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a b s t r a c t 

The surface species formed in the reaction of NO and NO 2 with pre-adsorbed NH 3 over a Fe-ZSM-5 cata- 

lyst (1.27 wt.% Fe, SiO 2 /Al 2 O 3 = 25) at low temperature (140 °C) were studied by in situ diffuse reflectance 

infrared Fourier transform spectroscopy (DRIFTS). Through using a background spectrum of NH 3 -saturated 

Fe-ZSM-5, we clearly observed the formation of common intermediates resulting from the reaction of 

NO 2 or NO + O 2 with pre-adsorbed NH 3 . This presents strong evidence that the oxidation of NO to form 

surface nitrates and nitrites is the key step for standard SCR at low temperature. In addition, the results 

suggest that in the SCR reaction at low temperature, the NH 4 
+ ions absorbed on Brønsted acid sites are 

less active than NH 3 adsorbed on Lewis acid sites related to Fe species. 

© 2020 Published by Elsevier B.V. on behalf of The Research Centre for Eco-Environmental Sciences, 

Chinese Academy of Sciences. 
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Introduction 

The selective catalytic reduction of NO x by ammonia (NH 3 -SCR)

is an efficient technology for NO x control in lean-burn vehicles

( Johnson and Joshi, 2018 ). Cu- and Fe-exchanged zeolite catalysts

have been studied as NH 3 -SCR catalysts for decades. Currently, Cu-

SSZ-13 (Cu-exchanged small-pore zeolite) catalysts are the state of-

the-art commercial SCR catalysts for diesel vehicles and have been

extensively studied in recent years ( Beale et al., 2015 ). In spite of

their outstanding hydrothermal stability and SCR activity, Cu-SSZ-

13 catalysts exhibit decreased N 2 selectivity at high temperature

above 350 °C after hydrothermal aging ( Kim et al., 2014 ). Compared

to Cu-exchanged zeolites, Fe-exchanged zeolites (such as Fe-ZSM-

5 and Fe-BEA) exhibited outstanding activity and N 2 selectivity at

temperatures above 300 °C in the standard SCR reaction as indi-

cated in reaction ( 1 ) ( Devadas et al., 2006 ). 

4N H 3 + 4 NO + O 2 → 4 N 2 + 6 H 2 O (1)

In fact, high activity at low temperatures ( ≤300 °C) is important

for application of SCR catalysts in lean-burn vehicle NO x control.

The relatively low activity in the standard SCR reaction at tem-

peratures below 300 °C is the main shortcoming of Fe-exchanged

zeolites. Increasing the NO /NO x molar ratio to 0.5 is an efficient
2 
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ay to enhance the low temperature activity of Fe-ZSM-5, due to

he occurrence of the fast SCR reaction, as shown in reaction ( 2 )

 Devadas et al., 2006 ; Grossale et al., 2008 , 2009 , Iwasaki et al.,

009 , Iwasaki and Shinjoh, 2010a ). 

N H 3 + NO + N O 2 → 2 N 2 + 3 H 2 O (2)

Since the fast SCR reaction is important for enhancing the

eNO x efficiency of Fe-ZSM-5, the mechanism and kinetics of the

ast SCR reaction over Fe-ZSM-5 have been extensively studied

 Devadas et al., 2006 ; Grossale et al., 20 08 , 20 09 ; Iwasaki et al.,

009 ; Iwasaki and Shinjoh, 2010a ; Ruggeri et al., 2012 ). According

o the previous literature, the basic reaction steps over Fe-ZSM-5 in

he fast SCR reaction at low temperatures can be summarized as:

he disproportion of NO 2 is the first step (reaction ( 3 )), then am-

onium nitrite forms and decomposes to N 2 and water as shown

n reaction ( 4 ). Simultaneously, nitrates react with adsorbed NH 3 

o form NH 4 NO 3 as indicated in reaction ( 5 ). Furthermore, the re-

uction of NH 4 NO 3 by NO as in reaction ( 6 ) is considered to be the

ate-determining step in the fast SCR reaction over Fe-ZSM-5. 

 NO 2 + O 

2 − → NO 

−
3 + NO 

−
2 (3)

NH 

+ 
4 + NO 

−
2 → [ NH 4 NO 2 ] → N 2 + 2H 2 O (4)

NH 

+ 
4 + NO 

−
3 → N H 4 N O 3 (5)

 H 4 N O 3 + NO → N O 2 + N 2 + 2 H 2 O (6)
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As the SCR mechanisms studies over Fe-ZSM-5 mentioned

bove show, the ammonium nitrates/nitrites that are formed

hrough the interaction of nitrates/ nitrites with NH 4 
+ ions are

onsidered the key intermediates in the SCR reaction ( Long and

ang, 2002 ; Devadas et al., 2006 ; Grossale et al., 2008 , 2009 ;

wasaki et al., 2009 ; Iwasaki and Shinjoh, 2010a ; Ruggeri et al.,

012 ). 

On the other hand, it is generally considered that Brønsted acid

ites (Si-(OH)-Al) in Fe-ZSM-5 are important to the formation of

ntermediates through interaction of NH 4 
+ ions on Brønsted acid

ites with surface nitrates or nitrites. For instance, Long and Yang

2002) observed a marked decrease of NH 4 
+ ions on the Brønsted

cid sites after passing a flow of NO over NH 3 pre-adsorbed Fe-

SM-5 in Fourier transform infrared spectrometer (FTIR) experi-

ents. However, besides adsorption on Brønsted acid sites to form

H 4 
+ , NH 3 can also absorb on Lewis acid sites coordinated with

e 3 + and extra-framework Al 3 + in Fe-zeolites ( Schwidder et al.,

008a ; Brandenberger et al., 2009 ). Moreover, Brandenberger et

l. (2009) proved that Brønsted acidity is not required for adsorb-

ng or activating ammonia in the standard SCR reaction. The re-

ults of Schwidder et al. (2008b ) also showed that high reaction

ates in standard SCR could be achieved with non-acidic Fe-ZSM-5

s-Fe-silicalite) in the temperature range of 250-650 °C. They con-

idered that the role of Brønsted acid sites could be attributed

o the acid-catalyzed decomposition of intermediate NH 4 NO 2 to

 2 and H 2 O, as proposed by Li et al. (2006) . Recently, advances

n the study of V 2 O 5 /TiO 2 SCR catalysts showed that nitric ox-

de reacts predominantly with NH 3 coordinated to Lewis sites of

anadia, and Brønsted sites are not involved in the catalytic cy-

le but mainly serve as an NH 3 pool to replenish the Lewis sites

 Marberger et al., 2016 ). Our group proposed a new reaction path-

ay for V 2 O 5 /TiO 2 in the standard SCR reaction, whereby the NH 3 

oordinates to the vanadyl species and subsequently reacts with

O in the gas phase, resulting in the formation of the intermedi-

te nitrosamide (NH 2 NO) ( He et al., 2018 ). Furthermore, Chen et al.

2016) showed evidence for the participation of NH 3 species ad-

orbed on Lewis sites in SCR reactions over Fe-ZSM-5, where the

roton generated by reduction of Fe(III) to Fe(II) can interact with

H 3 on Lewis sites to form the intermediate NH 4 
+ . Additionally, in

he SCR reaction over Fe-ZSM-5, Fe species are considered as re-

ox active sites for NO oxidation to form nitrates/nitrites (a crucial

tep) and the ion-exchanged Fe 3 + or monomeric iron species are

ommonly considered as the most active species ( Delahay et al.,

005 ; Iwasaki et al., 2008 ; Schwidder et al., 2008b ; Brandenberger

t al., 2010 ; You et al., 2020 ). Delahay et al. (2005) proposed that

 Fe 2 + / Fe 3 + species redox cycle in the SCR reaction and the re-

xidation of Fe 2 + species should be the slow step for Fe-ZSM-5 in

tandard SCR. Thus, the enhancement of NO x reduction in fast SCR

an be attributed to the presence of NO 2 , skipping the step of NO

xidation. However, the results of Schwidder et al. (2008b ) showed

hat isolated Fe sites also contributed to the good activity of Fe-

SM-5 even under fast SCR conditions. Those results inspire us to

urther study the role of Fe species in the NH 3 -SCR reaction over

e-ZSM-5. 

In situ diffuse reflectance infrared Fourier transform spec-

roscopy (DRIFTS) is a useful tool for investigating the surface

pecies on catalysts and is widely used to study reaction interme-

iates in the NH 3 -SCR reaction on Fe-ZSM-5 catalysts. Ruggeri et

l. (2012) investigated surface intermediates during NO 2 adsorp-

ion on Fe-ZSM-5 with pre-adsorbed NH 3 by in situ DRIFTS, and

hey confirmed the key role of ferric nitrites/nitrates in the reac-

ion pathway, and Fe redox sites involved in the critical reduction

f surface nitrates by NO. However, the formation of nitrite inter-

ediates and changes in the Lewis acid sites correlated to Fe sites

ere not detected in their study. 
t  
In this work, a novel approach to the identifying the reaction

ntermediates on Fe-ZSM-5 in the standard and fast SCR reactions

as pursued using in situ DRIFTS. By using the spectrum collected

n an NH 3 -saturated Fe-ZSM-5 sample as background, the surface

pecies dynamics for NH 3 pre-adsorbed Fe-ZSM-5 exposed to NO 2 

nd NO + O 2 were clearly observed. The possible reaction path-

ays related to Fe sites as Lewis acid sites and nitrate species ad-

orption sites were discussed. 

. Materials and methods 

.1. Catalyst preparation 

Fe-ZSM-5 was prepared by conventional liquid ion exchange

ethod. The Fe-ZSM-5 catalyst used in this work was the same

ample denoted as Fe-HZ in our previous work, which had high

ercentaged of isolated Fe 3 + ions in ion exchanged sites ( Shi et

l., 2015 ). Typically, 10 g commercial H-ZSM-5 (SiO 2 /Al 2 O 3 ra-

io = 25, BET surface area 320 m 

2 /g) precursor was added to

7.8 g/L FeCl 2 • 4H 2 O solution with constant stirring under a con-

inuous flow of N 2 (200 mL/min) in a water bath at 80 °C for 24

r. The resulting powders were calcined at 600 °C for 6 hr in air

o obtain Fe-ZSM-5 with 1.27 wt.% Fe loading. The activity tests

or this Fe-ZSM-5 catalyst in the standard SCR, fast SCR and NO 2 

CR reactions are illustrated in Appendix A Fig. S1. The activ-

ty of the parent H-SSZ-13 in fast SCR is shown in Appendix A

ig. S2. 

.2. In situ DRIFT measurements 

In situ FTIR experiments were carried out on a FTIR spectrom-

ter (Nexus 670, Nicolet, USA) equipped with an MCT/A detector

ooled by liquid nitrogen and an in situ DRIFT spectrum reactor

ell with ZnSe window. Before the measurements, the Fe-ZSM-5

ample was pretreated at 550 °C in a flow of 10 vol.% O 2 /N 2 for 30

in to clean the surface, then cooled down to the test temperature

f 140 °C and purged in N 2 flow. In experiments on NO/NO 2 /NH 3 

dsorption on clean Fe-ZSM-5, the background spectrum was col-

ected on clean Fe-ZSM-5 in a flowing N 2 atmosphere. In the ex-

eriments on NO 2 and NO + O 2 exposure to NH 3 pre-adsorbed Fe-

SM-5, the background spectrum was collected on NH 3 -saturated

e-ZSM-5 in a flowing of N 2 atmosphere. 

. Results and discussion 

.1. NO x adsorption and NH 3 on clean Fe-ZSM-5 

The DRIFTS spectra of NO x adsorption over Fe-ZSM-5 have been

ell documented in the literature ( Rivallan et al., 2009 ; Ahrens et

l., 2010 ; Iwasaki and Shinjoh, 2010a , 2010b ; Ruggeri et al., 2012 ).

n order to investigate the NOx adsorption states on the present

e-ZSM-5 catalyst, the sample was exposed to NO 2 and NO + O 2 

n N 2 for 60 min and then purged with N 2 for 60 min at 140 °C. The

ands from adsorbed NO x species over Fe-ZSM-5 were assigned ac-

ording to the previous literature ( Rivallan et al., 2009 ; Ahrens et

l., 2010 ; Iwasaki and Shinjoh, 2010b , 2010c ; Ruggeri et al., 2012 ).

s shown in Fig. 1 a, in the typical range of surface nitrates (1500-

700 cm 

−1 ), two common bands at 1630 and 1574 cm 

−1 appeared

n NO + O 2 adsorption, which can be assigned to NO 2 groups

nd nitrate species adsorbed on Fe sites, respectively ( Iwasaki and

hinjoh, 2010c ). These ferric nitrate species were stable after purg-

ng by N 2 flow. The band at 1888 cm 

−1 is assigned to adsorbed

O species present as Fe 2 + -NO species, and the broad band cen-

ered at 2150 cm 

−1 is attributed to nitrosonium ions (NO 

+ ) weakly
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Fig. 1. In situ DRIFTS spectra after NO x adsorption over Fe-ZSM-5 at 140 °C: (a) NO + O 2 (0.1 vol.% NO, 10 vol.% O 2 , N 2 as balance) and (b) NO 2 (0.1 vol.% NO 2 in N 2 ). 
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adsorbed on acid sites ( Rivallan et al., 2009 ; Iwasaki and Shin-

joh, 2010c ; Malpartida et al., 2010 ; Ruggeri et al., 2012 ). The two

NO-related bands disappeared after the NO + O 2 flow was turned

off and the sample was purged by N 2 . The bands at 1330 cm 

−1 

can probably assigned to nitrite groups (NO 2 
−) ( Sun et al., 2002 ;

Iwasaki and Shinjoh, 2010c ; Sun et al., 2001 ). In the OH stretch-

ing region (380 0-350 0 cm 

−1 ), the negative bands at 3780 cm 

−1 

and 3674 cm 

−1 can be assigned to terminal silanols (Si-OH) and

OH groups linked with ion-exchanged Fe (Fe-OH), due to the con-

sumption of Si-OH and Fe-OH sites ( Iwasaki and Shinjoh, 2010c ). 

The NO 2 adsorption over clean Fe-ZSM-5 showed similar nitrate

bands at 1630 and 1574 cm 

−1 to those observed for NO + O 2 ad-

sorption, but with much higher intensity, as shown in Fig. 1 b. This

confirms that NO 2 adsorption over Fe-ZSM-5 formed the same sur-

face species as NO + O 2 adsorption. In addition, the higher ni-

trate concentrations formed in NO 2 adsorption indicate that the

oxidation of NO to NO 2 should benefit the formation of nitrates.

However, the NO oxidation activity of Fe-ZSM-5 was relatively low

at 140 °C. In the OH stretching region, an additional band at 3630

cm 

-1 was detected. It has been reported that the band related to

Al-O(H)-Si bridged hydroxyl groups appears at ~3610 cm 

−1 , and

our experiments on NH 3 adsorption exhibited this band at ~3610

cm 

−1 (Appendix A Fig. S1). Although the band at 3630 cm 

−1 ap-

peared at higher wavenumbers, we tentatively assigned this band

to Al-O(H)-Si bridged hydroxyl groups (Brønsted acid), consider-

ing that the IR band of Al-O(H)-Si appeared next to that of Fe-OH

( Ahrens et al., 2010 ; Iwasaki and Shinjoh, 2010b ). The results sug-

gest that the replacement of protons on Brønsted acid sites can oc-

cur in NO 2 adsorption, evidenced by the NO 

+ band at ~2160 cm 

−1 

( Ruggeri et al., 2012 ). It was noted that the band at 1888 cm 

−1 

related to the Fe 2 + -NO species complex was temporarily observed

at the beginning of exposure of NO 2 to Fe-ZSM-5, then the band

vanished within 1 min. The release of NO accompanying NO 2 ad-

sorption on Fe-ZSM-5 has also been proved by transient flow re-

actor experiments in the literature ( Grossale et al., 2008 ; Iwasaki

and Shinjoh, 2010c ). The formation of Fe 2 + -NO species in NO 2 ad-

sorption can be attributed to the interaction of NO 2 with Fe 2 + in

the zeolite catalyst as indicated in reaction ( 7 ) ( Ahrens et al., 2010 ;

Iwasaki and Shinjoh, 2010c ; Ruggeri et al., 2012 ). The formation of

ferric nitrates over Fe-ZSM-5 during exposure to NO 2 can be illus-

trated as shown in reaction ( 8 ) ( Ruggeri et al., 2012 ). 

2Z − Fe 2+ + NO 2 → Z − Fe 3+ − O 

− + Z − Fe 2+ − NO (7)

Z − Fe 3+ − OH + 2NO 2 → Z − Fe 3+ − NO 3 + HONO (8)
Since FTIR studies of NH 3 adsorption on Fe-ZSM-5 can be found

n numerous publications, the steady-state DRIFTS spectra of NH 3 

dsorption on the present Fe-ZSM-5 and parent H-ZSM-5 at 140 °C
re shown in Appendix A Fig. S3. The results showed that NH 3 

dsorbed on the Brønsted acidic sites showed a band of NH 4 
+ at

1482 cm 

−1 with the appearance of a negative band corresponding

o the OH stretch at 3606 cm 

−1 ( Sun et al., 2001 ; Long and Yang,

002 ; Castoldi et al., 2011 ). It can be seen that the area of the band

t 3606 cm 

−1 for the Fe-ZSM-5 catalyst was lower than that of the

-ZSM-5 catalyst, due to ion exchange of Fe ions into H-ZSM-5.

he NH 3 coordinated at Lewis acid sites (Al 3 + and Fe 3 + ) showed

road features in the 350 0-310 0 cm 

−1 region, and the weak band

t 1612 cm 

−1 can be assigned to NH 3 coordinatively linked to Fe

ewis acid sites ( Sun et al., 2001 ; Long and Yang, 2002 ; Castoldi

t al., 2011 ). On the basis of the above results of NO + O 2 , NO 2

nd NH 3 adsorption over clean Fe-ZSM-5, in the next section, we

ill compare and discuss the spectroscopy of NO 2 and NO + O 2 

dsorption on NH 3 pre-adsorbed Fe-ZSM-5. 

.2. NO 2 reaction with NH 3 pre-adsorbed Fe-ZSM-5 

Ruggeri et al. (2012) studied the FTIR dynamics during exposure

f NH 3 -saturated commercial Fe-ZSM-5 to NO 2 at 200 °C. Since the

eactivity between NO 2 and pre-adsorbed NH 3 was quite high at

00 °C, they only observed the fast disappearance of the band cor-

esponding to NH 4 
+ adsorbed on Brønsted acidic sites (1450 cm 

−1 )

nd the formation of surface ferric nitrates (band at 1620 cm 

−1 ).

n this work, in order to observe more details of the reaction of

re-adsorbed NH 3 with NO 2 , we decreased the experimental tem-

erature to 140 °C, and especially, a background spectrum was col-

ected of NH 3 saturated Fe-ZSM-5 at the same temperature. In de-

ail, Fe-ZSM-5 was first exposed to NH 3 /N 2 flow until close to ad-

orption saturation, and a background spectrum was obtained after

urging in N 2 for at least 3 hr. Before exposure to NO 2 , the spec-

rum collected on the NH 3 -saturated catalyst surface was a straight

ine without visible bands against this background spectrum. In

his way, on exposure to NO 2 flow, the dynamic changes of bands

ould provide information on the reaction of NO 2 with adsorbed

H 3 . Fig. 2 shows the in situ DRIFTS spectra after Kubela-Munk (K-

) transformation for NO 2 adsorption over the NH 3 pre-adsorbed

e-ZSM-5 at 140 °C in 30 min. In order to clarify the changes in

he IR dynamics, Fig. 2 a and b illustrates the spectra in the time

anges of 0-5 and 5-30 min, respectively. As shown in Fig. 2 a, in

he range of nitrates, besides the bands at 1630 and 1574 cm 

−1 

hich can be characterized for NO x adsorption on clean Fe-ZSM-
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Fig. 2. In situ DRIFTS spectra after NO 2 adsorption over NH 3 pre-adsorbed Fe-ZSM-5 at 140 °C: (a) 0-5 min, (b) 5-30 min, and (c) 0-30 min (black colour: 0-5 min). Feed: 0.1 

vol.% NO 2 , N 2 as balance. K-M: Kubela-Munk. 
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, a band at 1602 cm 

−1 appeared immediately after exposure to

O 2 . The bands related to nitrates gradually increased with time.

he band at 1602 cm 

−1 can be assigned to an ammonium nitrite

briefly denoted as NH 4 NO 2 in this work) due to the reaction be-

ween NO 2 species and NH 4 
+ ions ( Long and Yang, 2002 ; Devadas

t al., 2006 ). Simultaneously, a band at 1296 cm 

−1 increased with

ime and then decreased after 4 min. Following the results of Sun

t al. (20 01 , 20 02 ), the band at 1296 cm 

−1 can be assigned to the

O 2 
− group. 

In the SCR reaction over Fe-zeolite catalysts, the ammonium

itrite species was considered to be an intermediate species that
an decompose to N 2 and H 2 O ( Devadas et al., 2006 ; Grossale

t al., 2008 ; Kim et al., 2014 ; Beale et al., 2015 ). According to

he results from transient reaction experiments, Grossale et al.

20 08 , 20 09 ) proposed that the temperature threshold of forma-

ion/decomposition of ammonium nitrites, thus forming N 2 , is es-

imated to be around 100 °C. In theory, the decomposition of am-

onium nitrites should result in the consumption of NH 4 
+ ions.

he results of Long and Yang (2002) showed that in the reac-

ion of NO 2 with adsorbed NH 3 over Fe-ZSM-5, the appearance of

he band of intermediate ammonium nitrites (1602 cm 

−1 ) along

ith the decrease of the band corresponding to NH 

+ on Brønsted
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Fig. 3. In situ DRIFT spectra after NO 2 adsorption over NH 3 pre-adsorbed H-ZSM-5 at 140 °C. Feed: 0.1 vol.% NO 2 , N 2 as balance. 
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acid sites (1461 cm 

−1 ) was observed. In this work, since the NH 3 -

saturated surface was used as background, consumption of NH 4 
+ 

on Brønsted acid sites should be expected to show a negative band

at around 1487 cm 

−1 and a positive OH bridging band at 3606

cm 

−1 . However, as shown in Fig. 2 a, a negative band at ~1487

cm 

−1 could not be detected during the time range of 0-5 min after

exposure to NO 2 . In addition, according to the results of Grossale

et al. (2009) , the disproportionation of NO 2 to form nitrates and

nitrites as in reaction ( 3 ) could be essentially unaffected by pre-

adsorbed NH 3 on Fe-ZSM-5. Taking these things into account, we

deduced that the NH 4 
+ in the intermediate NH 4 NO 2 might orig-

inate from/compensate for another source of NH 3 (such as NH 3 

bound to Lewis acid sites) on the catalyst surface. It is worth men-

tioning that the band of the NH 4 NO 2 intermediate (1602 cm 

−1 ) in-

creased simultaneously with the bands of nitrates (1630 and 1574

cm 

−1 ) in the time range of 0-5 min. This indicates that the rate

of formation of the NH 4 NO 2 intermediate is faster than the rate of

its decomposition to N 2 and water in this time range. The band

at 1296 cm 

−1 related to NO 2 
− increased with exposure time to

NO 2 and then decreased at around 5 min. As shown in Fig. 2 a, the

change of the band intensity of NO 2 
− was not coincident with ni-

trite intermediates at 1602 cm 

−1 during the whole time range of 0-

5 min. In addition, the band of NO 2 
− can also be observed for NO 2 

exposure to NH 3 pre-adsorbed H-ZSM-5 ( Fig. 3 ). It is reasonable to

assume that the formation of NO 2 
− species was not related to Fe

sites. The weak negative band at 1383 cm 

−1 might result from the

distorted NH 4 
+ ions on some sites due to the formation of NH 4 NO 3 

speices over the catalyst surface. 

Fig. 2 b shows the IR spectra in the time range of 5-30 min. It

can be seen that the bands related to NO 2 groups (1633 and 1622

cm 

−1 ) increased with further exposure to NO 2 . It was noted that,

starting from ~6 min, the negative band at 1480 cm 

−1 in the spec-

tra arose with the appearance of the bridging OH band at 3606

cm 

−1 . This indicates the consumption of the NH 4 
+ on Brønsted acid

sites starting at this time. Simultaneously, a slow decrease of the

band at 1574 cm 

−1 can be observed, indicating that a portion of

ferric nitrates was reacted away. The decrease of the band at 1574

cm 

−1 along with the prominent appearance of a negative band at

1487 cm 

−1 can be explained by part of the ferric nitrates being re-

duced by NO (released on NO 2 adsorption) to ferric nitrites, and

then reacting with adjacent NH 4 
+ on Brønsted acid sites to form
he intermediate NH 4 NO 2 . However, at 140 °C, the formation of

H 4 NO 3 or strongly interacting ammonia-nitrate ad-species should

lock the reactivity of nitrates with NO, known as the NH 3 block-

ng effect ( Grossale et al., 20 08 , 20 09 ). Furthermore, NH 4 NO 3 can-

ot decompose at the experimental temperature (140 °C). There-

ore, the ferric nitrate species (1622 and 1574 cm 

−1 ) can remain

n the catalyst surface due to the formation of NH 4 NO 3 , which

locked the reduction of nitrates to nitrites by NO. In addition, the

roduction of NO by NO 2 disproportionation should also stop af-

er exposure to NO 2 at a certain time. As shown in Fig. 2 , bands

elated to ferric nitrates could be observed after 30 min. This indi-

ates that when NH 3 is removed from Fe sites, ferric nitrate species

re formed according to reactions ( 9 ) and ( 10 ). In addition, ferric

itrite species could be oxidized to nitrates with further exposure

o NO 2 as shown in reaction ( 11 ) . 

 

Fe ( III ) − N H 3 ] + NO 

−
2 → [ Fe ( III ) − OH ] 

− + N 2 + H 2 O (9)

[ Fe ( III ) − OH ] 
− + 2N O 2 + Z − OH → [ Fe ( III ) − N O 3 ] 

+ Z − NO 

−
2 + H 2 O (10)

e ( II ) − N O 2 + N O 2 ↔ NO + Fe ( III ) − NO 

−
3 (11)

The experimental results at 250 °C are shown in Appendix A Fig.

4. It can be seen that the NO 2 group band at 1630 cm 

−1 was the

nly dominant nitrate species, and all the peaks associated with

dsorbed NH 3 species were rapidly consumed in 5 min with the

eappearance of the Brønsted acid OH stretch at 3610 cm 

−1 . This

ndicates that the pre-adsorbed NH 3 can directly react with NO 2 

as at 250 °C. 

In order to identify the surface species related to Fe sites that

ormed during exposure to NO 2 , the experiment involving NO 2 ex-

osure to NH 3 pre-adsorbed H-ZSM-5 was carried out. As indi-

ated by the results shown in Fig. 3 , during this run, only very

eak bands at 1630 cm 

−1 associated with NO 2 groups could be

bserved in the nitrate range. This confirmed that the high inten-

ity of bands related to nitrate species at 1630 and 1574 cm 

−1 , as

ell as the intermediate NH 4 NO 2 at 1602 cm 

−1 observed in Fig. 2 ,

riginated from Fe species. The results for H-ZSM-5 showed that

he OH bridging band (3606 cm 

−1 ) and the negative bands related
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Fig. 4. In situ DRIFT spectra after NO + O 2 adsorption over NH 3 pre-adsorbed Fe-ZSM-5 at 140 °C: (a) 0-5 min and (b) 5–20 min. Feed: 0.1 vol.% NO 2 , N 2 as balance. 
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o NH 4 
+ appeared rapidly after exposure to NO 2 . The band at 1300

m 

−1 assigned to nitrites suggests that the adsorbed NH 3 can be

onsumed through the direct reaction of nitrites with NH 4 
+ on

rønsted acid sites as shown in the reaction ( 12 ) below ( Ruggeri

t al., 2014 ). 

 −ON H 4 + HNO 2 → [ NH 4 NO 2 ] + Z −OH →N 2 + 2H 2 O + Z −OH (12) 

.3 . NO adsorption on pre-adsorbed NH 3 

The oxidation of NO to NO 2 has been considered to be the key

tep in the standard SCR reaction over Fe-ZSM-5 ( Long and Yang,

002 ; Ruggeri et al., 2013 ; Iwasaki and Shinjoh, 2010a ). Further-

ore, according to the results of experiments using chemical trap-

ing techniques, Ruggeri et al. (2014) proposed that nitrites/HONO

ormed on the catalyst surface, rather than gaseous NO 2 produced

rom NO oxidation, should be the common intermediates in the

O oxidation, standard and fast SCR reactions over Fe-ZSM-5. How-

ver, direct proof of ammonium nitrite (NH 4 NO 2 ) intermediates

n the standard SCR reaction was difficult to obtain by IR spec-

roscopic techniques due to its high activity and low quantity. It

as reported that the protonated NH 4 NO 2 species can decompose

ven at room temperature ( Li et al., 2006 ). In addition, the IR ab-

orbance features of the zeolite framework in the range of ~1300

m 

−1 would strongly overlap the characteristic bands of adsorbed

itrite species over Fe-ZSM-5 ( Rivallan et al., 2009 ). Therefore, the

R bands related to the intermediate ammonia nitrite species were

lmost invisible in the reaction of NO + O 2 with adsorbed NH 3 

ver Fe-ZSM-5, in which significant changes in the NH 4 
+ adsorbed

n Brønsted acid sites were observed ( Long and Yang, 2002 ). In or-

er to confirm the formation of nitrites in NO oxidation, in the ex-

eriments of Ruggeri et al. (2014) , a Fe-ZSM-5 + BaO/Al 2 O 3 phys-

cal mixture, in which the formed nitrites can be trapped by BaO,

as exposed to NO + O 2 at 120 °C. Then the formation of nitrites

as evidenced by the observation of an equimolar mix of NO and

O 2 in the following temperature programmed decomposition ex-

eriments ( Ruggeri et al., 2014 ). In the current study, direct detec-

ion of the IR bands of nitrites was realized in the NO reaction with
re-adsorbed NH 3 by subtraction of the NH 3 saturated Fe-ZSM-5

ackground spectrum. 

As shown in Fig. 4 a, bands related to nitrates at 1630 and 1574

m 

−1 , as well as intermediate ammonium nitrite species at 1602

m 

−1 , can be clearly observed after flowing the NO + O 2 mix-

ure over NH 3 pre-adsorbed Fe-ZSM-5. From the results in the time

ange of 0-5 min shown in Fig. 4 a, it can be seen that the spectral

eatures were very similar to those observed in the case of expo-

ure to NO 2 ( Fig. 2 a). It can be seen that the bands of NO 2 groups

1630 cm 

−1 ) and ferric nitrates (1574 cm 

−1 ), as well as the inter-

ediate NH 4 NO 2 (1602 cm 

−1 ), increased with time in the first 5

in. Similarly, the negative band of NH 4 
+ on Brønsted acid sites

id not appear in this time range. The results provide clear evi-

ence that the NO oxidation to form surface nitrates and nitrites

s a key pathway in the standard SCR reaction, and that the in-

ermediates are the same as those in the NO 2 reaction with pre-

dsorbed NH 3 . Our results confirm that the intermediates in the

tandard SCR reaction should be generated from the oxidation of

O. The lower intensity of those bands in this case indicates that

ess nitrates were formed in NO + O 2 compared with exposure to

O 2 , due to the low NO oxidation activity of Fe-ZSM-5 at 140 °C. 

It is worth noting that the bands related to changes of NH 4 
+ 

n Brønsted acid sites (negative bands at ~1487 cm 

−1 and positive

and at ~ 3610 cm 

−1 ) cannot be observed in the early stage of the

eaction, as shown in Figs. 2 a and 4 a. This indicates that the NH 4 
+ 

n Brønsted acid sites was less active at low temperature. Recently,

hang et al. (2019) found that for Cu-SSZ-13, NH 3 adsorbed on

ewis acid sites is more active than NH 4 
+ on Brønsted acid sites

n reaction with nitrogen oxides at low temperature, and they pre-

umed that NH 3 adsorbed on Lewis acid sites can react with NO

irectly via a NO-assisted NH 3 activation pathway. We considered

hat this should be a common mechanism for the SCR reaction

ver ion-exchanged zeolite catalysts: NO first reacts predominantly

ith NH 3 coordinated to Lewis acid sites related to metal active

ites. The results from Chen et al. (2016) provided clear evidence

or that NH 3 bound to the Lewis acid sites can be protonated and

ransformed into the intermediate NH 4 
+ in the standard SCR re-

ction. Taken together, a reaction pathway involving NH 3 adsorbed
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Fig. 5. Comparison of in situ DRIFT spectra after NO x reacted with NH 3 followed by N 2 purging at 140 °C: (a) NH 3 adsorption, (b) NO 2 reaction with pre-adsorbed NH 3 , and 

(c) NO + O 2 reaction with pre-adsorbed NH 3 . Background spectrum was collected on clean Fe-ZSM-5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Proposed pathways for the NO + O 2 exposures to NH 3 pre-adsorbed 

Fe-ZSM-5. 
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on Fe sites with NO might also occur as shown in reaction ( 13 ).

Then, the NH 2 NO can decompose into N 2 and H 2 O, and H 

+ can

transfer to adjacent adsorbed NH 3 to form NH 4 
+ . 

Fe ( III ) − N H 3 + NO → Fe ( II ) − N H 2 NO + H 

+ (13)

On the other hand, the dynamic spectra after 5 min were dif-

ferent from those observed with NO 2 exposure. As shown in Fig.

4 b, the bands at 1574 and 1602 cm 

−1 sharply decreased and be-

came invisible in ~2 min, accompanied by the appearance of neg-

ative bands of NH 4 
+ ions at 1487 cm 

−1 and OH bridging bands at

3606 cm 

−1 . At the same time, the band at 1630 cm 

−1 decreased

at a relatively slow rate, and a very weak band remained after 20

min. The significant decrease of the band at 1574 cm 

−1 at around

~5 min should be attributed to the occurrence of the reduction of

nitrates by NO to form nitrites, after which the ferric nitrites would

react with NH 4 
+ adsorbed on Brønsted acid sites to form N 2 and

water. as shown in reaction ( 4 ). 

It should be noted that the bands related to nitrate species at

1630 and 1574 cm 

−1 were almost undetectable after 10 min ex-

posure to NO + O 2 . Contrarily, NO + O 2 adsorption on clean Fe-

ZSM-5 catalysts at 140 °C exhibited bands of 1633 and 1574 cm 

−1 .

This indicates that the oxidation of NO to form nitrates over the

catalyst surface became difficult after the pre-adsorbed NH 3 was

completely consumed in the NO + O 2 flow. According to Delahay

et al. (2005) , re-oxidation of Fe 2 + species was the slow step in the

Fe 3 + /Fe 2 + species cycle in the standard SCR reaction. The unde-

tectable nitrate species on the Fe-ZSM-5 in NO + O 2 at the end

of the run indicate that the re-oxidation of Fe 2 + species should

be rather difficult at 140 °C. Moreover, it should be noted that H-

ZSM-5 realized NO x reduction in the fast SCR reaction at 200 °C
(Appendix A Fig. S2), but the NO conversion was markedly lower

compared to Fe-ZSM-5. This further suggests that the oxidation of

NO over Fe active sites is crucial for reduction of NO at low tem-

perature, even under fast SCR reaction conditions. 

In order to identify the remaining surface species after NO 2 

and NO + O 2 reacted with pre-adsorbed NH 3 over Fe-ZSM-5, af-

ter the reaction gas was switched off and followed by a N 2 purge,

the spectra were collected using the clean catalyst surface as back-

ground. As shown in Fig. 5 , in the case of NO 2 exposure (line b),

bands related to nitrates at 1630 and 1574 cm 

−1 , as well as nega-

tive bands related to Brønsted acid sites at 3610 and 3660 cm 

−1 ,
an be observed with high intensity. This indicates that a certain

mount of nitrates and part of the NH 3 adsorbed on Brønsted acid

ites remained after the reaction of NO 2 with pre-adsorbed NH 3 

t 140 °C. However, in the case of NO + O 2 (line c), the negative

ands related to OH groups and bands in the nitrate range were

lmost undetectable. This indicates that the pre-adsorbed NH 3 was

lmost completely consumed through reaction during exposure to

O + O 2 at 140 °C. On the other hand, high intensity nitrate bands

t 1633 and 1574 cm 

−1 can be observed on the catalyst surface af-

er exposure to NO 2 , while a very small amount of ferric nitrates

as formed in the case of exposure to NO + O 2 . The results in

ig. 5 confirm that a certain amount of NH 4 NO 3 remained over

he NH 3 pre-adsorbed Fe-ZSM-5 after exposure to NO 2 , and the Fe

ites became inactive after the reaction of pre-adsorbed NH 3 with

O + O 2 . The possible reaction pathways of NO + O 2 reacted with

H 3 pre-adsorbed over Fe-ZSM-5 at low temperature can be sum-

arized in Scheme 1 . 

. Conclusions 

By in situ DRIFTS studies, we present evidence for the for-

ation of common surface nitrate and nitrite species, as well

s NH 4 NO 2 intermediates, in the reaction of NO + O 2 and NO 2 

ith pre-adsorbed NH 3 over Fe-ZSM-5 at 140 °C. The results con-

rm the occurrence of NO oxidation to form ferric nitrates and

itrite species in the reaction of NO + O 2 with NH 3 . The re-

xidation of Fe(II) to Fe(III) is difficult at this low temperature.

his should be the primary cause for the low activity of Fe-

SM-5 in the standard SCR reaction. The addition of NO 2 can

romote the formation of surface nitrates and nitrites; however,

hen NH is present, the further reaction of ferric nitrates to
3 
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orm nitrites is blocked due to formation of ammonium nitrates.

dditionally, the reactions involving NH 4 
+ adsorbed on Brønsted

cid sites should be slow pathways in the SCR reaction at this

emperature. 
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