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Abstract

Fe-exchanged zeolites were prepared by subliming e studied as catalysts for selective catalytic oxidation (SCO) of ammonia to
nitrogen in the presence of oxygen. Fe-ZSM-5 prepared by sublimation 0§ R&Z00°C showed excellent SCO performances at a very
high space velocity (GHSW 2.3 x 10° h™1). Over 99% NH conversion and nearly 100%Nelectivity were obtained at 40C. Among
Fe-ZSM-5 catalysts prepared by subliming at different temperatures (denoted in parenth&ggsthia catalytic performance decreased
in the sequence of Fe-ZSM-5 (709)Fe-ZSM-5 (600)> Fe-ZSM-5 (500), Fe-ZSM-5 (400), Fe-EB5 (350). Among different Fe-zeolite
catalysts prepared by subliming at 70D, the catalytic performance decreased in the sequence of Fe-ZSNF&MOR > Fe-FER>
Fe-Beta> Fe-Y which are similar to the Fe-zeolites prepared by aqueousdohange method. The activityrfthe SCR (selective catalytic
reduction) of NO with ammonia was also intigated on different Fe-zeolites. The FT-IRsudts supported the two-step mechanism: NO is
an intermediate for Biformation, NH; was first oxidized to NO by @ NO then reacts to the unreacted jtd produce N.
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1. Introduction the SCR of NO with ammonia in a secondary bed to oxi-
dize the residual ammonia topNwithout introducing other
The removal of ammonia from waste streams is becom- reactants into the gas mixeirThe SCO process can also
ing an important problem. Many chemical processes usebe applied to biomass-derived fuels for removing the large
reactants containing anomia or produce ammonia as a amounts of NH impurity [3,4]. Further applications of SCO
by-product. They are all plagued with the ammonia emis- are the treatment of reformat&s fuel cell systems and the
sion problem. Selective catalytic oxidation (SCO) of am- deodorization of ammonia-containing gases.
monia to nitrogen is potentially an ideal technology for re- Several types of materials have been reported to be ac-
moving ammonia from oxygen-containing waste gases andtive for SCO of ammonia to ) such as Pt, Rh, and Pd
consequently it has become of increasing interesting in re- exchanged to ZSM-8]; Ni, Fe, and Mn oxides supported
cent yearf1-11] Moreover, ammonia is used effectively on y-Al,0s [3,4], V20s/TiO», CuO/TiO,, and Cu-ZSM-
in power plants for NQ (x =1, 2) abatement by selective 5 [5]; CuO/ALO3 [6,7]; Cu-Mn/TiO, [8]; Fe-exchanged
catalytic reduction (SCR). In order to control the ammonia Ti0,-PILC [9]; Fe-exchanged ZSM-5 and other zeolites
slip, most processes are carried out under conditions such10,11} Fe,03-TiO, [12]; and manganese oxide-silica
that NHs/NO < 1, at the expense of decreased NO reduc- gerogels[13]. These catalysts exhibited activities for, N
tion efficiencies. For improvigthe NO reduction efficiency,  formation under various conditions. Amblard et [] re-
the use of stoichiometric or an excess amount of ammo- y4teq that among the transition-metal oxides supported on
nia is desirable. The SCO of ammonia can be applied to y-Al,03, Nily-Al,03, Mn/y-Al,03, and Fej-Al,03 were
the most active and selective catalysts for the SCO reac-
~* Corresponding author. tion. Wollner et al.[8] reported that Cu/Mn mixed oxides
E-mail address: yang@umich.edu (R.T. Yang). were good catalysts for ammonia oxidation to nitrogen and
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their activities were much higher than the individual com- the effect of the framework types of zeolites which have dif-
ponent oxides. Cavani and Trifif@4] studied the SCO of  ferent pore sizes and different/dil ratios, and the effects of
ammonia over YOs/TiO2 and found that the vanadium ox- different subliming temperatures on the SCO ancsNSCR.
ide supported on the rutile form of TiQvas more active and
selective to N at low temperatures (i.es 300°C). Among
these catalysts, manganese oxides showed interesting ac2. Experimental
tivity and selectivity at low émperatures, and Fe-ZSM-5
showed high activities for high-temperature SCO of ammo- 2.1. Preparation of catalysts
nia (i.e.,> 300°C). In our previous studies, we found that
iron-exchanged zeolites had high activities for SCR of NO  The starting materials used for preparation of the catalysts
with ammonia at high temperaturg®,11] are as follows. Ni-ZSM-5 (Si/Al ~ 10) was obtained from
For transition-metal ion-exchanged Y zeolites, pulse re- Alsi-Penta Zeolithe Gmbh (Germany). Mordenites (MOR,
action results showed that the activity for ammonia oxidation Si/Al = 6.4, 10, and 45), Nhtbeta (SfAl = 12.5), and
decreased in the sequence of Cu-\Cr-Y > Ag-Y > Co- NHg-ferrierite (FER, SiAl = 10) were obtained from Ze-
Y > Fe-Y > Ni-Y, Mn-Y, and the main product was nitro-  olyst International Company. Y zeolite (2il = 2.4) was
gen[1]. Gandhi and Shel€fl5] found that CuMoQ was obtained from Strem Chemicals. The non-Niérm zeo-
active for oxidation of NH to N, at 450-550C, but the ac- lites were first converted to NHzeolites by exchanging with
tivity and/or selectivity to N was inhibited by water vapor. 0.5 M NH4Cl solution (four times) at room temperature.
More recently, Li and Armof2] reported that Pt, Rh, and Pd FeCk was obtained from Aldrich.
exchanged to ZSM-5 or supported orp@®k showed good Fe-exchanged catalysts were prepared by chemical vapor
SCO performance in a wet stream. The metal ion-exchangedion exchange. This method was similar to that proposed by
ZSM-5 were more active and also less affected by water thanChen and Sachtlgi6]. FeCk (97%, Aldrich) was used as
the corresponding ADs-supported catalysts. Also, the no- the iron source. During the experiment, 2 g zeolite and 0.5 g
ble metal catalysts were more active thapOg/TiO» and FeCk, separated by glass wool, were loaded into a quartz re-
Co-ZSM-5[2]. actor. Subsequently, the reactor was heated to 350 6tG00
Recently, we studied the SCO reaction on a series of in flowing He (100 mfmin). FeCk was evaporated and then
transition-metal (Cr, Mn, Fe, Co, Ni, Cu, or Pd) ion- exchanged with H-zeolite according to the following reac-
exchanged ZSM-310]. The results showed that the cat- tion:
alytic performance (i.e., Nglconversion and N selectiv- ) .
ity) increased in the trend of Co-ZSM-+%& Ni-ZSM-5 < H-zeolite+ FeCl = [FeCp]-zeolite+ HCI. 1)
Mn-ZSM-5 < H-ZSM-5 < Pd-ZSM-5< Cr-ZSM-5 < Cu- After 1 h, the sample was removed and then washed
ZSM-5 < Fe-ZSM-5 at a high gas hourly space velocity with deionized water to eliminate chlorine (detected with
(GHSV=2.3 x 10° h~1). Nearly 100% of NH conversion silver nitrate solution). The catalysts were dried at 120
to N2 was obtained at 450C on the Fe-ZSM-5. overnight, then calcined at 50Q for 6 h in air. Finally, the
It has been found that Fe-exchanged zeolites have highobtained samples were ground and sieved to 60—100 mesh.
activities and selectivities to Nfor the SCO of ammoniaat  The Fe and Al contents in the samples were measured by
high temperatureld 1]. It was observed that both Ntton- neutron activation analysis. The iron-exchange level was cal-
version and N selectivity increased with iron content (with  culated by 3 (number of iron iongnumber of aluminum
iron-exchange levek 100%) at low temperatures for Fe- ions) because almost all iron was present &5 F€he cata-
ZSM-5[11]. In order to further increase the activity of SCO, lysts are denoted by Fe-zeolite)(wherex is the subliming
we need to increase the Fertent. Chen and Sachtlgi6] temperature inC.
have developed a method for the preparation of Fe-ZSM-
5 catalysts by subliming Feginto H-ZSM-5. Anhydrous 2.2. Catalytic performance measurement
FeCk is sublimated into H-form zeolites at high temper-
atures (e.g., 320C), where it reacts with zeolite protons The SCO activity measurementwas carried out in a fixed-
by H* + FeCk = [FeCh]* + HCl until all protons are re-  bed quartz reactor. The reaction temperature was controlled
placed by [FeGJ ™. After the reaction, chlorine is removed by an Omega (CN-2010) programmable temperature con-
by washing the samples with deionized water. This method troller. One hundred milligrams of catalyst was used in this
is very effective in obtaining high Fe-exchanged Fe-ZSM-5 work. The reactant gas was abied by blending different
catalysts in a reproducible manner. More recently, Krishna gas flows. The typical reactant gas composition was as fol-
et al.[17] studied the Fe-ZSM-5 catalysts prepared by sub- lows: 1000 ppm NH, 2% O, and balance He. The total
liming FeCk into H-ZSM-5 at different sublimationtemper-  flow rate was 500 mimin (ambient conditions). The pre-
atures for the SCR of NO with ammonia. mixed gases (1.0% Ngin He) were supplied by Matheson.
In this work, we studied the SCO of ammonia on the Fe- A magnetic deflection-type mass spectrometer (AERO VAC,
exchanged zeolites prepared by subliming Besbhilar to Vacuum Technology Inc.) was used to monitor continu-
Sachtler's metho(il6]. For these catalysts, we investigated ously the effluent gas from threactor, which contained NH
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(m/e = 17 minus the contribution of D), HO (m/e =
18), Np (m/e = 28), NO (n/e = 30), & (m/e = 32) and
N2O (m/e = 44). NO, (m/e = 46) was not detectable with
this mass spectrometer. Thencentrations of the unreacted
NH3 and the NQ formed were also continually monitored
with a chemiluminescent NO/NQanalyzer (Thermo Envi-
ronmental Instruments Inc. Model 42C), in which a high-
temperature converter converted pid NO, by the reaction
NH3 + O — NO, + H20. The NH; conversion was calcu-
lated by ([NOJ+ 2[N2] + 2[N20])/[NH3]o x 100%, where
[NH3]o is the initial NHg concentration. The selectivity is
defined as the percentage conversion of ammoniazo N
N-O, and NO. The data were kected when the SCO re-
action reached the steady stapically after 20-180minat  The wafers could be pretreated in situ in the IR cell. The
each temperature. wafers were first treated at 40G in a flow of high purity

The SCR activity measurement was carried outin a fixed- 2094 Oy/He for 0.5 h and then cooled to room temperature.
bed quartz reactor. The typical reactant gas composition Wasat each temperature, the background spectrum was recorded
as follows: 1000 ppm NO, 1000 ppm NH% G, and bal-  in flowing He and was subtracted from the sample spectrum
ance He. Typically 50 mg sample was used in each run. Thethat was obtained at the same temperature. Thus the IR ab-
total flow rate was 500 njinin (under ambient conditions).  sorption features that origired from the structure vibrations
Thus, avery high GHSV (gas hourly space velocity) was ob- of the catalyst were eliminated from the sample spectra. In
tained (46 x 10° 1/h). The premixed gases (1.01% NO in  the experiment, the IR spectra were recorded by accumulat-

He, 1.00% NH in He, and 0.99% S@in He) were supplied  ing 100 scans at a spectra resolution of 4ém
by Matheson. Water vapor was generated by passing He

ture in Q/He flow. The reduction of the sample was carried
out from room temperature to 70C in a flow of 5.32%
H2/N2 (40 ml/min) at 10°C/min. The consumption of &
was monitored continuously with a thermal conductivity de-
tector. The water produced during reduction was trapped in
a 5 A molecular sieve column.

2.4. FTIR studies

Infrared spectra were recorded on a Nicolet Impact 400
FTIR spectrometer with a TGS detector. A self-supported
wafer of 1.3 cm diameter was prepared by pressing a 15-mg
sample and then loaded into an IR cell with Ba#indows.

through a heated gas-wash botitataining deionized water.

The tubing of the reactor system was heat-traced to prevent

formation and deposition of ammonium sulfate/bisulfate and
ammonium nitrate. The NO and NQoncentrations were
continually monitored by the chemiluminescent NO/NO
analyzer. To avoid errors caused by the oxidation of ammo-
nia in the converter of the NO/NQanalyzer, an ammonia
trap containing phosphoric acid solution was installed be-

fore the sample inlet to the chemiluminescent analyzer. The

products were also analyzed by a gas chromatograph (Shi
madzu, 8A) at 50C with a 5A molecular sieve column for
N2 and a Porapak Q column for®.

2.3. Catalyst characterization

A Micromeritics ASAP 2010 micropore-size analyzer
was used to measure the Mdsorption isotherms of the
samples at liquid N temperature £196°C). The specific
surface area was determined from the linear portion of the
BET plot. The pore-size distiution was calculated from the
desorption branch of the Nadsorption isotherm using the
Barrett—Joyner—Halenda (BJH) formula. Prior to the surface
area and pore-size distributioneasurements, the samples
were degassed in vacuo at AaDfor 24 h.

The powder X-ray diffraction (XRD) measurements were
carried out with a Rigaku Rotaflex D/Max-C system with
Cu-K, (A = 0.1543 nm) radiation. The samples were loaded
on a sample holder with a depth of 1 mm.

In each H-TPR (temperature-programmed reduction)
experiment, a 50-mg sampleas loaded into a quartz reac-
tor and then pretreated ing®e (100 m)min) at 500°C for

0.5 h. The sample was then cooled down to room tempera-

3. Results
3.1. Characterization of catalysts

Fig. 1shows the XRD patterns of different Fe-ZSM-5 cat-
alysts prepared at different temperatures and pure HZSM-5.
The XRD patterns of Fe-ZSM-5 catalysts prepared at differ-
ent temperatures are similar to the patterns of HZSM-5, and

no peak for FgO3 species was observed. This indicated that
Fe,0O3 was dispersed well on the framework of ZSM-5.

Intensity (a.u)

10 15 20 25 30 35 40 45 50

2 Theta (°)
Fig. 1. XRD profiles of Fe-ZSM-5 catalysts prepared by different subliming

temperatures (a) H-ZSM-5, b) Fe-ZSM-5 (350), (c) Fe-ZSM-5 (400), (d)
Fe-ZSM-5 (500), (€) Fe-ZSM-5 (600), (f) Fe-ZSM-5 (700).
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Table 1

Characterization of the catalysts

Sample BET surface area fig) Pore volume (cr/g)  Fe-ZSM-5(700)
Fe-ZSM-5 (350) 3132 oeors | Fe-ZSM-5(350)
Fe-ZSM-5 (400) 3135 0073

Fe-ZSM-5 (500) 3007 0072 =

Fe-ZSM-5 (600) 2923 0081 s

Fe-ZSM-5 (700) 2522 0078 Z

Fe-MOR (700) 36619 013 s

Fe-FER (700) 2990 0084 £

Fe-Beta (700) 48B3 054

Fe-Y (700) 14815 0048

The BET surface areas and pore volumes of the Fe-zeolite
catalysts are summarized ifable 1 After iron exchange

and calcinations at differenemperatures for 6 h, the sur- 100 150 200 250 300 350 400 450 500 550 600 650

face areas of Fe-ZSM-5 decreased from 313 to 257/gm Temperature (°C)

As the calcination temperat increased, the surface area

decreasedTable 2 shows the Fe contents for Fe-ZSM-5 Fig. 2. Hp-TPR profiles of Fe-ZSM-5 catalysts.

samples obtained by sublimation of Fe@tk different tem-

peratures. was detected at any of the temperatures studied, and NO was

Fig. 2shows the H-TPR profiles of Fe-ZSM-5 obtained detected at lower temperatsréor all the catalysts. Among
by subliming at 350 and 70. Before the reduction, the them, Fe-ZSM-5 sublimed at 70C showed the highest ac-
samples were pretreated in/Ble at 400 for 30 min. A peak tivities for NHz oxidation to N at 350-450C. Ny selec-
at 400°C and a shoulder at 52@ were observed on the tivity increased with increasgitemperature. The conversion
TPR profiles for both catalyst&/hich can be attributed tothe  of ammonia for the different Fe-ZSM-5 catalysts decreased
reduction of iron species at two different sites. Integrations in the sequence of Fe-ZSM-5 (708) Fe-ZSM-5 (600)>
of area of the TPR peaks yielded antFe molar ratio of Fe-ZSM-5 (500), Fe-ZSM-5 (400), Fe-ZSM-5 (350).
close to 0.5. This indicates thalmost all of the iron was lo-
cated at exchange sites where it could only be reduced from3.3. SCO performance on different Fe-zeolites
+3 to+2 under this reduction condition. The result above is

consistent with the literature resufts,17] The catalytic performance of different Fe-zeolites pre-
pared by subliming at 700C for the SCO of NH is summa-

3.2. SCO performance on different Fe-ZSMI-5 prepared at rized inTable 4 Under the conditions of 1000 ppm NH2%

different temperatures 0,, and GHSV= 2.3 x 10° h~1, these catalysts showed var-

ious ammonia conversions at different temperatures. Among

The catalytic performance of Fe-ZSM-5 prepared by sub- them, Fe-ZSM-5 and Fe-MOR showed the highest activities.
liming at different temperatures for the SCO of Bli4 sum- Small amounts of NO were observed. The lowest SCO ac-
marized inTable 3 Under the conditions of 1000 ppm NH tivities were obtained on Fe-Y and Fe-Beta. With increasing
2% Op, and GHSV= 2.3 x 10° h~1, these catalysts showed temperature, more NO was produced on Fe-FER and Fe-
various ammonia conversions at different temperatures. NH MOR, while on Fe-Y and Fe-Beta the NO product decreased
conversion increased with raam temperature and all of the  after the temperature was higher than 460 These results
catalysts showed very high NHonversions. In all cases, suggest that the structure of zeolite has a strong effect on the
N2 was the main product for ammonia oxidation, neON SCO of NHs to Np for the Fe-exchanged zeolites. The maxi-

Table 2

Catalyst preparation conditiomsd Fe ion-exchange percentage

Catalysts Activation in FeCk sublimation Fe content lon exchang@ TOP?
He (°C/h) (°C/h) (Wt%) (%) (x10%/s)

Fe-ZSM-5 (350) 600/1 350/2 3 240 125

Fe-ZSM-5 (400) 600/1 400/2 6 267 126

Fe-ZSM-5 (500) 600/1 500/2 ! 252 126

Fe-ZSM-5 (600) 600/1 600/2 6 267 254

Fe-ZSM-5 (700) 600/1 700/2 8 192 364

@ Determined from neutron activation analysis.
b Overall TOF (turnover frequency) is defined as the number of Midlecules converted per Fe per second at°&501000 ppm NH, 2% O, at
23x10°hL.
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Table 3 Table 4

Catalytic performance of SCO over Fe-ZSM-5 prepared by subliming at Catalytic performances of SCO over various Fe-exchanged zeolites

different temperatures Catalys® Temp. NHjzconv. Selectivity (%) N yield

Catalyst Temperature NHzconversion — Selectivity (% °C % No N0 NO o

y B p (%)3 = NYC() )NO (°C) (%) N, N0 NO (%)
2 2 Fe-FER 350 18 95 0 5 17

Fe-ZSM-5 (350) 300 6 91 0 9 (ferrierite) 375 36 922 0 8 33
350 27 9% O 4 400 62 90 0 10 56
375 46 97 0 3 425 84 88 0 12 74
400 95 98 0 2 450 99 85 0 15 84
425 95 00 0 0 Fe-ZSM-5 350 63 9% 0 4 60
450 99 10 0 0 375 90 99 0 1 89

Fe-ZSM-5 (400) 300 6 91 O 9 400 100 100 0 0 100
350 29 9% O 4 425 100 100 0 0 100
375 47 97 O 3 450 100 100 0 0 100
400 94 9% 0 2 Fe-MOR 350 26 88 0 12 23
425 96 100 0 0 (mordenite) 375 48 94 0 6 45
450 99 00 0 0 400 74 97 0 3 72

Fe-ZSM-5 (500) 300 8 92 0 8 425 92 99 0 1 91
350 30 9% O 4 450 99 100 0 0 99
375 52 98 0 2 Fe-Y 350 12 89 0 11 16
400 94 99 0 1 375 28 84 0 6 23
425 95 00 0 0 400 50 76 1 23 38
450 99 0 0 0 425 78 69 6 25 58

Fe-ZSM-5 (600) 300 10 9% O 4 450 20 79 0 21 71
350 61 99 0 1 Fe-Beta 350 13 95 0 5 12
375 86 9 0 1 375 26 93 0 7 2
400 99 0 0 0 400 44 88 0 12 39
425 99 100 0 0 425 70 86 0 14 6@
450 100 0 0 0 450 89 92 0 8 8D

Fe-ZSM-5(700) 300 15 % 0 4 Reaction conditions: 0.1 g catalyst, [NH= 1000 ppm, [Q] = 2%, He=
350 63 99 0 1 balance, total flow rate- 500 ml/min and GHSV= 2.3 x 10° h~1.
375 90 100 0 0 a Catalysts prepared by subliming at 70D.
400 100 100 O 0
425 100 100 O 0 100
450 100 100 O 0

Reaction conditions: 0.1 g catalyst, [NH= 1000 ppm, [Q] = 2%, He=
balance, total flow rate 500 ml/min and GHSV= 2.3 x 10° h~1.

mum N yield by the Fe-exchanged zeolites decreased in the
sequence of Fe-ZSM-5 Fe-MOR > Fe-FER> Fe-Beta>
Fe-Y. The selectivity for NO was too low to be detected for
all the catalysts.

NO Conversion (%)

3.4. Catalytic performance of SCR of NO with ammonia
over Fe-zeolite catalysts

—e— 350

Selective catalytic reduction of NO with ammonia was
also studied on various Fe-based catalysts to demonstrate
the relationship between the SCR reaction and the ammo-
nia oxidation reactionFig. 3 shows the NO conversion on Fig. 3. NO conversions over Fe-ZSM-5 catalysts at different temperatures.
the various Fe-ZSM-5 Catalysts prepared by subliming at Reaction conditions: catalyst 0.05 g, [N@][NH3] = 1000 ppm, [Q] =
different temperatures. Alhe catalysts showed high activi- 2%, He= balance, total flow rate- 500 m/min, GHSV= 4.6 x 10°> h~2.
ties and high selectivities toNThe subliming temperature
affected the activity significantly, particularly at higher tem- the NO conversion on the various Fe-zeolite catalysts pre-
peratures. A higher subliming temperature led to a higher pared by subliming at 700C. Among them, Fe-ZSM-5 and
activity for the SCR reaction. This is very similar to the Fe-MOR showed the highest activities. The lowest SCR ac-
SCO reaction. The order of the different activities of the cat- tivities were obtained on Fe-Y and Fe-Beta. These results
alysts is Fe-ZSM-5 (700} Fe-ZSM-5 (600)> Fe-ZSM-5 suggest that the structure of zeolites also has a strong effect
(500) > Fe-ZSM-5 (400)> Fe-ZSM-5 (350)Fig. 4 shows on the SCR of NO with NH to N, for the Fe-exchanged

300 350 400 450

Temperature (°C)
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Fig. 4. NO conversions over Fe-zeolite catalysts at different temperatures.
Reaction conditions: catalyst 0.05 g, [N&][NH3] = 1000 ppm, [Q] =
2%, He= balance, total flow rate- 500 ml/min, GHSV= 4.6 x 10° h—1.

zeolites. More importantly, a link between the pIHCO re-
action and the NO SCR reaction became obvious.

3.5. Effect of H,O and SO, on NH3 conversion for
Fe-ZSMI-5 (700)

. . E)
Since the waste streams usually contain water vapor ands

small amounts of S§) we further studied the effects obB
and SQ on the catalytic performance of Fe-ZSM-5 (700)
for SCO of ammonia. For Fe-ZSM-5 (700), when 500 ppm
SO, and/or 2.5% HO was added to the reactants, jebn-
version was decreased only slightly by® (Fig. 5. SO
and BO + SO, decreased Nglconversion at 350—45(,

but the decrease was less significant at high temperatures.

N2 was again the dominant product for Neixidation in the
presence of KO and/or SQ.

3.6. FT-IR study

The IR spectra of Fe-ZSM-5 (700) and Fe-ZSM-5 (350)
at room temperature are shownRig. 6. The IR spectra of

125
100 —— > <
80
g
'S 60
2
]
g
S
O 40
< —&— Without H20 + SO2
= -0~ With H20
20 | —A—With SO2
—— With H20 + SO2
0 T r T T
325 350 375 400 425 450 475

Temperature (°C)

Fig. 5. Effect of HO and SQ on NHgz conversion for Fe-ZSM-5 (700).
Reaction conditions: catalyst 0.1 g, [NH= 1000 ppm, [Q] = 2%,
He = balance, 500 ppm S{Qwhen used), 2.5% water vapor (when used),
total flow rate= 500 ml/min, GHSV=2.3x 10° h~1,

Intensity

3800 3400 3000 2600 2200 1800 1400

Wavenumber (cm™)

Fig. 6. IR spectra of Fe-ZSM-5 (700) and Fe-ZSM-5 (350) at GQwith
empty cell as background. (a) Fe-ZSM-5 (700) and (b) Fe-ZSM-5 (350).

both samples are almost the same, several bands at 163Gt 1705, 1630, and 1280 cthwere observed. The bands at

1870, 1990, and 3740 cmh are observed. The weak band
at 3740 cn! can be assigned to hydroxyl stretching vi-
bration of the Si-OH group at crystal terminatifi8]. The
bands at 1990 and 1870 crare due to the zeolite overtone
bandg19]. The band at 1630 crit and the broad absorption
at 3000-3400 cm! are due the adsorbed water. The band at
3610 cnt! due to OH stretching of the Brgnsted agi®,
20] which is very small and is iaccordance with the results
obtained by Chen and Sacht[&6].

The IR spectra of ammonia adsorbed on Fe-ZSM-5
(700) at different temperatures are shownHiy. 7. Af-
ter the sample was treated in flowing 1000 ppm ke
for 30 min and then purged with He for 30 min at 30,
a strong band around 1470 chand several weak bands

1705 and 1470 cmt are due to the symmetric and asym-
metric bending vibrations, respectively, of NH that is
chemisorbed on the Brgnsted acid sites, while the bands at
1630 and 1280 cmt may be assigned to symmetric and
asymmetric bending vibration of the N-H bonds in f\NH
coordinately linked to the Lewis acid sitd21,22] The
above results indicated that there are many more Brgn-
sted acid sites than Lewis acid sites on the Fe-ZSM-5.
With increasing temperatuse the intensities of the 1630
and 1270 cm? bands increased while the intensities of the
1470 and 1705 cm bands decreased. This result indicated
that some NH species have desorbed and some of4NH
species were transformed to coordinately adsorbegd diH
Fe-ZSM-5.
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Absorbance (a.u)

Fig. 7. IR spectra of Fe-ZSM-5 (700) treated in flowing 1000 ppmgitté
at 30°C for 30 min and then purged by He at (a) 30, (b) 100, (c) 200, (d)

3200 2700 2200 1700 1200

Wavenumber (cm™)

300, and (e) 400C.

Intensity (a.u)

Fig. 8. IR spectra of Fe-ZSM-5 (700) treated in flowing 1000 ppm
NO/He + 2% O, at 30°C for 30 min and then purged by He at (a) 30,

e
o
J 0 < d
\\iﬁg@\/\/\/\
) [
=
2
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J\/M
1800 1600 1400 1200
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(b) 100, (c) 200, (d) 300, and () 46G.

Fig. 8shows the IR spectra of Fe-ZSM-5 (700) treated in
flowing NO + O, and then purged by He at different tem-
peratures. After the Fe-ZSM-5 (700) was heated to°ID0
in He, the bands at 1686 and 1570 chdecreased sharply,
while the band at 1624 cnt increased significantly. The
band at 1686 cm! was probably due to adsorbec®k
species since it is close to the IR band at 1690 trfor
gaseous O3 [24]. The bands at 1624 and 1570 chcan
be assigned to adsorbed h@nd nitrate species, respec-
tively [23,25-27] This result indicated that /D3 and ni-
trate adspecies desorbed or transformed te ld@species.
As the temperature was further increased above’@Q@he

1624 cnr! band also decreased.
The IR spectra of the reaction between ammonia and oxy- where the framework and surface hydroxyls also participate

gen are shown ifrig. 9. Fe-ZSM-5 (700) was first treated
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Fig. 9. IR spectra of Fe-ZSM-5 (700) treated in flow of 1000 ppngN+2%
Oo/He at (a) 30, (b) 100, (c) 200, (d) 300, and (e) 4@0

with Ox/He at 400 C for 30 min followed by cooling to
30°C. Then 1000 ppm NEland 2% GQ/He were introduced
into the IR cell and IR spectra were recorded as a function
of temperature. As the tempéuge increased, the intensity
of NH4* species decreased and the peak at 1870 amas
observed. The band at 1870 Tthcan be attributed to the
adsorbed NO species on¥esites[20,23,31]

4. Discussion

The results discussed above show that Fe-exchanged zeo-
lites prepared by subliming Fefare highly active for the
SCO of ammonia to nitrogen in the presence of oxygen.
Table 3shows the ammonia conversions on Fe-ZSM-5 cat-
alysts by subliming at different temperatures in the absence
of water and S@. All the catalysts showed high activities.
The best catalyst was prepared by subliming atf@More
than 99% NH conversion and nearly 100%N\electivity
were obtained on Fe-ZSM-5 (700) at 40D under the con-
dition of GHSV= 2.3 x 10° h~1. A comparison has been
made for the Fe-ZSM-5 catalysts prepared by subliming at
different temperatures, given fables 2 and 3lt is clearly
seen fromTables 2 and 3hat the subliming temperature
has a significant effect on the catalytic activities on SCO of
ammonia. Fe-ZSM-5 (700) has the highest TOF, indicating
that this catalyst contains theost active iron species. The
process during the catalyst preparation can be described as
follows[17]. Itis known that FeG at 320°C will be present
as a dimmer (F£Clg) [28]. The ion exchange could proceed
according to the following reactions:

FeClg + H-ZSM-5— FeCls-ZSM-5+ HCl, )
FeCls-ZSM-5— Fe-ZSM-5+ FeO, + 5HCI, 3)

in the reaction.
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At 700°C, FeCk will be present as a monomer (Fefl variable valence of iron cations in the Fe-exchanged zeo-
and the low iron content of the Fe-ZSM-5 catalyst (3ae lites might be beneficial to oxygen adsorption and activation
ble 2) could be due to the rapid ion-exchange process at under the SCO reaction conditions. The oxygen adspecies,
700°C: e.g., @, 0’ (1< 68 <2),and Q% have been observed

on Op-adsorbed F£O3 by IR spectroscopy33]. The high
FeCk + H-ZSM-5— FeCb-ZSM-5+ HCI. 4) cation capacities would lead to more iron ions in the Fe-

exchanged zeolites, which provide more active sites for oxy-
e ) gen adsorption and activation. Consequently, high activities
the presence af, §, andy sites in ZSM-5which are located ¢, o ymonia oxidation to blare expected on the catalysts
at straight channels, at the intersection of the straight and, i, high iron contents. The vapor-phase exchange can pro-
sinusoidal channels and in a boat-shaped site in sinusoida(,ide the higher exchange level of iron which results in the
channels, respectively. The dimer ¢E#s) preferentially oc- high activity of SCO.

cupies thew position along withf and y positions[17]. "} 5 als0 noted that Fe-exchanged zeolites also showed
Fe-ZSM-5 catalyst prepared by high temperature resulted in g, cejient activities for the selective catalytic reduction of

preferential occupation of positions. Although the andp NO to N, with ammonia as reductarfigs. 3 and % But
sites presented in straight channels and intersections are easpe SCR activity was higher than the SCO activity for the
ily available, these positions were not extensively occupied ggme catalyst, which was attributed to a higher reactivity
when the materials were pregarby sublimation or treated ¢ NH5 with NO, than with G [34]. Our results indicated
at 700°C because the Fe£is bound weakly at and g that almost all of NO was reduced to;Nby ammonia on
positions and migrates to the more stajplpositions or mi- Fe-ZSM-5 at 350-450C under the condition of GHSW
grates out to the crystal surfafr]. Sobalik et al[30] have 4.6 x 10° h~1 (Figs. 3 and % This catalysts were much more
proposed that, in Co-ZSM-5, thetype Co ions exhibitthe  active than Fe-Y, Fe-Beta, e-FER which are in line with their
weakest bonding followed by sites of medium strength of - rejative SCO performance (e.g. Nelectivity) obtained in
bonding to framework oxygens. Thesites showed highest  this work and other§l1]. By comparing the SCR activity
strength Co ions bound to the framework oxygens, similar to with SCO performance for the various Fe-exchanged zeo-
the above observation. lites, it can be seen that there is a good correlation between
The catalytic perforrance, especially Nselectivity, was  the SCR activity and the Nselectivity for the SCO reac-
found to decrease in a trend of Fe-ZSM>5Fe-MOR > tion; i.e., the higher SCR activity, the higher the Belec-
Fe-FER> Fe-Beta> Fe-Y (Table 4. More than 99% NH tivity. This conclusion indicates that when NO (the main by-
conversion and nearly 100%;Nselectivity were obtained  product) is generated during the SCO reaction, it can be fur-
on Fe-ZSM-5 at 400C under the condition of GHSW ther reduced to Blby unreacted ammonia through the SCR
2.3 x 10° h~1. The difference in the SCO performance may reaction. Similar results were also obtained ofO¥/TiO»,
be related to the various pore structure and size and surfacgyhich showed both high SCR activity and Nelectivity of
acidity for the Fe-exchanged zeolites. ZSM-5 has a unique SCO[1,2,5].
pore structure that consists of two intersecting channel sys-  The FT-IR spectra indicate that NHvere adsorbed on
tems: one straight and the other sinusoidal and perpendiculaiFe-ZSM-5 catalysts after the sample was treated with.NH
to the former. Both channel systems have 10-member ringNH3; molecules were adsorbed on the Brgnsted acid and
elliptical openings (0.52-0.5@m in diameter). The mor- | ewis acid sites of catalyst to generate NHons and coor-
denite pore structure consists of elliptical and nonintercon- dinated NH, respectively Eig. 7). In addition to the NH*
nected channels parallel to tkeaxis of the orthorhombic  jons and coordinated N& NH; species were also detected
structure. Their openings are limited by 12-member rings in the IR spectra, which indicated that hydrogen abstraction
(0.6-0.7 nm). It appears that zeolites with narrow, channel took place for some ammonia species. The IR spectra of
pore structures favor ammonia oxidation to nitrogen by oxy- NO + O, adsorbed on Fe-ZSM-5 were also studied.oNO
gen[11]. nitrate, and MOz species could be observed. With increas-
It is known that ammonia molecules can adsorb on the ing temperature, the bands due to nitrogen oxides adspecies
Brgnsted acid and Lewis acid sites of zeolites to generate,decreaseddig. 8). The NG adspecies was dominant at 100—
respectively, NH* ions and coordinated Ng Our previ- 300°C. The IR spectra in the flow of Nd-and @ were also
ous IR spectra showed that the NHions (at 1470 cm?) studied Fig. 9). With increasing temperature, the intensity
and the coordinated Ng{at 1280 cnml) can be detected on  of adsorbed ammonia specidscreased while the band at
Fe-ZSM-5 catalyst. Our previous XPS and ESR ¢agj on 1870 cnt increased. Frorfig. 9, the band at 1510 cnt
Fe-ZSM-5 indicated that iron tians were present mainly as  cannot be detected, which may have resulted from the high
Fe** ions with tetrahedral coordination, along with a small reaction rate between N+and NO species.
amount of F&" and aggregated Be ions. Also, the F&" For the SCO reaction, two pathways for oxidation of NH
ions could be partially reduced to #eions by H at 300— to N2 have been proposed in the literature. One is a direct
600°C (Fig. 2), but the oxidation was reversible whern O  route by the recombination of 2 NHspecies to NE-NH2
was introduced into the reduced catalyst at 50(32]. The and then oxidation of Np+NH> to N [35]. The other is a

Kaucky et al[29] and Sobalik et al[30] have proposed
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two-step route that involves oxidation of NHo NO, and
then reduction of N@ to N2 by NH3 [1,4]. According to
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