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Effect of water on the reduction of NOx with propane on
Fe-ZSM-5. An FTIR mechanistic study
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Adsorption of NO on Fe-ZSM-5 leads to formation of Fen+–NO (n = 2 or 3) species (1880 cm−1), Fe2+(NO)2 complexes (1920
and 1835 cm−1) and NO+ (2133 cm−1). Water strongly suppresses the formation of NO+ and Fen+(NO)2 and more slightly the
formation of Fen+–NO. Introduction of oxygen to NO converts the nitrosyls into surface nitrates (1620 and 1575 cm−1) and this
process is almost unaffected by water. The nitrates are thermally stable up to ca. 300 ◦C, but readily interact with propane at 200 ◦C,
thus forming surface C–H–N–O deposit (bands in the 1700–1300 cm−1 region). Here again, water does not hinder the process. The
C–H–N–O deposit is relatively inert (it does not interact with NO or NO + O2 at ambient temperature) but, at temperatures higher than
250 ◦C, it is decomposed to NCO− species (bands at 2215 (Fe–NCO) and 2256 cm−1 (Al–NCO)). In the presence of water, however,
the Fe–NCO species only are formed. At ambient temperature the NCO− species are inert towards NO and O2, but easily react with a
NO + O2 mixture. The mechanism of the selective catalytic reduction of nitrogen oxides on Fe-ZSM-5 and the effect of water on the
process are discussed.
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1. Introduction

A large number of investigations aimed at establishing
the mechanism of the selective catalytic reduction (SCR)
of nitrogen oxides by hydrocarbons have been performed
or are now in progress [1]. The classic catalyst for this
reaction, Cu-ZSM-5, is not efficient in the presence of
water [2]. At present, many hopes are concentrated on
Fe-ZSM-5 since it keeps a high activity in the presence of
large amounts of water [3–6]. Nevertheless, there are only
few investigations on the SCR mechanism on Fe-ZSM-5.
It has been reported [6] that NO + O2 co-adsorption leads
to formation of NOy (y > 2) species that react with hy-
drocarbons giving a nitrogen-containing deposit. The latter
reacts with NO2 to form nitrogen. No data explaining the
stability of Fe-ZSM-5 towards water vapour have been re-
ported.

The aim of this work is to establish the effect of water
on the SCR of NOx with propane over Fe-ZSM-5. For
this purpose we compared the adsorption of NO and the
co-adsorption of NO + O2 on Fe-ZSM-5 in presence and
absence of water (in a D2O form). The effect of D2O on
the interaction of the stable surface species with propane
was also investigated.

∗ To whom correspondence should be addressed.

2. Experimental

Fe-ZSM-5 was prepared by solid-state ion exchange of
H-ZSM-5 (Si/Al molar ratio = 30) with FeCl3. Stoichio-
metric amounts of H-ZSM-5 and FeCl3 were ground in an
agate mortar and then heated for 12 h at 400 ◦C in a ni-
trogen flow. The Fe concentration, according to the atomic
absorption analysis, was 4.8 wt%.

FTIR spectroscopy studies were carried out with a
Bruker IFS-66 apparatus at a spectral resolution of 1 cm−1

accumulating 128 scans. Self-supporting pellets were pre-
pared from the sample powders and heated in situ in the IR
cell. Prior to the adsorption measurements, the pellets were
activated by 1 h calcination at 400 ◦C and 1 h evacuation
(10−7 Pa) at the same temperature. All IR spectra were
recorded at ambient temperature.

3. Results

3.1. Sample characterization

Because of the high light scattering, the signal-to-noise
ratio in the ν(OH) region was low. In order the obtain bet-
ter quality spectra, the effect of water was studied using
D2O and the experiments were performed with deuteroxy-
lated samples. Activated Fe-ZSM-5 was heated for 1 h at
400 ◦C in 500 Pa of D2O (90% isotopic purity) and then
evacuated at the same temperature. Further on, this sample
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will be denoted as Fe–D-ZSM-5. Two bands, at 2762 and
2660 cm−1, were recorded in the ν(OD) region. The for-
mer band is assigned to isolated Si–O–D groups, whereas
the latter is due to bridging acidic OD groups. Thus, the
results evidence that not all of the acidic hydroxyls have
been exchanged with Fe3+ (FeO+) ions.

Adsorption of CO (1000 Pa) on the activated sam-
ple is negligible; only a very weak Fe2+–CO band at
2195 cm−1 [7,8] was detected. These results indicate that
iron on the activated sample is mainly in the Fe3+ state,
which is consistent with the rusty colour of the sample.

3.2. Adsorption of NO on an activated sample

Introduction of NO (100 Pa) to the activated Fe–D-
ZSM-5 sample results in the appearance of an intense band
at 1882 cm−1, with a lower-frequency shoulder (figure 1,
spectrum (a)). In addition, a weak band at 2133 cm−1 was
also detected, whereas the intensity of the band character-
izing the bridging OD groups at 2660 cm−1 (not shown)
decreased. With time the 1876 and 2133 cm−1 bands grow
(figure 1, spectrum (b)). Simultaneously, the intensity of the
OD band at 2660 cm−1 further decreases. Similar changes
have been observed with an equilibrium pressure increase
up to 1000 Pa (figure 1, spectrum (c)). In this case, how-
ever, a new band at 1814 cm−1 clearly appears and a weak
band at 1920 cm−1 is also visible. In addition, a set of low-

Figure 1. FTIR spectra of NO adsorbed on Fe–D-ZSM-5. Equilibrium NO
pressure of 100 Pa, spectrum taken immediately (a) and after 5 min (b);
increase of the equilibrium NO pressure to 1000 Pa, spectrum taken im-
mediately (c) and after 5 min (d). FTIR spectra of D2O adsorbed on
Fe–D-ZSM-5 (100 Pa, followed by 5 min evacuation) (e) and after ad-

sorption of NO (1000 Pa equilibrium pressure) (f).

intensity bands in the 1650–1500 cm−1 region is developed
with time (figure 1, spectrum (d)). Evacuation leads to dis-
appearance of the bands at 1814 and 1920 cm−1 and a slight
decrease in intensity of the bands at 2133 and 1882 cm−1

(the latter being shifted to 1880 cm−1).
The 2133 cm−1 band has been recently attributed to

NO+ species occupying cation positions in zeolites [9].
Since NO+ is not produced after NO adsorption on
H-ZSM-5, its appearance infers either NO oxidation
by the catalyst, or NO disproportionation catalysed by
Fe–D-ZSM-5. The set of bands at 1920 and 1814 cm−1

characterize Fe2+(NO)2 [10–13]. Bands around 1880 cm−1

have often been observed after NO adsorption on differ-
ent Fe-exchanged zeolites [6,10,11,14] and oxide-supported
Fen+ ions [12,13,15]. There is general agreement in the
assignment of the band to mononitrosyls of the Fen+–
NO type. Some authors claim the oxidation state of iron
to be 2+ [10,11,14,15], whereas others assume that it is
3+ [12,13]. Taking into account that the NO+ band at
2133 cm−1 is developed in parallel with the Fen+–NO
band at 1880 cm−1 (figure 1, spectra (a–d)), we suggest
that oxidation of NO by Fe3+ ions leads to the simultane-
ous formation of NO+ and Fe2+–NO species (1880 cm−1).
Since no relationship between the intensities of the bands
due to Fen+–NO and Fe2+(NO)2 has been detected, and
in agreement with literature data [10–13], we infer that the
mono- and dinitrosyl species are formed with the partici-
pation of different kinds of iron cations.

3.3. Adsorption of NO in the presence of pre-adsorbed
D2O

D2O (100 Pa) was introduced to the sample and after
5 min evacuated at ambient temperature. The resulting
spectrum contained a weak band at 1427 cm−1 (figure 1,
spectrum (e)) assigned to H–O–D deformation modes. It
evidences the presence of residual molecular water after
the evacuation. In addition, a broad and tailed band with a
maximum at ca. 2700 cm−1 (not shown) was registered and
was attributed to D-bonded deuteroxyl groups interacting
with D2O molecules. Introduction of NO (1000 Pa) to
the sample thus treated (figure 1, spectrum (f)) resulted in
the appearance of bands at 2133 (NO+), 1878 (Fen+–NO)
and 1814 cm−1 (Fe2+(NO)2) and a decrease in intensity
of the OD band at 2660 cm−1. Comparison of the spectra
with those recorded after NO adsorption in the absence of
water shows that the Fen+–NO band has a reduced intensity
(by about 30%), whereas the Fe2+(NO)2 bands are much
weaker on the D2O pre-covered sample. The intensity of
the NO+ band has also decreased in the presence of D2O,
which was to be expected due to blocking of the respective
sites by water.

3.4. Co-adsorption of NO and O2

Introduction of O2 (1000 Pa) to the Fe-ZSM-5 sample
in the presence of a NO (1000 Pa) leads to the following
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changes in the IR spectrum (figure 2, spectrum (b)): (i) the
1880 cm−1 NO band is converted into another, less intense
and broader one, at 1882 cm−1; (ii) the 1814 cm−1 band
completely disappears; (iii) strong bands at 1618, 1576 and
1295 cm−1 develop; (iv) a shoulder of the NO+ band is
observed at 2195 cm−1; and (v) a band at 1744 cm−1 with a
weak shoulder at 1710 cm−1 is produced. After evacuation
only the bands at 2133 (with a strongly reduced intensity),
1618 and 1576 cm−1 are visible.

According to literature data [6,16–21] the bands near
1620 and 1575 cm−1 characterize surface nitro or nitrato
groups. We assign the band at 1620 cm−1 to bridging ni-
trates, and that at 1575 cm−1, to bidentate nitrates [18–21].
The 1744 cm−1 band with the 1710 cm−1 shoulder is unam-
biguously assigned to N2O4 [19]. The band at 1882 cm−1,
although coinciding in position with the Fen+–NO bands, is
attributed to adsorbed N2O3 [20]. Indeed, this band disap-
pears after evacuation, contrary to the Fen+–NO band. The
other N2O3 bands are detected at 1295 cm−1 and around
1555 cm−1, the latter being masked by the strong nitrate
bands. It is to be noted that both N2O3 and N2O4 have
been observed as weakly adsorbed species on different ze-
olites [6,16,19,20,22] and their appearance is not specific
for Fe–D-ZSM-5. The 2195 cm−1 band has been reported
and assigned in different ways by several authors [16,22].
It has been found that this band appears in the presence of
adsorbed N2O4 only, at the expense of the NO+ band [22].

Figure 2. FTIR spectra of NO (1000 Pa equilibrium pressure) adsorbed on
Fe–D-ZSM-5 (a), after introduction of 1000 Pa O2 (b), after evacuation (c)
and in the presence of 100 Pa D2O (d); FTIR spectra of NO (1000 Pa
equilibrium pressure) adsorbed on D2O-covered Fe–D-ZSM-5 (e), after

introduction of 1000 Pa O2 (f) and after evacuation (g).

For that reason we tentatively assign it to the N–O modes
of NO+ in [NO+][N2O4] adducts.

The results obtained after co-adsorption of NO and O2

on a D2O pre-covered sample (figure 2, spectra (e–g)) are
very similar to those obtained in the absence of water. The
only difference is that the NO+ band completely disappears
after evacuation of the D2O pre-covered sample.

3.5. Stability and reactivity of the surface nitrates

The nitrates for the experiments given in what follows
were produced by co-adsorption of NO and O2, followed
by evacuation.

All nitrates (bands at 1620 and 1575 cm−1) are sta-
ble towards evacuation at ambient temperature. Their con-
centration decreases after evacuation at 250 ◦C, but they
are still observed after 300 ◦C evacuation. The stability of
the 1620 cm−1 species is a little higher than that of the
1575 cm−1 species. The NO+ species are fully destroyed
after 100 ◦C evacuation.

Introduction of NO (1000 Pa) to a sample pre-covered
with nitrates results in (i) an increase in intensity of the
2133 cm−1 NO+ band; (ii) appearance of N2O3 bands at
1295, 1555 and 1884 cm−1; and (iii) a decrease in intensity
of the 1620 cm−1 band. The results imply some oxidation
of NO to NO+ and N2O3. The decrease in intensity of the
band at 1620 cm−1 suggests that the respective species is
the oxidizing agent. This confirms the assignment of the
1620 cm−1 band to nitrate species since NO−2 cannot oxi-
dize NO. The 1575 cm−1 band characterizes less reactive
nitrates, but the probability for it to be due to nitro com-
pounds cannot be ruled out.

Introduction of D2O (100 Pa) to the nitrate-pre-covered
sample (figure 2, spectrum (d)) results in the appearance
of features (already described) typical of adsorbed water
(D2O). In addition, the NO+ band at 2133 cm−1 disappears
and the 1620 cm−1 band is strongly reduced in intensity
and shifted to 1604 cm−1, whereas the 1575 cm−1 band
increases in intensity.

Evacuation at ambient temperature leads to removal of
part of the adsorbed D2O, the spectrum of the nitrate species
being almost restored. After evacuation at 100 ◦C the sam-
ple is practically dehydrated (according to the intensity of
the 1420 cm−1 band) and the main differences with re-
spect to the initial spectrum are (i) the absence of the
NO+ band and (ii) the somewhat lower intensity of the
1575 cm−1 band. The above results indicate that D2O
adsorbed in the vicinity of nitrate species decreases their
extinction coefficient. It seems that, like on titania and
chromia [21,23], conversion of bridging (1620 cm−1) into
bidentate (1575 cm−1) nitrates takes place when D2O is
co-adsorbed in the vicinity. An important conclusion that
may be drawn is that, after D2O adsorption/desorption, the
concentration of the nitrates has only slightly decreased.

Introduction of propane (2500 Pa) to a nitrate-pre-
covered Fe–D-ZSM-5 sample at ambient temperature (fig-
ure 3, spectrum (b)) only leads to (i) the appearance of
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Figure 3. FTIR spectrum of the nitrate species formed on Fe–D-ZSM-5
after co-adsorption of NO and O2 (1000 Pa of each gas, followed by evac-
uation at 170 ◦C) (a), after subsequent introduction of 2500 Pa C3H8 (b)
and heating in propane for 10 min at 150 (c) and 200 ◦C (d), and evac-
uation (e). Spectrum (f) is recorded after analogous treatment of a D2O-

pre-covered sample.

bands arising from adsorbed propane (1464, 1368 and
1332 cm−1) and (ii) a broad absorbance at 2590 cm−1

(not shown) with a simultaneous decrease in intensity of
the 2660 cm−1 band suggesting that (part of) the adsorbed
propane has interacted with the acidic OD groups. No sub-
stantial changes in the spectra have been noticed after heat-
ing the sample in propane for 10 min at 150 ◦C (figure 3,
spectrum (c)). Interaction at 200 ◦C, however, results in
drastic changes (figure 3, spectrum (d)). Firstly, the nitrate
bands (1620 and 1575 cm−1) disappear. Secondly, a set of
low-intensity bands at 1624, 1548, 1431 and 1332 cm−1

and a broad absorbance in the 3100–2850 cm−1 region
emerge. In addition, a band at 1884 cm−1 also appears.
After evacuation (figure 3, spectrum (e)), only the bands
due to adsorbed propane vanish and the band at 1884 cm−1

is slightly reduced in intensity.
The interaction of propane with the nitrates produced on

a D2O-pre-covered sample (figure 3, spectrum (f)) results
in the same surface species as those described above for
the activated (dehydrated) sample.

The set of bands at 1624, 1548, 1431 and 1332 cm−1

can be attributed to organic nitrogen-containing com-
pounds [6,24] which will further on be called C–H–N–O
deposit. The band at 1884 cm−1 characterizes Fen+–NO
species (it could not be assigned to N2O3 for two rea-
sons: it is stable towards evacuation and there is no band
at 1295 cm−1). Thus, it appears that one of the products of

Figure 4. FTIR spectra of the C–H–N–O deposit on Fe–D-ZSM-5 (for
details see text) after evacuation at 200 (a), 250 (b) and 300 ◦C (c). FTIR
spectrum of the C–H–N–O deposit on D2O-covered Fe–D-ZSM-5 after

evacuation at 200 (d) and 300 ◦C (e).

interaction between the nitrates and propane is NO. These
results are very similar to those reported by Chen et al. [13],
who have also observed formation of an N-containing de-
posit and NO after interaction of propane with the surface
nitro/nitrato species on Fe-ZSM-5.

3.6. Stability and reactivity of the surface C–H–N–O
deposit

For the further experiments, samples with a surface
C–H–N–O deposit were prepared by interaction of nitrate-
pre-covered Fe–D-ZSM-5 with propane at 200 ◦C, followed
by evacuation at ambient temperature.

A sample containing the C–H–N–O deposit was heated
in vacuum at different temperatures. Evacuation at 200 ◦C
slightly affects the spectrum (figure 4, spectrum (a)). After
evacuation at 270 ◦C, however (figure 4, spectrum (b)), two
bands at 2256 and 2215 cm−1 appear. Simultaneously, the
bands characteristic of the C–H–N–O deposit decline. This
process continues during evacuation at 300 ◦C. In this case,
however, it is the band at 2256 cm−1 that mainly gains in
intensity (figure 4, spectrum (c)).

It is well known that interaction between CO and NO can
easily produce isocyanates. These isocyanates, formed on
Fe-containing systems, absorb around 2200 cm−1 [25,26].
Thus, the band at 2215 cm−1, appearing after decompo-
sition of the C–H–N–O deposit, may be assigned to iso-
cyanate (NCO−) species. The 2256 cm−1 band is probably
also caused by isocyanates that have spilled over to the
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support [27]. However, alternative assignment to cyanides
is not excluded [28].

When analogous experiments were performed with a
D2O-covered sample at 300 ◦C (figure 4, spectrum (e)),
only the band at 2215 cm−1, with an increased intensity,
was produced. This confirms the above assignment of the
bands, since it is feasible that the blocking of the support
sites by D2O should hinder the spillover of NCO−.

Another difference between the decomposition of the
C–H–N–O deposit in presence and absence of D2O is that,
in the former case, a strong band at 1620 cm−1 is devel-
oped. Assignment of this band to surface nitrates is unlikely
since they are almost fully decomposed at this temperature
(300 ◦C). It seems that this band is produced at the expense
of a broad band at ca. 1650 cm−1 and we tentatively assign
it to surface organic nitrites [29].

Nitrogen monoxide (100 Pa) was introduced to Fe–D-
ZSM-5 containing the C–H–N–O deposit. The only changes
in the IR spectra are a significant increase in intensity of the
NO band at 1880 cm−1 and the appearance of a NO+ band
at 2133 cm−1. Addition of oxygen resulted in a negligible
decrease of the NO band and the appearance of a weak
nitrate band at 1622 cm−1.

When the sample was heated in this NO + O2 mix-
ture at 200 ◦C and then evacuated, the intensity of the
1624 cm−1 band slightly decreased and some absorbance
in the 1500–1300 cm−1 region was also lost. The NO band
at 1880 cm−1 completely disappeared. These results show
that even at 200 ◦C the surface C–H–N–O deposit cannot
be removed by interaction with an NO + O2 mixture.

3.7. Reactivity of the surface NCO− species

The NCO− species (bands at 2215 and 2256 cm−1)
were produced after partial decomposition of the surface
C–H–N–O deposit at 300 ◦C. Then the sample was ex-
posed to 100 Pa of NO. Strong NO (1880 cm−1) and NO+

(2133 cm−1) bands appeared in the spectrum. Subsequent
addition of O2 (1000 Pa) to the NO resulted in an almost
quantitative disappearance of the 2215 cm−1 NCO− band
even at room temperature. The behaviour of this band
on the D2O-containing sample was similar. It, however,
does not disappear when reacting with oxygen only even at
300 ◦C.

4. Discussion

4.1. NOx adsorption species on Fe-ZSM-5

NO adsorption on Fe-ZSM-5 results in the appearance
of three kinds of species: Fen+–NO, Fe2+(NO)2 and NO+.
The Fen+–NO complexes are relatively stable and water re-
sistant. Comparing this fact with their stretching frequency,
which is very close to the gas NO frequency, it is inferred
that the Fe–N bond is stabilized by some π back-donation.
It has been reported that, when bonded simultaneously with

a σ and a π bond, CO can replace water from some c.u.s.
cations, e.g., Ag+ and Pt2+ [20,30]. A similar situation
seems to be realized here. This explains why D2O does not
significantly affect the formation of Fen+–NO species. In
contrast, the formation of Fe2+(NO)2 and NO+ is strongly
inhibited by water.

The co-adsorption of NO and O2 on Fe-ZSM-5 results in
the formation of N2O3, N2O4 and nitrates. The only stable
species, however, are the nitrates. An important conclusion
from our results is that the concentration of all these species
is very weakly affected by water. This can be explained by
the formation of a stronger bond between NO−3 and Fen+

than between Fen+ and coordinated water.
In order to play a role in the SCR on Fe-ZSM-5, the

surface species have to be (i) thermally stable, (ii) water
resistant and (iii) oxygen resistant. The nitrates are the only
species answering these requirements. Thus, they may be
considered as important intermediates in the SCR. Note,
however, that the Fen+–NO compounds, being thermally
stable and water resistant, could be precursors of the for-
mation of nitrates.

4.2. Formation and reactivity of the C–H–N–O deposit
and NCO− species

When the surface nitrates react with propane, a C–H–
N–O deposit is produced. The fact that NCO− species
are formed from this deposit proves the deposit compo-
sition. It is difficult at this stage to give an exact as-
signment of all IR bands. Note, however, that organic
nitro compounds are characterized by bands at ca. 1550
and 1350 cm−1 [17,29], whereas organic nitrites manifest
a band around 1650 cm−1 [29] which is close enough to
the bands observed in our spectra.

Chen et al. [4] have already reported the formation of the
nitrogen-containing deposit and have proposed that it reacts
with gaseous NO2 to give nitrogen. Our results show, how-
ever, that the deposit is relatively inert and is not removed
in an NO + O2 atmosphere even at 200 ◦C. In contrast,
the NCO− species produced during the thermal decompo-
sition of the deposit are much more reactive: although inert
towards NO and oxygen, they disappear in an NO + O2 at-
mosphere (i.e., in the presence of NO2) even at ambient
temperature.

An important conclusion of this study is that the for-
mation of the C–H–N–O deposit is not affected by water.
The only significant effect of the water is the suppression
of the NCO− spillover to the support. It has been found
that water suppresses the formation of surface nitrates on
Cu-ZSM-5 [19]. Thus, the different behaviours of the ni-
trate species on Cu-ZSM-5 and Fe-ZSM-5 appear to be
crucial for their catalytic performance in the presence of
water.

4.3. SCR reaction pathway

The proposed SCR mechanisms can, in general, be di-
vided into two groups. According to one of them, NOx
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reacts with adsorbed hydrocarbons, whereas according to
the other, NO−x (x = 2 or 3) surface species interact with
gaseous hydrocarbons. It has been shown that the SCR by
hydrocarbons is zero order in NOx and has a reaction order
close to one in hydrocarbons [31]. This favours the view
that, under catalytic conditions, the hydrocarbons react with
a surface modified by NOx. Our results also support this
mechanism, since the adsorption of propane on Fe-ZSM-5
was found to be weak, whereas stable surface species are
formed in an NO + O2 atmosphere.

Thus, it appears that the first step of the SCR of NOx
with propane on Fe-ZSM-5 is the formation of surface ni-
trates. The second step is, most likely, the interaction of
these species with propane and production of a surface
C–H–N–O deposit. This deposit is (probably partly) de-
composed into NCO− species. The results suggest that this
reaction is the rate-limiting step of the SCR on Fe-ZSM-5
and that it is not affected by the presence of water. The
NCO− species interact easily with NO + O2 gas mixtures
producing N2. Indeed, it has been reported [4] that the for-
mation of dinitrogen is achieved by coupling between one
nitrogen atom from the C–H–N–O deposit and one from
gaseous NOx.

5. Conclusions

The only stable (up to ca. 300 ◦C) surface species formed
after NO + O2 co-adsorption on Fe-ZSM-5 are the surface
nitrates. They are highly resistant to water but easily in-
teract with propane at 200 ◦C, thus producing a surface
C–H–N–O deposit. Water does not hinder this process.

The C–H–N–O deposit is relatively inert (it does not in-
teract with NO and NO + O2 at ambient temperature and
is only slightly affected by NO + O2 at 200 ◦C) but is ther-
mally decomposed to NCO− species at temperatures higher
than 250 ◦C. At ambient temperature the NCO− species are
inert towards NO and O2, but easily react with NO + O2

mixtures to form nitrogen.
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