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The NHj3 reactivity was investigated over H-ZSM-5 and iron oxide deposited H-ZSM-5 by temperature-
programmed surface interaction (TPSI) of adsorbed NH3 (NHs(ad)) with NO, O,, and “NO +0,", and by
steady-state dynamic reactions consisting of “NH3 + NO”, “NH3 + 05", and “NH3 + NO + O,” systems. It was
found that O, primarily interacts with NH3(ad) on Brgnsted acid sites. NO mainly interacts with NH3(ad)
on Lewis acid sites, whereas its interaction with NH3(ad) on Brensted acid sites results in N, O formation.
TPSI provides direct evidence of the “fast” reaction of NO/NO, with NHs(ad) on Brgnsted acid sites in

izrvgz;dii “NO +0," environment, where O, concentration plays a critical role. Iron oxide enhances all interactions,
Selective catalytic reduction particularly those with NH3(ad) on Brgnsted acid sites, as witnessed by both TPSI and steady-state reac-
NO tions. But, iron oxide does not change the activation energy barrier for NH3 conversion, indicating that
NO, both acid sites and iron oxide are essential for NH3 SCR of NO. As a result, a dual mechanism over Lewis
ZSM-5 and Brensted acid sites was proposed.

Acidity © 2011 Elsevier B.V. All rights reserved.
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1. Introduction

As effective solutions to catalytically eliminate NOy in auto-
mobile aftertreatment systems, lean NOy trap (LNT) and selective
catalytic reduction (SCR) catalysts have received attention [1].
When operating a BaO-Pt/Al, 03 LNT model catalyst during the rich
cycle, NH3 was found to be the primary NOy reduction product. A
zeolite catalyst placed downstream of the LNT can capture this rich-
cycle generated NH3, and during the lean cycle the adsorbed NH3
can be used to reduce NOy via NH3-SCR [2,3]. The combination of
LNT with SCR opens a promising window for effectively treating
lean NOy emitted from diesel engines [4-6].

Fe-based zeolites, in particular Fe-exchanged ZSM-5, have been
recognized as highly efficient catalysts for NH3 SCR of NO [7-10].
So far, extensive studies have been done on the nature of active
Fe species. However, there are debates in the literature about the
role of non-framework iron species in Fe-exchanged zeolites, as
iron oxide (Fe,03 and Fe-O oligomers) and exchanged cationic
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iron species could co-exist [7,11-13]. The exchanged iron species,
including Fe2*, Fe3* or oxo-Fe3* cations were considered to be
active sites [9,10,12-15]. Some studies found that iron oxide in zeo-
lites was not active for the SCR reaction [14,16]. However, others
reported that supported Fe,03 [17-21] and dispersed iron oxide in
ZSM-5 [22-24] and in Beta [25,26] were highly active for NH3 SCR
of NO. In fact, iron oxide as catalytic component in Fe-BEA cata-
lysts with comparably high activity can be reproducibly prepared
by simple incipient wetness impregnation with Fe(NOs3 )3 [24-26]
and can be used for industrial scale applications. When SCR of NOy
was investigated with methane and butane as reducing agents over
(In,Fe)-zeolites, a significant increase of NOy to N, conversion was
observed, likely due to Fe;03 improving the NO to NO, reaction
rate [27].

Surface acidity is one of the most important characteristics of
a zeolite catalyst. The effect of acidity on NH3 SCR of NO has been
extensively investigated, but no clear conclusion has been reached
in the literature [13,28,29]. Although the number of Brgnsted acid
sites decreases with the increase of exchange degree of cationic
species, it is generally accepted that when SCR proceeds over
cation-exchanged zeolites, Brensted acid sites are required for the
activation of ammonia and reduction of NOx to N, [7,15,30,31],
and an acid-catalyzed step may be rate-determining especially at
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low temperatures [29]. Long and Yang concluded that the NHj3
SCR needs two types of active sites: Bransted acid sites for NH3
adsorption and Fe3* ions for NO oxidation to NO, [32]. However, a
comparative study from Liu et al. for iron oxide supported on BEA,
TiO,, and Al,03 showed no evidence that the presence of either
Brensted or Lewis acidity is key to the activation of ammonia [24].
The results from Pefia et al. showed Brensted acid sites are not nec-
essary, while Lewis acid sites are required for TiO,-supported iron
oxide [33]. For Fe-ZSM-5 catalyst, Brandenberger et al. revealed
that Brgnsted acidity may not be required for adsorbing or activat-
ing ammonia [13], but acid sites are still necessary to disperse and
bind cationic Fe species in zeolites [13,34].

Recently, fast SCR has received much attention. When NO, is
present in the emissions, both NO and NO; are consumed in an 1:1
ratio according to the reaction:

2NH3 +NO + NO; — 2N; +3H,0 (1)

This phenomenon was first observed on Fe, 03 /TiO catalyst [35]
and later was also found over Fe-based zeolites [7,13,15,36-40]. The
uniqueness is that NO first has to be oxidized to NO, [13,32,36,41],
which s believed to be the rate-determining step of the SCR mecha-
nism[16,38,39,42,26,43]. However, the effect of acidity and the role
of iron oxide in zeolites on fast SCR [41] are still poorly understood.

NHj is a base that has been widely used as a probe molecule
to characterize the surface acidity of zeolites [44,45]. NH3 is also a
reductant for the SCR of NO. As the activation of NH3 is a critical
step for NH3 SCR of NO [13,24,38], the objective of the present work
is to focus on NH3 reactivity in order to better understand NH3 SCR.
Therefore, comparative studies of temperature-programmed sur-
face interaction (TPSI) via the release of adsorbed NHj in different
reactive environments (NO, O,, and “NO + 0,”) and the steady-state
dynamic reactions of NH3 over H-ZSM-5 (H-Z) and iron oxide mod-
ified H-ZSM-5 (Fe/H-ZSM-5) are presented in this work to elucidate
the acid effect on NH3 activation and conversion.

2. Experimental
2.1. Materials and characterization

H-ZSM-5 was obtained via calcination of NH4-ZSM-5
(Si/Al=11.5, Zeolyst) at 550°C in air or via in situ transfor-
mation in N, flow prior to NH3; adsorption. Fe/H-ZSM-5 was
prepared by incipient wetness impregnation of NH4-ZSM-5 with
Fe(NO3)s. Following the impregnation at room temperature with
Fe(NOs3)3 aqueous solution, samples were dried at 110°C and
then calcined at 550°C in air for 2h with a fast heating rate
(80°C/min) to allow Fe(NO3)3 decomposition to iron oxide during
NH4-ZSM-5 transformation into H-ZSM-5. The aim of the incipient
wetness impregnation of Fe(NO3 )3 combined with the fast heating
procedure was to deposit iron oxide into the zeolite, whereas a
proton exchange was not explicitly intended. In fact, with a heating
rate of 10°C/min in air flow, complete decomposition of Fe(NO3)3
into iron oxide occurred as proven by TGA (weight loss)-IR (N,O
evolution). The iron oxide deposited H-ZSM-5 sample was denoted
as FeZ. BET surface area and pore properties of samples calcined at
550°C were analyzed by N, physisorption at —196°C on an ASAP
2020 instrument (Micromeritics). Powder X-ray diffraction (XRD)
was carried out on a rotating anode Rigaku RU-200B series X-ray
diffractometer.

2.2. NHj3 adsorption and release

NHj3 adsorption and subsequent in situ release were performed
with a total gas flow of 100 ml/min on a thermogravimetric analyzer
(TA Q500) combined with an on-line FT-IR spectrometer (Nicolet
380) for analysis of evolved gases. After the sample (25-35 mg) was

heated (10°C/min) to 550°C and held in a N, flow for 60 min, the
system was cooled to 100 °C for NH3 adsorption for 60 min in a 1%
NH3/N, flow. Prior to NH3 release, the system was purged with a
pure N, flow for another 60 min to remove weakly and physically
adsorbed NHj. The release of adsorbed NH3 (NHs(ad)) was then
carried out with a heating ramp of 10 °C/min in N5, NO, and O, envi-
ronment, respectively. It should be pointed out that the release of
NH3(ad) in N, environment represents a typical NH3 TPD exper-
iment. The release of NHs(ad) was also performed in “NO+0,”
environment. In this case, NO and O, were not premixed, but fed
into the TGA reactor separately with O, /N, fed through the balance-
side flow while NO/N, was fed through the sample-side gas flow.
Unless specifically noted, the concentrations of O, and NO in O,
and NO environments were 12.6% and 2000 ppm while the con-
centrations of O, and NO in “NO + O,” environment were 16.8% and
2000 ppm, respectively. It should be emphasized that pure NH3 des-
orption can only be accomplished in N, environment. In reactive
gas environments, the release is best described as a removal pro-
cess of NHs(ad), as both desorption and TPSI may occur in NO, O,
and “NO +0,” environments.

2.3. Steady-state reaction

Steady-state reaction for NH3 conversion by the reactions of
“NH3 +NO”, “NH3 + 05", and “NH3 + O, + NO” were carried out using
a packed-bed reactor. A quartz tube reactor with approximately
4.5mm inner diameter was used and loaded with 100 mg cata-
lyst (40-60 mesh size). For all steady-state reactions (“NH3z + NO”,
“NH3 + 05", and “NH3 +NO+0,"), the reactor inlet gas flow was
composed of 500 ppm NHs3, 500 ppm NO, and/or 4vol.% O,, and
controlled by mass flow controllers. The gas flow was balanced by
He to reach a total gas flow rate of 450 ml/min (STP), correspond-
ing to GHSV of ~140,000 h~'. The analysis of gas components in the
inlet and outlet of the reactor was performed by a gas chromato-
graph (Varian) for N, and by an IR spectrometer (Nicolet 380) for
NH3, NO, N, 0O, and NO,.

3. Results and discussion
3.1. Basic properties of H-ZSM-5 and Fe/H-ZSM-5

H-ZSM-5 provides both Brensted (B) and Lewis (L) acid sites
for NH3 adsorption. NH3 adsorption associates with H* on B acid
sites to form ammonium (NH4*), while NH3 adsorbs on L acid sites
by donating lone-pair electrons. The acidic sites are essitial for NHs
adsorptionin ZSM-5.The NH3 adsorption capacity (NAC), which can
be measured by the amount of NH3(ad) released in N, environment,
reflects the number of acid sites and relies on the ratio of incorpo-
rated aluminium to silicon in the ZSM-5 framework. Table 1 shows
the properties of H-ZSM-5 and Fe/H-ZSM-5. Iron oxide deposited
zeolites prepared by the simple incipient wetness impregnation of
Fe(NO3)3 were reported in previous studies [24,25,46]. In our work
the formation of iron oxide was confirmed by the decomposition
of Fe(NO3)3 using TGA (weight loss)-IR (N,O evolution) charac-
terization (heating rate of 10°C/min), which was performed prior
to NH3 adsorption (see thereafter). The NAC of Fe/H-ZSM-5 was
not changed much, indicating that no proton exchange occurred. A
slight (3%) decrease in NAC (1.43) was observed in sample FeZ-1,
confirming no significant impact of iron oxide deposition on acidity
of H-ZSM-5. The observed slight NAC decrease is attributable to the
partial coverage of acidic sites by iron oxide that leads to the physi-
cal blockage of the NH3 adsorption. With the increase of iron oxide
loading to 6.62 wt.%, a 30% decrease of NAC (1.04) was observed,
attributable to the blockage of acidic sites (Al and H* sites) by the
coverage of iron oxide and likely also to the partial dealumination
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Table 1
Sample properties.

Sample Fe, 03 loading (wt.%) NAC? (NH3/Al, atomic) Surface area (m?/g) Micropore volume® (cm?/g)
BET MicroP

H-ZSM-5 0 1.48 348 252 0.133

FeZ-1 343 1.43 338 249 0.132

FeZ-2 6.62 1.04 323 230 0.122

2 NHj3 adsorption capacity.
b Pore size less than 1.0 nm.
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Fig. 1. XRD patterns of H-ZSM-5, FeZ-1, and FeZ-2.

of ZSM-5 during calcination at 550°C in air. Obvious dealumina-
tion was observed in 27Al NMR spectra (not shown here) of post
calcined NH4-ZSM-5 at 550°C in air.

The deposition of iron oxide in H-ZSM-5 can also be confirmed
by the decrease of BET surface area of H-ZSM-5. If a mechanical
mixing of H-ZSM-5 with equivalent Fe, 03 loading was assumed,
the BET surface area of samples FeZ-1 and FeZ-2 decreased by 2.8%
and 7.2%, respectively, closely consistent with the Fe,03 loading
(3.43 wt.%and 6.62 wt.%). Comparison of the micropore surface area
and pore volume of the iron containing samples with H-ZSM-5
shows that the deposition of iron oxide led to the decrease of micro-
pore features due to pore clogging. XRD showed (Fig. 1) a very weak
extra diffraction peak that did not belong to ZSM-5. This peak is
assignable to the (104) plane of Fe;03 phase (PDF#00-033-0664)
and its intensity was increased with increased Fe loading. Further-
more, the FeZ samples after aging at 750 °C in 10% steam gave clear
XRD peaks characteristic for Fe;03. These XRD results indicate that
in the calcined samples iron oxide is highly dispersed.

3.2. Release of NH3(ad) over H-ZSM-5

The best method to characterize whether Fe species are
exchanged with protons is the direct measurement of NHj3
adsorption. As a result, release of NH3(ad) over H-ZSM-5 in N,
environment, i.e., NH3 TPD, was investigated by TGA-IR. The
thermogravimetric (TG) and derivative thermogravimetric (DTG)
curves and the integration of the IR band of released NH3 on-line
evolved from TGA operation provide quantitative results for the
NH3 adsorption features. Two release peaks in both DTG and IR
curves were observed (Fig. 2). The peaks at low temperature and
at high temperature reflect the desorptions of NH3(ad) on L and B
acid sites, respectively [47]. From the amount of released NH3 mea-
sured by both TGA as well as the integration of the NH3 IR band,
the number of acid sites on the sample can be estimated.

Therelease of NH3z(ad) in the reactive gas environments (O,, NO,
and “NO +0,")is also shown in Fig. 2. In these cases, the DTG curves
reflect the removal of total NHs(ad) from the zeolite via either
NH3 desorption or interaction with reactive gas, while IR iden-
tifies N-containing oxide gases evolved from TGA including NH3
and products (N, 0O, NO, and NO,) formed by reactive gas. As com-
pared with desorption in N, flow, the peak temperatures in the DTG
curves of NH3 released in O, environment did not change (Fig. 2A),
while the high-temperature (HT) NH3 IR peak shifted from 415 °Cto
400°C (Fig. 2B). When the release was conducted in an NO environ-
ment, the low-temperature (LT) peakin the DTG curves shifted from
198°C to 135°C, while both LT and HT IR peaks were significantly
reduced in intensity. This indicates the strong interaction of NO
with NH3(ad) on both L and B acid sites at temperatures lower than
required for NH3 desorption. Fig. 3A shows the product distribu-
tion during NHs(ad) release in NO environment. A strong N, O peak
was observed at the same peak temperature (394 °C) of the desorp-
tion of NH3(ad) on B acid sites. This provides evidence that N,O is
one of the products of NO interacting with NH3(ad) on B acid sites.
It is unlikely that N, O, if it were the product from the interaction
on L acid sites, would not be released at the lower temperature of
about 200 °C. The co-feeding of NO and O, (i.e., “NO+0,” environ-
ment) accelerated the interaction of NH3(ad) on both types of acid
sites. In the DTG curves (Fig. 2A), the LT peak shifted from 198 °C in
N, to 135°Cin “NO+0,", while the HT peak shifted by more than
100°C from 399°C to 282 °C. In addition, the ending temperature
of the weight loss curve, corresponding to the complete removal of
NHj3(ad), significantly decreased to ca 310°C from ca 580°C in N,.
In the NH3 IR curves (Fig. 3B), no NH3 desorption peak from B acid
sites was observed, only a very small peak at 200 °C corresponding
to the NH3 desorption from L acid sites appeared. No obvious N,O
formation peak was observed. The presence of O, also accelerated
the interaction of adsorbed NH3; with NOy. Two negative peaks at
286°C were observed, as shown in Fig. 3B, which were indicative
of simultaneous consumption of NO and NO, due to the interac-
tions with adsorbed NHjs. As the position of the negative NO and
NO, peaks (286 °C) is much higher than the release peak (200°C)
of NH3(ad) on L acid sites, the simultaneous consumption of NO
and NO, should be attributable to the interaction of “NO+NO,”
with NH3z(ad) on B acid sites. It should be noted that the integration
intensities of NO and NO, IR signals depend on the IR absorption
efficiency. If a comparison were made for the relative concentra-
tions of NO and NO», the integrated IR intensity of NO, should be
divided by 13.6 as IR absorption of NO, is 13.6 times more sensitive
than NO [48].

Quantitative comparisons of the amount of released NH3 can
be made by integration of the NH3 IR band. The results are pre-
sented in Table 2 in form of a percentage ratio of the integrated
intensity of the NH3 IR band for released NH3 in reactive gas to
that (NAC) in the pure N, flow. Table 2 shows that the released
NH3; amount in O, was 76% of that released in N, indicating that
24% of adsorbed NHj participated in the interaction with O, during
the heating ramp. Less NH3 was released from B acid sites (71%)
than from L acid sites (82%), indicating that more NHs(ad) on B
acid sites interacted with O,. It is also seen from Table 2 that NO is
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Fig. 2. DTG curves (A) and integrated NHj3 IR (B) during temperature-programmed release of NH3(ad) on H-ZSM-5 in different environments.
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more reactive than O, to interact with adsorbed NH3s, as only 67% of
pre-adsorbed NH3 was released in 2000 ppm of NO environment.
Further, NO more readily interacted with NH3(ad) on L acid sites
than with NH3(ad) on B acid sites, as less NH3 was released from
L acid sites than from B acid sites. For NH3 release in “NO+0,”",
it is seen that “NO+0,” is more reactive than either NO or O,, as
only 6% of adsorbed NH3 was released. The other 94% of adsorbed
NH3 was removed by interaction, not by desorption. More specifi-
cally, interaction with “NO + 0,” removed 98% of NH3(ad) on B acid
sites and 90% of NH3(ad) on L acid sites. The presence of O, signifi-

cantly promotes the interaction as evidenced by the simultaneous
consumption of NO and NO, (Fig. 3B). The removal peak tempera-
ture (286°C) in “NO +0,” was 108 °C lower than for the desorption
(394°C) in NO only.

NH3 adsorption in H-ZSM-5 is based on the acid-base interac-
tion. The subsquent desorption at elevated temperatures depends
on the strength of such acid-base interactions. If the desorption
is performed in a reactive gas environment, a portion of adsorbed
NH3 would be removed by interaction, instead of by the desorption
from acid sites. TPSI experiments showed that NO prefers to inter-

Table 2
Released NH3 amount over H-ZSM-5 in different environments.
Released NH3 In N2 In 0,2 In NO In NO+0,P
a b
Total (%) 100 76 67 45 6
L acid site (%) 100 82 46 30 10
B acid site (%) 100 71 85 61 2

H-ZSM-5 was obtained from NH4-ZSM-5 by in situ transformation in N, flow? or by calcination at 550°C in air atmosphereP.
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act with NHs(ad) on L acid sites while O, predominately interacts
with NH3(ad) on B acid sites. Addition of O, into the release sys-
tem in NO environment accelerates the interaction, the majority
of NH3(ad) participated in the interactions. Therefore, the interac-
tion routines of NH3(ad) with NO and with “NO + 05" over H-ZSM-5
were respectively proposed as follows:

In NO:
4NH3(ad) + 6NO — 5N, +6H,0 (2)
2NH3(ad@Bacid) + 2NO — 2N,0 + 3H, (3)

In NO+0,, NH3(ad) on both acid sites could be removed by
reactions (2) and (3). In addition, a fast interaction should exist:

2NH;(ad) + NO + NO; — 2N; +3H,0 (4)

The NO oxidation to NO, over H-ZSM-5 was confirmed in
previous studies [41,42]. In fact, a moderate (<25%) NO, yield
was observed in present work by a steady-state reaction of NO
(500 ppm) and O, (4%). Sobalik et al. attributed the NO oxidation to
NO, to the presence of impurities in the NH4-ZSM-5 raw material
[49].

3.3. Release of NH3(ad) over Fe/H-ZSM-5

3.3.1. Effects of iron oxide and O, on the release of adsorbed NH3
Fig. 4 shows the NHj3 release characteristics in different envi-
ronments over sample FeZ-1. In the DTG curves (Fig. 4A), the
peak temperatures of the NH3(ad) release in N, over Fe/H-ZSM-5
were similar to those over H-ZSM-5: LT and HT peak tempera-
tures appeared at 198°C and 403 °C, respectively. This indicates
that the deposition of iron oxide in H-ZSM-5 does not affect the
strength of acidity. It is seen that both LT and HT peaks in O, and
NO environments appeared at temperatures similar to those in N».
But different weight-loss features were observed for the removal
of NH3(ad) from B acid sites: the ending temperature for complete
removal of NHs(ad) was 580°C in N, 440°C in O,, and 480°C in
NO, respectively. These lower ending temperatures are attributable
to the interaction between NH3(ad) and O, or NO, which was also
confirmed by the integrated IR bands during NH3 release, as shown
in Fig. 4B. It is obvious that the HT peak intensities of released
NH3 were decreased in both O, and NO environments. Also in NO
environment, the LT peak intensity was significantly decreased. A

more drastic change of DTG and released NH3 IR curves occurred
when the release of NH3(ad) was performed in “NO+0,” envi-
ronment. Only one DTG peak at 194°C was observed with the
weight-loss ending temperature appeared at ca 240°C. This peak
is 88 °C lower than the HT peak of NH3(ad) release over H-ZSM-5,
where two DTG peaks at 135°C and 282 °C existed. These dras-
tic changes indicate that iron oxide contributes to the enhanced
interaction.

To further investigate the effect of iron loading on the interac-
tion between NH3(ad) with reactive gases, a Fe/H-ZSM-5 sample
(Fez-2) was prepared with double the iron oxide loading. Fig. 5
shows DTG curves (Fig. 5A) and integrated NH3 IR band (Fig. 5B)
versus temperature. When the release was performed in a N, flow,
the peak position over FeZ-2 was located at lower temperatures
compared to FeZ-1. The IR band intensity of released NH3 particu-
larly from B acid sites was also lower than over sample FeZ-1. The
difference could be attributable to the effect of increased coverage
of iron oxide. The results are consistent with the change of NAC
that decreased from 1.48 to 1.04, as listed in Table 1. When NH;
release was carried out in O, or in NO, the NH3 peaks over FeZ-2
were smaller than in N, (Fig. 5B), implying that part of the NH3(ad)
was removed by interaction. DTG curves (Fig. 5A) showed that the
ending temperature for complete removal of NH3(ad) appeared at
445°Cin 0, and at460°Cin NO, respectively, indicating that higher
Fe loading still favors the interaction of NO with NH3(ad) on B acid
sites.

Over H-ZSM-5 (Figs. 2 and 3B) O, accelerates the interaction of
NO with NH3(ad) due to the participation of NO,. The results in
Fig. 4 have demonstrated that iron oxide can enhance such interac-
tionin “NO +0,” environment. Only a very small portion of NH3(ad)
was desorbed over H-ZSM-5 (Fig. 3B), but over FeZ-1 NH3 des-
orption was no longer observed (Fig. 4B). Therefore, it would not
have given any additional insight if the same high O, concentra-
tion (16.8%) were used to run the identical experiment over FeZ-2.
To better see the role of O, concentration, we decided to use a
much lower O, concentration (0.6% of O;) to run the TPSI exper-
iment over FeZ-2 in “NO+0," environment. The results of these
experiments showed that for the TPSI of NH3(ad) with NOy, the
0, concentration is very important. As seen in Fig. 5A, two peaks
at 160°C and 306°C, instead of only one peak over FeZ-1, were
observed for the removal of NH3(ad) on L and B acid sites, respec-
tively. Fig. 5B shows that NH3(ad) on B acid sites could be removed



X. Chen et al. / Catalysis Today 175 (2011) 2-11 7

A

0.035 A1
o
=
< 0.025 A
Em IIN’O+02“
‘o 306 ’o"
3 -
¢ 0015 1 0, N
= ’ 2 & 2
2 385 /7
’15 #
(=]

0.005 A

-0.005

100 200 300 400 500 600 700

Temperature (°C)

0.05
192 B
. 0.04 1 371
;— 198 N
o 2
£ 0.03 1
; 340
= 02
T 002 1 ’1o
o
5 331 NG
£ 001 " 195
"NO+02I|
0 &—-——0——#—

100 200 300 400 500 600
Temperature (°C)

700

Fig.5. DTG curves (A) and integrated NH3; IR (B) during temperature-programmed release of NH3(ad) on FeZ-2 in different environments (in NO, NO =4000 ppm; in “NO + 05",

NO=2000 ppm, O, =0.6%).

by the interaction while the NH3 peak at 195°C was still there,
indicating that a portion of the NH3(ad) at L acid sites was released
without participation in the interaction with NOy. The ending tem-
perature for complete removal of NH3 was at 320°C, 80°C higher
than that over FeZ-1. This experiment demonstrates that O, con-
centration may be a important factor for the removal of NH3(ad) by
the oxygen-involving NH3(ad)-NO reaction.

Quantitative comparison of the amount of released NH3; over
Fe/H-ZSM-5 in different environments is shown in Table 3, repre-
sented by the percentage ratio of release in reactive environment
to that in N,. Consistent with the results over H-ZSM-5, the total
released NH3 amount over Fe/H-ZSM-5 followed the general order
of “in Ny”>“in 05" >“in NO” >“in NO+0,". This order reflects the
reactivity of NH3(ad) with different reactive gases. As the NAC of
FeZ-1 (1.43) is close to that of H-ZSM-5 (1.48), it should be rea-
sonable to compare the role of iron oxide in FeZ-1 on the NH3(ad)
reactivity in O,, NO and “NO + 0,” environments. In O,, only 37% of
NHs(ad) on B acid sites of FeZ-1 was released compared to 71% of H-
ZSM-5, indicating the enhancing role of iron oxide on the reactivity
of NH3(ad) on B acid sites with O,. But there is no direct evidence
that NHs(ad) on L acid sites interacted with O, over Fe/ZSM-5,
as the released NH3 amount was 106% of that in N,. Under the
same environment, the released NH3; amount over H-ZSM-5 was
82% of that in N, reflecting that 18% of NH3(ad) was removed
by the interaction with O,. To account for this 106% result, NHs
adsorption on iron oxide must be taken into consideration. Thus,
additional NH3 adsorption and desorption experiments were per-
formed over iron oxide-supported on silica and MgO, respectively,
which were prepared using the same impregnation method and
calcination procedure. The results showed that the peak tempera-
tures for NH3 release over iron oxide supported on silica and MgO
were located at the LT peak region of NH3 release over Fe/H-ZSM-
5. However, no such additional NH3 adsorption effect was seen
when NHs(ad) was released in an NO environment, as NO prefers
to interact with NH3(ad) on L acid sites. Unlike the situation over H-
ZSM-5 in NO environment, where higher percentages of NH; were
released from B acid sites than from L acid sites, but over Fe/H-ZSM-
5 smaller amounts of NH3 were released from B acid sites than from
L acid sites. This quantitatively confirms that iron oxide primarily
enhances the interactions of NO with NH3(ad) on B acid sites. In
“NO +0,"” environment, the role of iron oxide is not so pronounced
compared to H-ZSM-5 under the same conditions, due to NO, for-

mation that accelerates the NH3(ad)-NOy interaction via fast SCR
reaction. Nevertheless, the NH3 amount released from L acid sites
over Fe/H-ZSM-5 (4%) is still smaller than that (10%) over H-ZSM-5,
as confirmed by the results shown in Figs. 2 and 4B.

The quantitative comparison of the effect of Fe loading on the
released NH3 amount is difficult, as some of the acid sites were
physically covered by iron oxide in FeZ-2. Nevertheless, it still can
be seen from Table 3 that NH3(ad) on B acid sites is more readily
removed by the interaction than NH3(ad) on L acid sites. Only 8%
of NH3(ad) was released from B acid sites, compared to 62% from L
acid sites.

3.3.2. Release product of adsorbed NH3 over Fe/H-ZSM-5

To provide direct evidence for the interaction of NHs(ad) with
NO and NOy over Fe/H-ZSM-5 samples, Figs. 6 and 7 show N-
containing oxide products for the release in NO and in “NO+0,”",
respectively. In NO (4000 ppm) environment, a wide negative NO
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Fig. 6. Distribution of NH3, N,O, NO, and NO, during temperature-programmed
release of NH3(ad) on FeZ-2 in NO (4000 ppm) environment.
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Table 3
Released NH3 amount over Fe/ZSM-5 in different environments.
Released NH3 FeZ-1 Fez-2
In O, In NO? In NO+0; In O, In NOP In NO¢ InNO+0,¢
Total (%) 68 56 4 59 51 38 28
L acid site (%) 106 70 4 98 65 38 62
B acid site (%) 37 45 3 35 44 38 8

4 NO was 6000 ppm.
b NO was 2000 ppm.
¢ NO was 4000 ppm.
d 0, was 0.6%.

peak was observed at 382 °C, corresponding to the NH; HT peak
at 331 °C. This provides direct evidence for the enhancing role of
iron oxide for the NO interaction with NHs(ad) on B acid sites. An
N, O peak also appeared at the NH3; HT peak temperature, similar to
the results for NH3 release over H-ZSM-5 (Fig. 3A), indicating that
iron oxide in Fe/H-ZSM-5 is not exchanged with protons and does
not change the interaction mechanism between NO and NH3(ad),
as Fe-exchanged species are active to catalyze N,O decomposition
[50,51]. In “NO+0,” environment, all NH3(ad) over Fe/H-ZSM-5
was removed by TPSI (Fig. 7A) while some of NH3 (ad) on L acid
sites was released over H-ZSM-5 (Fig. 3B). The negative peaks for
simultaneous consumption of NO and NO, shifted to 204°C, 82°C
lower than over H-ZSM-5. This temperature (204 °C) corresponds to
the peak (194 °C)in DTG curves (Fig. 4A) for the removal of NH3(ad)
by TPSI with NOy. This temperature (204 °C) is also located in the
peak temperature region of the desorption of NH3(ad) on L acid
sites of H-ZSM-5 (Fig. 2B). These results indicate that iron oxide
can enhance not only the interactions of NOy with NHs(ad) on B
acid sites but also with NH3(ad) on L acid sites. In addition, N,O
formation was not observed under this condition (Fig. 7A), indi-
cating the modification role of O,. When the oxygen concentration
was decreased to 0.6% (Fig. 7B), the negative NO and NO, peaks
shifted to 309 °C. This temperature is even 23 °C higher than that
(286°C) over H-ZSM-5 in 16.8% of O, and corresponds to the peak
temperature (306 °C) in DTG curves (Fig. 5A) for removal of NH3(ad)
on B acid sites. Also, a strong NH3 release peak appeared at 195°C.
These results confirm that the O, concentration plays a critical role
in the fast interaction that proceeds preferentially with NH3(ad) on
B acid sites rather than on L acid sites. Iron oxide catalyzes both NO
oxidation and fast interaction.
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Sample characterizations by XRD, NH;3 adsorption, and N,
physisorption showed that the Fe species in H-ZSM-5 are iron
oxide. If exchanged Fe species existed in H-ZSM-5, the exchange
into the proton positions of ZSM-5 would lead to the loss of
Bronsted acid sites, and therefore, would result in a decrease of
NH3 adsorption capacity. Furthermore, these exchanged Fe species
would catalyze N,O conversion by decomposition [50], thereby
eliminating N, O effluent formation. TPSI experiments showed the
formation of N,O, which is attributable to the interaction of NO
with NH3(ad) on B acid sites. At least a couple of phenomena in the
TPSI experiments confirmed the role of iron oxide in H-ZSM-5: (1)
iron oxide enhances the NH3(ad)-NO and NH3(ad)-0; interactions,
particularly for NH3(ad) on B asid sites. The tentative interaction
mechanism is likely through those iron oxide species located on
pore edges of ZSM-5 channels, where the desorbing NH3 species
are additionally reacted with NO or O,. (2) Iron oxide enhances the
NHs(ad)-(NO +0,) interaction primarily via fast surface SCR where
0, concentration plays a critical role.

It should be noted that a mechanical mixture sample composed
of H-ZSM-5 and Fe, 03 could be easily made to distinguish the role
of iron oxide. But with such Fe,03-H-ZSM-5 mechanical mixtures
itis difficult to achieve the high dispersion of iron oxide in H-ZSM-5.
XRD characterization showed thatin the present work the fast heat-
ing (80°C/min) calcination led to the decomposition of Fe(NO3 )3 on
NH4-ZSM-5 into highly dispersed iron oxide. TPSI experiments def-
initely provide a way to witness the interaction characteristics of
adsorbed NH3 with NO or NOy, and can also provide insight into the
effect of acid sites, the role of iron oxide, and the promotion of O,
but they cannot present the dynamic reactivity of NHs under real-
istic reaction conditions, where too strong or too weak adsorption
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Fig.7. Distribution of NH3, N0, NO, and NO, during temperature-programmed release of NH3(ad) on (A) FeZ-1 (0, = 16.8%) and (B) FeZ-2 (0, = 0.6%) in “NO + O,” environment.
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Fig. 8. NH3 conversions in steady-state reaction systems of “NH3; + NO” (A), “NH3 +0,” (B), and “NH3; + NO +0,"” (C) over H-ZSM-5 and Fe/H-ZSM-5, respectively.

of NH3 is unfavorable for NH3 conversion. Therefore, the steady-
state NH3 reaction was evaluated over H-ZSM-5 and Fe/H-ZSM-5
in different reaction systems.

3.4. Steady-state reaction over H-ZSM-5 and Fe/H-ZSM-5

Fig. 8 shows the NH;3 conversion under different condi-
tions. As expected, NH3 can be converted over both Fe/H-ZSM-5
and H-ZSM-5. The presence of O, significantly promoted the
NH;3 conversion leading to an order of the NHj3 reactivity with
“NH3 +NO +0;,">“NH3 +0,” > “NH3 + NO”. This indicates that both
acid sites and iron oxide are active to catalyze NH3 reactions with
0O, and/or NOy, confirming the results of TPSI experiments. It is
also seen from Fig. 8 that the activity of Fe/H-ZSM-5 for all reac-
tions of NH3 with NO, O, and “NO+0,” is much higher than the
activity of H-ZSM-5. Consistent with TPSI results, a slightly higher
NH3 conversion was observed over FeZ-2 than over FeZ-1. With
increasing reaction temperature, NH3 conversions in all reaction
systems increased. Complete NH3 conversion was obtained at tem-
peratures above 300 °C and 400 °C over Fe/H-ZSM-5 for the reaction
systems of “NH3 +NO+0,” and “NH3 +0,", respectively. But over
H-ZSM-5 the complete NH3 conversion could not be achieved in
the temperature range of the present work.

Fig. 8 also shows that the reactivity of NH3 in the “NH3 +0,”
reaction system is much higher thanin “NH3 + NO” over all samples.
Thisis not surprising as iron oxide is a good catalyst for selective cat-
alytic oxidation of NH3 [52]. From the NH3 release results (Table 2),
the released NH3 amount in NO was less than in O,, implying that
more adsorbed NH3 participated in the reaction with NO than with
0,. It should be pointed out that N,O formation was observed for
“NH3 +NO” and “NH3 + NO + O,” steady-state reactions over both H-
ZSM-5 and Fe/H-ZSM-5. No noticeable N, O formation was observed
in “NH3 +0,". Products analysis by GC revealed N, formation for
all steady-state reactions, particularly in the “NH3 + NO+ 05" sys-
tem. The observed N, O formation supports the notion that the NH3
activation mechanism could be not changed in the presence of iron
oxide, as only exchanged Fe species are active for decomposition of
N,O [50,51].

In general, the insights gained from steady state experiments
are consistent with the TPSI results. However, it is not surprising
for there are some discrepancies between TPSI and steady-state
reaction results, since the TPSI experiments were carried out in a
TGA reactor where the fluid flow characteristics are quite different
from a packed bed reactor.

3.5. Discussion

Both TPSI and the steady-state reactions indicate that NH3 can be
activated on acid sites for the reaction systems of “NH3 + NO” and
“NHs3 +0,". The presence of O, in “NH3+NO” led to a significant
increase of NH3 conversion. Mechanistically, the participation of
NO, in the SCR process is possible via the NO oxidation to NO,, and
the oxidation has been suggested as a rate-determining step over
both H-ZSM-5[39,42] and Fe/ZSM-5[16,38,39,43] unless additional
NO, is added into the reaction system until an NO,/NO ratio of 1:1
is reached. It is well kown that the NO oxidation could be catalyzed
by exchanged cationic Fe species [7,16,32,53] and is a pre-requistite
and the rate-determining step for NH3-SCR [16,43]. Recently iron
oxide over ZSM-5 has also been recognized to be active for SCR of
NO[14,22-24,54,55] and may accelerate the NO oxidationrate [27].
Once NO is oxidized, the formed NO, either participates in the fast
SCRreaction [56] or directly desorbs into the gas effluent due to the
configuration of the TGA reactor. Also, NO5 is unlikely to adsorb on
Fe-oxide particles [53,57]. This is why negative peaks for both NO
and NO, were observed in the TPSI experiments (Figs. 3B and 7).
Under steady-state reaction conditions, free NO; in the gas effluent
would probably not exist as described in [15], as the desorbed NO,
would take partin the fast SCR on adjacent sites down-stream in the
packed-bed reactor. But a distinct NO oxidation (without addition
of NH3) to NO, effluent did occur over H-ZSM-5 in steady-state
reactions, in agreement with [56] and with [41,42]. This case may
be attributable to the impurities in H-ZSM-5 [49]. Over Fe/ZSM-5,
free NO, is mentioned as a crucial intermediate in the mechanism
proposed previously [32], where the role of iron is confined to NO
oxidation and the subsequent fast SCR proceeds exclusively on B
acid sites [36]. The TPSI experiments also showed that O, primarily
interacts with NH3(ad) on B acid sites, which was confirmed when
0.6% O, was added into the system, as shown in Table 3 and Fig. 7.

Iron oxide greatly enhances the NH3z(ad)-“NO+O,"” interaction,
the main evidence being that there is only one DTG peak observed
for the complete removal of adsorbed NH3 at 194 °C (Fig. 4A). But,
again when 0.6% O, was added into the TPSI system, the complete
removal of NH3(ad) by interaction on B acid sites shifted to 306 °C
(Fig. 5A). The temperature for removal of NH3(ad) on B acid sites
in 0.6% O, over FeZ-2 is 24 °C higher than in 16.8% O, over H-ZSM-
5. This provides clear evidence that O, promotes the interaction
of NO, with NH3(ad) on both types of acid sites. While no NO,
was added in the TPSI experiments, the simultaneous consumption
peaks of NO and NO, even over H-ZSM-5 give direct evidence for



10 X. Chen et al. / Catalysis Today 175 (2011) 2-11

-12 7
1 "NH;+NO+O,"
H-ZSM-5
-14 4
5 ]
&
© ]
E
= -16 1
:l? J
£
- "NH;+0,"  "NH4+NO+0,"
£ 5 Fez-1 FeZ-1
"NH;+NO"
FeZ-1
-20 T T r 1
0.001 0.0015 0.002 0.0025 0.003
1/Memperature (1/K)

Fig. 9. Steady-state NH3 conversion rate versus reciprocal temperature in different
reaction systems over H-ZSM-5 and FeZ-1, respectively.

fast SCR. This strongly suggests that acid sites are active to catalyze
NO to NO, oxidation.

NHj3 activation is a critical step for NH3-SCR of NO [13,24,38].
According to the literature [15,32], the fast SCR takes place on the B
acid sites but is strongly accelerated by exchanged Fe species. The
question remains in the present work whether acid sites or iron
oxide species are the predominant sites for ammonia activation. To
elucidate the roles of iron oxide and acid sites, Fig. 9 compares the
apparent activation energy that was estimated from NH3 conver-
sion in all three types of reactions over FeZ-1 and the reaction of
“NH3 +NO + O, " over H-ZSM-5. Surprisingly, the activation energies
for all the above-mentioned reactions are similar: 35.6 & 3 kJ/mol.
Iron oxide does not change the apparent activation energy barrier
for NH3 conversion. This result suggests that NH3 adsorption and
subsequent activation on acid sites in ZSM-5 is an essential step for
NH3 conversion. In NH3 SCR of NO, it is unlikely that such a constant
apparent activation energy for NO conversion would be observed,
as additional NOy could be generated from NH3 oxidation [34].

Again for all TPSI experiments of adsorbed NH3 with NO +0,
over both H-ZSM-5 and Fe/H-ZSM-5, only one NO/NO, con-
sumption peak was observed. This NO/NO, consumption peak
temperature is related to the removal of NH3(ad) on B acid sites,
as confirmed by both weight-loss DTG and IR NH3 curves (com-
pare Fig. 2A with Fig. 3B, and Fig. 4A with Fig. 7A). This reveals that
NHs(ad) on the L acid sites may not be involved in the fast NH3-SCR
reaction orif so it participates in viaa mechanism of NO oxidation to
NO,~ or NO3~ [58]. Therefore, a dual mechanism over Fe/H-ZSM-5
may be exist over L and B acid sites in which iron oxide enhances
both reactions. Specifically, iron oxide enhances NH3; conversion
over Lacid sites in a process that excludes free NO, produced by NO
oxidation [15,58], while iron oxide accelerates fast NH3-SCR over B
acid sites [36] where free NO, is consumed as an intermediate [56]
as observed from TPSI experiments in “NO + O,"” environment.

4. Conclusions

NH3 reactivity via NH3 release in Ny, Oy, NO, and “NO +0,”
environments and dynamic steady-state reactions for NH3 con-
version by O, NO, and “NO + 0,” were investigated over H-ZSM-5
and iron oxide deposited H-ZSM-5 (Fe/H-ZSM-5). Fe/H-ZSM-5 was
prepared by fast calcining Fe(NH3)3/NH4-ZSM-5. The reactive gas
had a quite different effect on NH3 release performance. O, pri-
marily interacted with NH3(ad) on Brensted acid sites while NO
mainly interacted with NH3(ad) on Lewis acid sites. The co-feeding
of NO and O, significantly decreased the amount of released NH3

compared to the individual NO or O, environment, due to the
“fast” interaction of NO/NO, with NH3(ad) at much lower tem-
peratures. Iron oxide enhanced all interactions of adsorbed NH3
with NO, O,, and “NO+0,", particularly for the interaction of
NH3(ad) on Brensted acid sites. But iron oxide could not inhibit
the N, O formation for the NH3(ad)-NO interaction, confirming that
iron species are not exchanged with protons of H-ZSM-5. A pro-
nounced O, promotion on NOy interaction with NHs(ad) on both
acid sites was observed by TPSI. As no additional NO, was fed in
the “NO + 0O, ” reaction system, the formation of NO, is attributable
to NO oxidation that was accelerated by iron and promoted by O,
concentration.

Both O, promotion and the catalyzing role of iron oxide were
confirmed by steady-state reactions of “NH3 + NO”, “NH3 + 0,”, and
“NH3 +NO +0,"”, where the NH3 conversion followed the order of
“NH3 +NO” <“NH3 +0,” <“NH3 +NO +0,". But iron oxide did not
decrease the apparent activation energy barrier for NH3 conversion.
Based on the results of TPSI and steady-state reactions, it appears
that both acid sites and iron oxide are essential for accelerating the
NH;3-SCR of NO in excess of O,, where Lewis and Brgnsted acid sites
may play dual role for the activation of NH3z(ad) and conversion via
fast reactions with NOy.
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