for
the deactivated catalysts, CuUHM and CuNZA, along with
the references. Asshown in Fig. 8, the Cu K-edge absorption
peak at 8974 eV due to the 1s-3d transition (peak I) is ob-
served for the cupric sulfate pentahydrate (CuSO, - 5H,0)
and copper hydroxide (Cu(OH).,) as a reference employed
in this study which exhibit the typical characteristic of Cu
K-edge structure of divalent copper (34). With peak Il at
about 8985 (1s-4p & transition, out-of-plane) and 8988 eV
(1s-4p & transition, in-plane), the peak IV which reflects
the 1s-4p o (in-plane) transition also appeared for the refer-
ence chemicals (35, 36). Particularly, the peak V by multiple
scattering was also observed for the references.

Figure 9A shows the Cu K-edge XANES spectra for
CuHM catalyst after SCR reaction with and without SO..
The pre-edge absorption peak I at 8974 eV was still main-
tained even after the reaction with SO,. The edge position
of the deactivated catalyst by SO, is also identical to that of
the fresh catalyst, as well as that of the catalyst after reaction
without SO,. However, the slight alteration of absorption
at 9000 to 9018 eV was found for the deactivated catalyst,
compared to the catalyst after the reaction without SO..

Figure 9B presents the Cu K-edge absorption of CUNZA
catalyst deactivated by SO,. Peak | by the 1s-3d transition
also appeared for the catalyst, indicating that the copper
ions on the catalyst surface exist in divalent form even after
reaction with SO,. At the absorption region of the 1s-4p
7 transition (out-of-plane), the catalyst after reaction with
and without SO, is notably distinctive to the fresh cata-
lyst. However, the new absorption peak at the position was
observed for the catalyst, regardless of the presence of SO,
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in the feed gas stream. It is not primarily due to the effect
of SO, on the catalyst for the reduction of NO by C3Hs.

DISCUSSION

Cause of the Deactivation of Mordenite-Type
Zeolite Catalysts by SO,

The effect of SO, on NO removal activity of mordenite-
type zeolite catalysts for the reduction of NO by hydrocar-
bons has been already examined in the previous study (23).
The catalyst deactivation by SO, significantly depended not
only on the types of catalyst but on the cations included
in the zeolites (23). In the present work, the characteriz-
ing methods such as TGA, TPSR, XPS, Raman, and XAS,
along with the measurements of the surface area and sulfur
content of the deactivated catalysts were employed to elu-
cidate the cause of the loss of NO reducing activity by SO..

The HM catalyst exhibited lower sulfur content on the
catalyst surface than that of the CuHM catalyst. As listed in
Table 1, HM and CuHM catalysts after SCR reaction with

v
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FIG.9. CuK-edge XANES spectra for CuHM (A) and CuNZA (B)
catalysts deactivated by SO,: (- - -) fresh catalyst; (-- --) after reaction
without SOy; (- - - -) after reaction with SO,.
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SO, contain the sulfur depositions of 1.10 (0.34 mmol
SO:~/g-cat) and 1.86 wt% (0.58 mmol SO%~/g-cat), respec-
tively. It shows that 1 mol of Cu?" ion in the CuUHM catalyst
was occupied by about 1.04 mol of SOE‘, while 1 mol of H*
in the HM catalyst by 0.15 mol of SOﬁ‘. It also reveals that
the population of SO3~ on Cu?" ions in the CuHM catalyst
is about seven times higher than that of the HM catalyst.
It well agrees with the previous observation that the HM
catalyst has shown stronger sulfur tolerance than the CuUHM
catalyst (23). It indicates that the formation of a deactivat-
ing agent containing a sulfur species on the catalyst surface
was notably promoted by Cu ions in the zeolite catalyst.
Therefore, the sulfur compound is dominantly responsible
for the loss of the deNOy performance of the catalysts dur-
ing the course of a SCR reaction in the presence of SO..
The decrease of NO removal activity of the HM catalyst
in two steps is probably due to the pore blockage by the
deactivating agent through the initial transition period of
the catalyst deactivation by SO,. However, the sudden loss
of deNOxy activity was not observed for copper-containing
catalyst, except in the early stage of the reaction, since the
deactivating agent can be formed faster on CuHM than on
HM catalyst. It should be noted that the oxidation capabil-
ity of the catalyst, SO, to SO3 is much higher for copper-
containing catalyst than for copper free catalyst (25).

The sulfur deposition on CUNZA catalyst and the loss of
its surface area after reaction with SO, were milder than
those of CuUHM catalyst. The molar ratio of SO~ /Cu?* of
CuNZA catalyst is approximately 0.57 (0.17 mmol SOf,f/
g-cat). It shows that the occupation of SO?{ per Cu?* ionon
the catalyst surface is about 60% of the SO%~/Cu?* ratio of
CuHM catalyst. However, the reaction rate of the CUNZA
catalyst for NO reduction has immediately decreased from
10.0 x 10> to 3.2 x 10~°> mmol/g - s, when 1000 ppm of SO,
were admitted to the feed gas stream. It reveals that the
catalyst is very sensitive to the deactivation by SO,, even
though it exhibited a better maintenance of NO removal ac-
tivity than the synthetic mordenite catalysts with H,O vapor
in the feed gas stream without SO, (16). The catalyst deac-
tivation by the carbonaceous compounds deposited on the
surface of CUNZA catalyst had not been anticipated dur-
ing the course of reaction without SO; as observed in Fig. 1.
Therefore, the loss of the deNOy activity of CUNZA cata-
lyst in the presence of SO, is primarily due to the formation
of the sulfur species on the catalyst surface.

In addition, the surface area of the fresh CuUHM catalyst
is about two times that of the fresh CUNZA catalyst. The
amounts of SO;~ deposition, based upon the surface area
of HM, CuHM, and CuNZA catalysts are 0.76, 1.34, and
0.82 umol/m?, respectively. The amounts of SOf{ deposited
on the synthetic mordenites are proportional to the extent
of the catalytic activity loss by SO,. Although the CUNZA
catalyst maintains lower surface coverage of SO3~ than the
CuHM catalyst, the former showed a much more severe
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decrease of the deNOy activity than the latter, as shown
in Fig. 1. It may be due to the structural deficiency of the
natural zeolite by impurities contained in the ores of natural
zeolite. It should be noted that the NZA catalyst mainly
includes mordenite-type zeolite but still contains impurities
such as feldspar and various kinds of metal oxide. They
may be useful for water tolerance of the present catalytic
reaction system, but not for sulfur tolerance. The structure
and impurities of the CUNZA catalyst has been extensively
examined in the previous work (24).

After the SCR reaction with SO,, the degree of decrease
in the surface area of the CuHM catalyst was more se-
vere than that of the HM catalyst. The surface area of the
CuNZA catalyst after the reaction with SO, also decreased
to 139 m?/g. The loss of the catalyst surface area prob-
ably arises from an unique pore structure of mordenite-
type zeolites employed in the present study. Mordenite
contains a two-dimensional channel network which com-
prises near-cylindrical noninterconnecting main channels
(6.95 x 5.81 A) running in the crystallographic (001) direc-
tion and small side pockets (3.87 x 4.72 A) (37). The kinetic
diameter (o) of the largest molecules being able to diffuse
into the main channels of mordenite is about 6.20 A.

Since the bond distance between S and O atoms in SO3~
is known to be 1.49 A (38), the diagonal length of O-S-O
bondinthe SO;™ anionisapproximately 2.58 A.Notethatit
was calculated from a tetrahedral structure of SO;~. When
two SO;~ anions are adsorbed on the cations (H* and/or
Cu?*) on opposite sides of the identical channel of mor-
denite, its effective pore diameter can be easily reduced to
about 1.84 A which is too small even for N, (o =3.64 A) to
diffuse into the partially blocked main pores. It indicates
that the surface area of the mordenite-type zeolite cata-
lysts employed in the present study can be significantly
decreased by deposition of SO?{ on the catalyst surface.
The recent results by Ham et al. (24) strongly support such
a speculation for the loss of the surface area of the cata-
lysts after reaction with SO,. They have observed that HM,
CuHM31 (2.3 wt% Cu), and CuHM58 (4.2 wt% Cu) cata-
lysts lose their fresh surface areas by 35, 50, and 100%b,
respectively, even though NH3 is adsorbed on the catalyst
surface at room temperature.

The TGA pattern of the deactivated catalysts by SO,
quite differed from those of the catalysts after the SCR
reaction without SO, regardless of the types of catalyst
employed in the present work. It is due to the deposition
of the sulfur species on the catalyst surface after the reduc-
tion of NO by hydrocarbons with SO,. Although the weight
loss of the deactivated catalysts by the decomposition of the
sulfur compound as a deactivating agent is mainly initiated
at temperatures higher than about 400°C, the trend of the
weight loss of the CuHM catalyst was very distinctive com-
pared to that of the HM catalyst, but not to the CUNZA
catalyst, as observed in Fig. 2. The copper ion-exchanged
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catalysts have also exhibited the poor activity maintenance
for NO removal reaction with SO,, as revealed in Fig. 1.
It indicates that the copper ions in the zeolite catalysts are
strongly involved to the mechanism of the catalyst deacti-
vation by SO..

The sulfur compound as a deactivating agent examined
by TGA was explicitly observed during the TPSR for the
catalysts deactivated by SO,. Its desorption profile from
the catalyst surface varied with respect to the existence of
cations on the surface of the zeolite catalysts employed in
this work. The maximum desorption peak of SO, for the
HM catalyst appeared at about 630°C along with the initial
desorption at 470°C. Based upon the comparison between
the TGA and TPSR spectra of the catalyst with and without
SO,, the apparent loss of the catalyst weight at temperatures
higher than about 470°C is mainly due to the thermal de-
composition of the sulfur species deposited on the catalyst
surface.

The desorption profile of SO, for CuHM and CuNZA
catalysts quite differed from that of the HM catalyst, which
exhibited three kinds of desorption peak, as shown in Fig. 3.
Compared to the TPSR pattern of the HM catalyst deacti-
vated by SO, the copper ions accelerate the formation of
the sulfur species on the catalyst surface. Its major decom-
position into SO, on the CuHM catalyst was also observed
at a higher desorption temperature than on the HM cata-
lyst, indicating that the sulfur compound strongly interacts
with Cu ions on the catalyst surface. The desorption pattern
of SO, for the CUNZA catalyst is basically similar to that of
the CuHM catalyst. The TPSR spectra for the deactivated
catalysts can readily identify the presence of the deactivat-
ing agent formed on the catalyst surface. The amount of SO,
desorption from the catalyst surface at temperatures above
400°C is proportional to the sulfur content of the HM and
CuHM catalysts, as well as with the trend of their weight
loss observed in Fig. 2 by TGA. However, the degree of
SO, desorption at the temperatures differs from that of the
weight loss of CUNZA catalyst by TGA. It is presumably
due to the additional loss by the other compounds, including
the reaction intermediates on the catalyst surface, as exten-
sively discussed before. The desorption of other compounds
such as CO,, CO, H,0, and CH,4 was also observed for the
catalysts employed for TPSR study. Note that the amount
of SO3 desorbed from all catalysts was relatively negligible.

Based upon the alteration of BET surface area and sulfur
content of the deactivated catalysts by SO,, as well as the
patterns of TGA and TPSR of the catalysts, the formation
of the sulfur species as a deactivating agent on the cata-
lyst surface could be identified, regardless of the types of
catalyst and reductant employed in the present work. It is
strongly bounded on the surface of the catalysts, as it was
mainly decomposed into SO, at temperatures above 500°C.

The XPS and Raman studies of the deactivated catalysts
also provided a chemical nature of the sulfur species as a de-
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activating agent examined by the TGA and TPSR. The S 2p
XPS line of the deactivated catalysts was typically observed
as the binding energies ranged from 168.4 to 169.4 eV, as
shown in Fig. 4. With the XPS results for S 2p binding energy
of sulfur compounds such as elemental sulfur, sulfide, and
sulfate (26-30), the sulfur compound on the surface of the
deactivated catalysts by SO, exists in the form of a sulfate
species. It might be further confirmed by the Raman spec-
tra of the deactivated and H,SO,-treated catalysts revealing
the peak at about 975 cm~? due to the formation of the sul-
fate on the catalyst surface. It plays a crucial role for the
apparent loss of the deNOy activity of the zeolite catalysts
during the course of the reduction of NO by hydrocarbons
with SO,. The S 2p binding energy of the CUNZA cata-
lyst was slightly altered, compared to that of the HM and
CuHM catalysts, about 1.0 eV. It may indicate that the sul-
fate species on CuNZA catalyst is less solid-like than that
on the synthetic zeolite catalysts (39). It agrees well with
the TPSR spectra, where the sulfur compound on the sur-
face of HM and CuHM catalysts was decomposed at higher
temperatures than that on the CuNZA catalyst.

A Role of Cu?* lons for the Catalyst Deactivation by SO,

The effect of SO, on the selective reduction of NO by
hydrocarbons over transition metal-exchanged zeolite cata-
lysts has been examined (9, 15, 20-23), but the deactivation
mechanism by SO, is not clear yet. There is an agreement
in the literature that the deNOy efficiency is significantly
reduced by exposing the catalysts to the feed gas stream
containing SO,. The decreasing rate of the activity for NO
reduction by hydrocarbons in the presence of SO; has been
faster over the Cu-exchanged mordenite-type zeolite cata-
lysts than over the catalyst without Cu ions. It has been also
observed for the reduction of NO by NH3 with SO, (25). It
implies that the copper ions exchanged in the zeolite cata-
lysts play an important role for the catalyst deactivation by
SO..

Based upon the characteristics of the deactivated HM
and CuHM catalysts by SO, the degree of the decrease of
surface area and the increase of sulfur deposition for the
CuHM catalyst is more significant than for the HM cata-
lyst. In addition, the TGA and TPSR profiles of the CuUHM
catalyst quite differed from those of the copper-free cata-
lyst. These observations for the catalyst deactivation by SO,
may be evidence for the unique role of Cu ions which not
only enhance the formation of the sulfate species as a de-
activating agent but also stabilize the agent on the catalyst
surface. Since the NZA catalyst apparently showed low NO
reducing efficiency within the ranges of the reaction temper-
atures covered in this study, less than 20% of NO conversion
even without SO,, the effect of SO, on the reducing activ-
ity of the catalyst has not been examined. The copper-free
natural zeolite catalyst, NZA, is believed to be much less
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sensitive to SO, than the CuNZA catalyst, as observed for
the synthetic zeolite catalysts, HM and CuHM. Therefore,
the role of the copper ions in the natural zeolite catalyst for
the deactivation by SO, may be similarly anticipated, as it
was for the synthetic zeolite catalyst.

The inner-shell XPS spectra of divalent copper com-
pounds show strong shake-up to the main peak, which struc-
ture is very sensitive to the chemical surrounding the cop-
per (40). Therefore, the energy separation (AEqs) between
their satellite and main peak is very unique. As shown in
Fig. 7, AEms for CuO is approximately 8.5 eV. The value
of AEms for CuHM and CuNZA catalysts, 9.5 eV, was con-
sistently maintained even for the catalysts deactivated by
SO,. This indicates that the electronic environment of the
copper ions on the catalyst surface may not be significantly
altered, even after the reduction of NO under the deactivat-
ing condition including SO,. However, the copper sulfate
pentahydrate (CuSQO, - 5H,0) as a reference exhibited the
main-satellite separation of 7.5 eV. It also reveals that the
sulfate species on the surface of the deactivated catalysts
does not exist in the form of CuSO, - 5H,0.

Fundamentally, AEqs of Cu(ll) compounds becomes
smaller as the electro-negativity of the ligand increases, i.e.,
6.2 eV for CuF; (41), 8.5 eV for CuO (32), 8.6 eV for CuCl,
(41), and 9.5 eV for CuBr; (41). The Pauling-scale electro-
negativities of F, O, Cl, and Br as a ligand are 3.98, 3.44, 3.16,
and 2.96, respectively (42). The group electro-negativity of
SO, is also 3.7, as previously calculated by McDaniel and
Yingst (43). Therefore, AEns for CuSQy, 7.5 eV lies be-
tween CuF, and CuO. The sulfate compound identified by
XPS and Raman observations for the deactivated catalysts
may exhibit similar electro-negativity to SO4. However, not
only AEns of the copper-ion-exchanged catalysts, 9.5 eV is
much higher than that of CuSQy, but also the energy sep-
aration is not distinctive, even for the catalysts deactivated
by SO,. It may reveal that the sulfate species formed on the
catalyst surface does not notably alter the chemical envi-
ronment of the copper ions in the zeolite catalysts.

The XANES spectra of CuHM and CuNZA catalysts can
also draw the information for the electronic structure of
the copper ions on the catalyst surface. The 1s-3d transition
was observed for cupric sulfate pentahydrate and copper
hydroxide, as well as for the catalyst deactivated by SO,
but the significant 1s-4p = (in- and out-of-planes) transition
and multiple scattering (35, 36) did only for the references.
Based upon the Cu K-edge XANES spectra for the cata-
lysts depicted in Figs. 8 and 9, no electronic environment
of the copper ions contained in the zeolite catalysts was
analogous to that of the references. It reveals that the sul-
fate species formed during the course of the NO removal
reaction with SO, was not similar to the cupric sulfate pen-
tahydrate which contains the copper ion surrounded by a
tetragonally distorted octahedron of oxygen atoms (44). It
might partially surround the copper ions on the catalyst sur-
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face, as previously suggested by Choi et al. (45) and Hamada
et al. (46).

Since Cu ions on the zeolite surface exist in an isolated
environment, they may interact with the sulfate species on
the catalysts deactivated by SO,. They may also contain the
characteristic of the coordinate covalent bond, where Cu
ions and sulfate species may act as a Lewis acid and base,
respectively (47). The ligands such as H,O, NHj3, (C2Hs)3P,
and CO as a molecule and CI~, CN™, OH™, NO;, and
C,03%™ asan ionic species should at least contain a lone pair
of electrons to form a coordinate covalent bond between
metal ions and ligands (48). It should be noted that the
sulfate species formed on the deactivated catalysts contains
the lone pairs of electrons on O atoms which surround
the S atom of an SO, group. It suggests that the sulfate
species can interact with Cuions on the surface of the zeolite
catalysts.

CONCLUSIONS

The CuHM catalyst exhibited higher sulfur deposition on
the catalyst surface than the HM catalyst, which agrees well
with the loss of their BET surface area. It also supports that
the HM catalyst showed milder deactivation of NO removal
activity than the CuHM catalyst. CUNZA, a strong water-
tolerant deNOy catalyst, also shows deactivation by SO,.
The sulfur deposition and the reduction of the surface area
of the catalyst are apparent as the deactivation proceeds.
TGA and TPSR for the deactivated catalysts by SO, suggest
the formation of a deactivating agent containing sulfur on
the catalyst surface.

The sulfur species as a deactivating agent is strongly
bounded on the surface of the catalysts, as it is mainly de-
composed into SO, at temperatures higher than 500°C. It
exists in the form of sulfate (SOﬁ‘) which mainly causes the
loss of the deNOy activity of the catalysts as examined by
XPS and Raman. Based upon the XANES spectra for the
CuHM and CuNZA catalysts after the reaction with SO,
the sulfate species on the deactivated catalysts does not ex-
ist in the form of CuSO, - 5H,0. It simply interacts with Cu
ions on the catalyst surface.
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