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Abstract The Selective Catalytic reduction of NO with ammonia (NHs-SCR) in the presence
of H.O was studied over a series of Fe-Cu-ZSM-5 catalysts prepared by solid-state ion
exchange (SSIE), aqueous ion exchange and dry impregnation methods. The prepared
samples were characterized by a wide number of techniques (ICP-AES, N2 physisorption at
77 K, XRD, STEM-EDX, XPS, H>-TPR and DRS UV-vis) to investigate the effect of the
preparation method on the activity, texture, structure and metal speciation of the studied
catalysts. It was found that the aqueous ion exchange method induced a significant metal loss
during the preparation procedure but without any activity deterioratation of the catalyst which
encloses highly dispersed metal species. The catalysts prepared by SSIE and impregnation
showed the highest metal contents and a large number of oxide aggregates leading to an

activity decline at high reaction temperatures due to the ammonia oxidation phenomenon.
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Fe-Cu-ZSM-5 system has been under intense investigation during the last five years for its
exceptionally high activity for the decomposition of NO to N2 during the SCR process [1-3].
This observation has stimulated many studies aiming to identify the nature of the active
species involved in the SCR mechanism. Various methods for Fe-Cu-ZSM-5 preparation were
described in the literature including excess-solution impregnation [4], improved incipient-
wetness impregnation [2], subsequent aqueous ion-exchangel, solid-state ion exchange [3],
and chemical vapour deposition [5]. However, the comparison of effectiveness of these
methods was not very documented. Krocher et al. [5] reported that the initial activity of the
solid Fe-Cu-ZSM-5 was not influenced by the exchange method, but with regard to the
stability of the catalyst, the exchange of vapour phase ions has been clearly favoured.
However, in order to facilitate the preparation of the catalyst, liquid phase ion exchange and
solid-state ion exchange are the preferred methods. T. Zhang attributed the high NH3-SCR
activity of Fe(4%wt)-Cu(4%wt)-ZSM-5 to the presence of highly dispersed Fe-Cu
nanocomposites [2]. The interaction between Fe and Cu species in the Fe-Cu nanocomposites
leads to the increase of the catalyst redox ability and the creation of additional acid sites on its
surface compared to Cu (4%wt)-ZSM-5 catalyst. Sultana et al. have shown that the
performances of Fe-Cu-ZSM-5 catalysts prepared by aqueous ion exchange and solid ion
exchange are similar [3]. Both methods of preparation led to dispersed metal ions and a
considerable amount of iron oxide. The present study was undertaken with the aim of

optimizing the most appropriate method for the preparation of Fe-Cu-ZSM-5 catalyst.

Experimental

Catalysts preparation

Three preparation methods were adopted for the preparation of Fe(2%wt)-Cu(1.5%wt)-ZSM-

5 catalysts: aqueous ion exchange, dry impregnation and solid-state ion exchange. Iron and



copper precursors were provided by Sigma-Aldrich. The commercial NH4™-ZSM-5
(CBVO024E, Si/Al=15) zeolite was supplied by Zeolyst International.

Sample 1: it was prepared by the aqueous ion exchange method by mixing under reflux (80
°C, 48 h) 1 g of zeolite with 50 mL of aqueous copper chloride solution containing the desired
amount of the CuCl2.2H2O precursor. The mixture was then centrifuged and washed with
distilled water. The collected product is dried for 24 hours at 110 °C and then treated at 400
°C (2 °C min) for 1h under a stream of helium (99.99%, Air Liquide, 30 cm® min-1). The
obtained solid was then exchanged with 50 mL of an aqueous solution of iron chloride
(FeCl2-6H20) and the previous procedure was repeated following the same steps.

Samples 2 and 3: they were prepared by one-step aqueous ion exchange and were considered
as reference materials. Sample 2 was issued from CuCl2.2H,O only while sample 3 was
issued from FeCl..6H.0 only.

Sample 4: it was prepared by the dry impregnation method. 1 g of zeolite was mixed in a
rotary evaporator (80 °C, 4h) with the desired amount of CuCl..2H20 dissolved in a minimum
of water. The resulting mixture was dried at 110 °C for 12 h. This procedure was repeated by
mixing the dried solid with the desired amount of iron chloride (FeCl2-6H.0) dissolved in a
minimum of water. The obtained sample was calcined at 550 °C (2 °C mint) for 8 h in air
stream.

Sample 5: it was prepared by the solid-state ion exchange method: 1 g of zeolite was mixed
and finely ground with the desired amount of CuCl..2H>0 in an agate mortar for 5 min under
ambient conditions. The resulting mixture was then heated under a stream of helium (99.99%,
Air Liquide, 30 cm® min?) for 12 h at 380 °C (2 °C min™). The obtained powder was mixed
and finely ground with the desired amount of FeCl.-6H20, then heated for 12 h at 290 °C in a

stream of helium and under the same conditions described previously.



The prepared catalysts were labeled Fe-Cu-Z-AQ, Cu-Z-AQ, Fe-Z-AQ, Fe-Cu-Z-IM and Fe-
Cu-Z-SS, where Z represents the parent zeolite ZSM-5 and the terms AQ, IM and SS denote

the aqueous exchange, impregnation and solid-state ion exchange, respectively.

Activity measurements

The NHs3-SCR of NO catalytic test was performed in temperature programmed surface
reaction (TPSR) using a flow reactor operating at atmospheric pressure with a space velocity
of 333.333 h! and a total flow rate of 6 L h™X. The concentrations of NHz and NO were
established from initial gas cylinders containing 0.75% of NH3 and 0.75% of NO in helium
respectively. 18 mg of each sample were activated in-situ at 250 °C under oxygen and helium
mixture (8% Oz/He) and then cooled to 200 °C. After reaching the starting reaction
temperature, a by-pass of the reactor is done. From this step, the gas outlet composition was
continuously monitored by vacuum stripping a fraction of the exit gas with a capillary
towards the mass spectrometer (Pfeiffer Omnistar) equipped with Channeltron and Faraday
detectors (0-200 amu) following the characteristic masses of : NHz (m/z =15, NH"), H20 (m/z
=18, H20%), N2 (m/z = 28, N2%), NO (m/z = 30, NO"), N2O (m/z = 44, N.O"). Firstly,
baselines of NHz (m/z =15, NH*), N2 (m/z = 28, N>"), NO (m/z = 30, NO") and N2O (m/z =
44, No,O™) were done under the mixture containing He, Oz and water only (3.5% H-0, 8% O>
and 88.5% He). Then, the adequate flowrates of 0.75% NO/He and of 0.75% of NHaz/He were
introduced and the He flowrate adjusted in order to obtain the following gas composition:
1000 ppm of NO and 1000 ppm of NHs. After attaining the stability of all characteristic mass
lines, NO and NHz3 are introduced (mass flowmeters) and by adjusting the He flow, the
reaction mixture is ready. Then, the by-pass is removed and the reaction mixture starts to pass
through the catalyst. After 10 minutes of dwell, the temperature was increased from 200 °C to

550 °C. The catalytic results were expressed as follows:



Conversion of the reactant R (R=NO or NHj3):

Xp = [R"[];[]RT] x 100 , where [Ro] and [Rt] are the concentrations of the reactant R at the inlet
0

gas reactor and at the temperature T, respectively.

Amount of N2O formed:

[N207]-[N20jy;]

Qn,0 = 200 [M,00 ] x 1000 , where [N2Oinj] is the concentration of N2O before injection,

[N2O7] and [N20¢] represent the concentrations of N2O at athe temperature T and at the inlet

gas reactor, respectively.

Selectivity toward No:

o [(Xno % 1000) + (Xyu, X 1000)] — Qp,0
v =

x 100
2 (Xyo X 1000) + (Xyp, X 1000)

Catalyst characterization

The chemical analysis of the studied materials was carried out by ICP-AES in a Varian 715-
ES. The powder samples (ca 20-30 mg) were dissolved in an acid mixture of
20%HNO3:20%HF: 60%HCI (% vol) and aged during 24h. In all cases, the calibration curve
was fitted to the predicted approximate concentration of analyte and determined using
standard solutions (Sigma-Aldrich). The wavelengths used for Cu and Fe analysis were
327.395 and 234.350 nm, respectively. The samples crystallinity was checked using a
PANanlytical Cubix'Pro diffractometer equipped with an X'Celerator detector and automatic
divergence and reception slits using Cu-Ko radiation (0.154056 nm). The equipment is
working under a voltage of 45 kV and a current of 40 mA. The diffractograms were recorded
in the region of 5-40 ° and were exploited with the software PANalytical X'Pert HighScore

Plus. The phase identification was accomplished by comparing the experimental



diffractograms with the references of the international database ICDD (The International
Centre for Diffraction Data). STEM observations were performed using a JEOL-JEM 2100F
instrument equipped with an X-MAX microanalysis detector and operating under an
accelerating voltage of 200 kV and a resolution energy of 20 eV. N2 physisorption
measurements were determined with an automatic ASAP 2020 apparatus from Micromeritics.
Before the nitrogen adsorption, the samples were outgassed at 250 °C until a static vacuum of
3x107° bar was reached. BET model was used to calculate the specific surface area, while pore
volumes were calculated at the end of the step corresponding to the filling of the pores (at
P/P°=0.98). The samples crystallinity was checked using a PANanlytical Cubix'Pro
diffractometer equipped with an X'Celerator detector and automatic divergence and reception
slits using Cu-Ka radiation (0.154056 nm). The equipment is working under a voltage of 45
kV and a current of 40 mA. The diffractograms were recorded in the region of 5-40° and were
exploited with the software PANalytical X'Pert HighScore Plus. The phase identification was
accomplished by comparing the experimental diffractograms with the references of the
international database ICDD (The International Centre for Diffraction Data). STEM
observations were performed using a JEOL-JEM 2100F instrument equipped with an X-MAX
microanalysis detector and operating under an accelerating voltage of 200 kV and a resolution
energy of 20 eV. DRS UV-vis measurements were performed on a Perkin ElImer Lambda 45
spectrophotometer equipped with a diffuse reflectance attachment. Spectra were recorded at
room temperature in the wavelength range of 200-900 nm using BaSO4 as reference material.
H>-TPR profiles were obtained on an automated Micromeritics Autochem 2920 analyser.
Before Ho-TPR measurements, samples (50 mg) were pre-treated in a quartz U-tube reactor
under 5%02/He flow (30 cm® min') at 500 °C (10 °C mint) for 30 min and then cooled under
helium to 40 °C. The samples were then reduced from 40 to 800 °C (5 °C min™?) under

5%H2/Ar atmosphere (30 cm® min?). XPS analyzes were performed using a SPECS



spectrometer equipped with a MCD-9 detector. The source is composed of an aluminum

anode emitting monochromatic X-ray radiation (Ko = 1486.6 eV).

Results

NH3-SCR catalytic activity

The prepared catalysts were tested in the SCR of NO with ammonia and the collected results
were shown in Fig.1. Table 1 summarizes the reaction temperatures of tested catalysts
corresponding to 50% (Tso) and 100% (T100) Oof conversion and the operating temperature

window (temperature range for which the NO conversion is of 100%).

Fig.1 NO conversion over Fe-Cu-Z-AQ, Fe-Cu-Z-IM and Fe-Cu-Z-SS catalysts. Feed: 1000 ppm NO, 1000 ppm

NH3s, 3.5% H,0, 8% O, and 88.3% He. Flowrate: 6 L h%. Space velocity: 333.333 h. Catalyst: 18 mg.

An examination of Fig. 1 and Table 1 shows that the Fe-Cu-Z-AQ catalyst exhibits the lowest
conversion at the beginning of the reaction, which slowly increases to 50% at around 280 °C
and 100% at about 409 °C. The conversion of NO remains lower than that of the Fe-Cu-Z-IM
and Fe-Cu-Z-SS solids up to around 480 °C, where the activities of the latter decrease rapidly
because of the ammonia oxidation phenomenon. The conversion of Fe-Cu-Z-AQ is kept
around 100% at a higher temperature and this catalyst will have the widest SCR window. The
catalysts Fe-Cu-Z-IM and Fe-Cu-Z-SS have the same catalytic profile up to 262 °C, beyond
this temperature, the solid resulting from the impregnation method showed the best
performance catalytic and reaches 50% and 100% conversion at lower temperatures than
other catalysts. Beyond 310 °C, the Fe-Cu-Z-SS catalyst exhibited the same behavior as Fe-
Cu-Z-AQ up to 484 °C when the ammonia oxidation phenomenon began to occur. This solid
presented the narrowest SCR window and was the most delayed in reaching its maximum

conversion (417 °C).



Table 1 NH3-SCR of NO operating temperatures.

N2 selectivity was above 90% over all the catalysts as shown in Fig. 2. The yield of N2 in the

presence of Fe-Cu-Z-AQ was the most important over the entire temperature range.

Fig. 2 N2 selectivity over Fe-Cu-Z-AQ, Fe-Cu-Z-IM and Fe-Cu-Z-SS catalysts.

ICP-AES chemical analysis and N2 physisorption at 77 K results

The chemical analysis was carried out by ICP-AES technique, Table 2 gathers the contents
of iron and copper expressed in %wt as well as the percentages of metal loss. Examination of
these results shows that iron and copper were well retained by the zeolite during the solid-
state ion exchange and impregnation processes where the experimental values are in perfect
agreement with the theoretical amounts set for the catalysts preparation. This result is
expected since SSIE and impregnation methods are the most practical for introducing precise
metal amounts into the zeolite. The ICP analysis also shows a significant loss of iron (32%)
and copper (73%) in the case of Fe-Cu-Z-AQ. In fact, during the aqueous ion exchange
procedure, the formed metal species, rather voluminous due to the solvation phenomenon,
are hardly diffused to the exchange sites of the ZSM-5 which is characterized by small pore
system. ICP-AES results (Table below) showed that the subsequent Fe-exchange eliminates

an amount of copper, although the presence of copper improves the iron exchange

Table 2 Results of ICP-AES and N, physisorption at 77 K.

The textural properties of the prepared samples did not deteriorate from those of ZSM-5 as
revealed the N, physisorption at 77 K analysis, indicating that the texture of the parent
zeolite was maintained after the various preparation processes. The decrease of textural
properties in the case Fe-Cu-Z-IM and Fe-Cu-Z-SS was quite important. This result can be

explained by the possible presence of Fe and/or Cu oxide agglomerates which may partially



block the pores or the channels of the zeolite thus limiting the accessibility of the nitrogen.
Examination of Table 2 shows that the zeolite Sger, the pore volume and size undergo a
slight decrease after the introduction of Fe and Cu by aqueous ion exchange dismissing the
possibly of pore blocking by large oxide species and suggesting their incorporation in the

exchange sites of the zeolite.

XRD and STEM results

The STEM image of the Fe-Cu-Z-AQ (Fig. 3a) does not reveal the presence of any oxide
particles in the different observed areas. In this sample, copper species were highly dispersed,
while iron species were more agglomerated, as shown in the EDX mapping image. In the case
of Fe-Cu-Z-IM (Fig. 3b), large Cu oxide particles of size between 4 and 18 nm (spectra 52
and 54) and smaller Fe particles (spectrum 53) with a size not exceeding 5 nm were both
observed. The size of these particles leads us to speculate that they are located on the zeolite
outer surface [6]. The STEM image of Fe-Cu-Z-SS (Fig. 3c) reveals the presence of iron
particles (spectrum 25) of size up to 8 nm; they coexist with Fe-Cu nanocomposites (spectrum

22) with an average size of 5 nm.

Fig. 3 STEM micrographs and EDX elemental mapping of fresh (a) Fe-Cu-Z-AQ, (b) Fe-Cu-Z-IM et (c) Fe-Cu-

Z-SS. Accelerating voltage: 200 kV. Resolution energy: 20 eV.

Fig.4 shows the XRD diffractograms of the parent zeolite and the Fe-Cu-Z solids. All the
samples show the typical diffractions of the MFI structure, evidencing the stability of the

zeolite structure after the different preparation processes.

Fig. 4 XRD patterns of fresh NH4*-ZSM-5, Fe-Cu-Z-AQ, Fe-Cu-Z-IM and Fe-Cu-Z-SS. Radiation: Cu-Ka

(0.154056 nm). Voltage : 45 kV. Current : 40 mA.



The correspondence of the recorded diffractograms with the ICDD PDF reference models by
the "peak matching” method revealed the presence of Fe O3z (ICDD PDF#33-0664), CuO
(ICDD PDF#48-1548) and Fe2CuQO4 (ICDD PDF#33-0664) phases over Fe-Cu-Z-IM and Fe-
Cu-Z-SS although oxide peaks were not detected in the samples diffractograms. This is due
to the low metal amount introduced in the zeolites (around 1%wt) which is in the limit of
detection of the XRD equipment, besides the metals fluorescence (especially Fe) which
considerably decreases the peaks intensity of the oxide particles. The small size of oxide
nanoparticles provides broad XRD peaks, which overlap with those of MFI zeolite.

XPS results

Fig. 5b shows the Fe 2p spectrum, the characteristic peak of Fe 2ps;» was detected for the three
studied samples at about 711 eV. Its deconvolution led to two distinct bands centered at 710.9
and 713.8 eV and assigned to Fe 2psp binding energies of FeO and Fe2Os species,
respectively, indicating that iron is present in the form of Fe?* and Fe** [7]. The Cu 2ps
spectrum (Fig. 5a) was also detected for all the studied catalysts, it was decomposed into two
bands around 931-932 eV and 933-934 eV, assigned to Cu* and Cu?* species respectively [8].
The relative concentration of Cu and Fe ions as well as Cu*/Cu?* and Fe?*/Fe®" ratios are
shown in Table 3. We can notice that the surface of Fe-Cu-Z catalyst is mainly covered by
divalent Fe and Cu species. With reference to the works of J. Zhang et al. [9], the redox
mechanism of the NH3-SCR reaction consists of electron transfer processes between the Cu™
and Fe™ ions. The presence of the Fe®*'Fe?* and Cu?"Cu* redox couples promotes the
formation of oxygen vacancies at the catalyst surface that help in accelerating the NO to NO>

oxidation process, known as the critical step in the SCR process [10].

Fig.4 Cu 2p (a), (b) Fe 2p and (c) O 1s XPS spectra of fresh Fe-Cu-Z-AQ. Source: aluminum anode. Radiation:

Ka =1486.6 eV.
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The signal Ols, presented in Fig. 5¢, was decomposed into three bands corresponding to
different species: framework oxygen of the Fe/Cu-O bonds, the oxygen of the framework
oxygen of Si-O bonds and chemisorbed oxygen (band centered on 532 eV), known as one of
the most active oxygen species [10]. The examination of Table 3 reveals that the sample Fe-
Cu-Z-IM contains the largest amount of chemisorbed oxygen (14.88%) and the highest
Cu*/Cu?* and Fe?*/Fe3* proportions. The increase of these proportions results in the increase
of the chemisorbed oxygen content: the redox couples promote the formation of oxygen
vacancies, which are advantageous for the adsorption of oxygen on the surface of the catalyst

leading to the formation of chemisorbed oxygen species [11].

Table 3 XPS quantitative analysis.

H2-TPR results

The H>-TPR profile of the sample Fe-Cu-Z-AQ is presented in Fig. 6a, it has been
deconvolved into four gaussians centred at 358, 434, 562 and 691 °C whose assignment is
explained as follows: the peak at T <400 ° C corresponds to the reduction of Cu* species to
Cu® and/or Fe*" to Fe?* [12], the one centred at 434 °C corresponds to the reduction of Fe
(11)-oxo ions in the cationic positions or that of the nanometric Fe3O4 clusters in FeO [1] and
the two peaks at T> 500 °C are attributed to the reduction of Fe?* species to Fe? [5]. The peak
at 691 °C was attributed by another group of researchers to the two-step Fe2Oz reduction as

the sequence: Fe203 — Fe3O4 — Fel [13].

Fig. 6 H>-TPR profiles of (a) Fe-Cu-Z-AQ, (b) Fe-Cu-Z-IM and (c) Fe-Cu-Z-SS. Pre-treatment: 30 min at 500
°C (10 °C min™) under 5%0/He flow (30 cm® min) and then cooled under helium to 40 °C. Sample: 50 mg.
The TPR profile of Fe-Cu-Z-IM (Fig. 6b) shows a peak at 358 °C attributable to the reduction

of Cu* to Cu® and/or Fe3* to Fe?*. The corresponding hydrogen consumption is greater than

that observed with Fe-Cu-Z-AQ at the same reduction temperature, which could be due to a
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larger content of Fe(lll) and/or Cu(l). The two peaks at 414 and 482 °C can be attributed to
the reduction of Fe* and/or Fe3Oa species to Fe?*, while the two peaks centred at 574 °C and

621 °C result from the reduction of Fe?* to Fe? [2].

The profile of Fe-Cu-Z-SS (Fig. 6¢) can be decomposed into four reduction zones: Cu?®* to
Cu* at T <300 ° C [2,1], Cu* to Cu® and/or Fe** to Fe?* at 300 °C <T <400 °C, Fe** and/or

Fes04 to Fe?* at 400 °C <T <500 °C and Fe?* to Fe® at T> 500 °C.

The obtained H>-TPR results show that the copper species are reduced at lower temperatures
in the case of catalysts prepared by impregnation and solid-state exchange compared to that
prepared by aqueous exchange. In fact, the easier the reduction of these species is, the higher
their redox capacity is in the reaction studied. The presence of such easily reducible species
oxidizes NO to NO; and nitrates, which are intermediate species controlling the rate of SCR
reaction and NO conversion at low temperatures [1]. However, such Cu species lead to low
NO conversion at elevated temperatures due to their activity in the competing NH3 oxidation

reaction.
DRS UV-vis results

The valence and coordination state of Fe and Cu species present in the prepared catalysts were
determined by UV-vis spectroscopy. The Kubelka-Munk function was calculated from

reflectance measurements and the recorded spectra are shown in Fig. 7.

Fig. 7 DRS UV-vis spectra of fresh (a) Fe-Cu-Z-AQ, (b) Fe-Cu-Z-IM and (c) Fe-Cu-Z-SS. Temperature: room
temperature. Reference material: BaSO..

Examination of the UV-vis spectrum of Fe-Cu-Z-AQ (Fig. 7a) shows the fundamental
absorption bands of the zeolite matrix at 211 and 272 nm [14]. The second band can also be

attributed to isolated Fe®" species in pseudo-tetrahedral coordination [15]. The spectrum of
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Fe-Cu-Z-SS (Fig. 7c) exhibits two absorption bands at 227 and 254 nm: the first is a d-d
charge transfer band assigned to Fe®" species in tetrahedral coordination (e — t2) [16], while
the second comes mainly from the p-d charge transfer transition between the framework
oxygen and Fe3* cations [17]. Another band appearing at 356 nm has been assigned to
oligonuclear Fe**xOy clusters [18]. In addition to the basic absorption band of the zeolite
matrix at 207 nm, the UV-vis spectrum of Fe-Cu-Z-IM (Fig. 7b) shows the p-d charge transfer
band of isolated Fe®* ions at 256 nm. Moreover, two broad bands located at A> 600 nm
attributable to tog — eq transitions of Cu?* ions in octahedral symmetry are observed for both
Fe-Cu-Z-AQ and Fe-Cu-Z-IM samples [19].

Discussion

The selective catalytic reduction of NO was studied over a series of Fe-Cu-ZSM-5 catalysts
prepared by three different methods. Changes in the structure and texture of the parent zeolite
after the different preparation processes were investigated using XRD and N2 physisoption at
77 K techniques. The comparison between the XRD diffractogram of ZSM-5 and those of the
prepared solids suggests that the parent zeolite structure has not been modified and that its
crystallinity remains intact. The texture of ZSM-5 was also maintained. Fe-Cu-Z-AQ exhibits
the most important specific surface area: a large Sger helps to better disperse the metal
species. This result is in perfect agreement with STEM observations showing the lowest
degree of metal aggregation for Fe-Cu-Z-AQ. The pore volume of this solid has not been
modified; suggesting the absence of oxide particles that may block the entry of the zeolite
pores and inhibits the accessibility of nitrogen. Again, the STEM technique confirms this
hypothesis since no oxide particle was detected in the case of Fe-Cu-Z-AQ. The absence of
such particles may explain the absence of the ammonia oxidation phenomenon in the case of
this catalyst. Chemical analysis by ICP shows that Fe-Cu-Z-AQ was the site of a significant

metal loss during the different stages of the aqueous ion exchange process. This loss can
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occur at three levels: (1) the metal species formed in solution, generally in the form of
[Fe(H20)6]** and [Cu(H20)4]%*, are voluminous due to the phenomenon of solvation and are
hardly diffused to the exchange sites of the ZSM-5 which is characterized by a small pore
system (ring sizes: 5.1x5.5 A and 5.3x5.6 A). (2) An amount of non-exchanged metals can be
lost during the washing step following the exchange procedure or (3) during the helium heat
treatment, where some metal species weakly connected to the zeolite can volatilize. The weak
Cu content (0.40%wt) of Fe-Cu-Z-AQ explains its low catalytic behavior at low temperature.
This result is in agreement with the literature which assigns the low temperature activity to Cu
species and mainly to isolated Cu?* ions [20]. The ammonia oxidation did not occur in the
case of this catalyst, such reaction is promoted by the presence of large metal oxide particles,
mainly CuO [21]. Large CuO nanoparticles (18 nm) were observed in the STEM micrograph
of Fe-Cu-Z-IM, which explains its activity towards the ammonia oxidation reaction. In the
case of Fe-Cu-Z-SS, Cu oxide particles were not detected, only Fe2CuO4 nanocomposites of
small sizes (5 nm) were present together with a limited number of Fe>O3 particles. These
species are active during the ammonia oxidation process but remain less efficient than CuO

species [22].

The decrease in textural properties is greater in the case of Fe-Cu-Z-IM and Fe-Cu-Z-SS
samples. It is attribution to the partial occlusion of zeolite pores by iron and/or copper oxide
agglomerates is possible since their existence is shown by STEM technique. The solid Fe-Cu-
Z-SS exhibits the most significant decrease in the specific surface area and the average pore
diameter; the observation of its surface by STEM microscopy reveals a fairly high degree of
aggregation of both Fe and Cu species. It was noticed that the metal oxides formed in the case
of Fe-Cu-Z-IM (Fe;Os and CuO) and Fe-Cu-Z-SS (Fe.O3 Fe.O3 and Fe,CuOs) are of
different nature. It has been reported that the heat treatment following the catalyst preparation

procedure can influence the metal speciation [23]: calcination under air at moderate
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temperatures (around 400 °C) leads to the formation of rich oxygen oxides, while less
oxidized compounds are obtained when the heat treatment is carried out in an inert gas at
higher temperatures (or during a longer treatment period as for Fe-Cu-Z-SS) which is in

perfect agreement with our results.

XPS spectroscopy shows that the metal cations are present under oxidation states +1 and +II
for copper and +I1 and +111 for iron, such species have also been demonstrated by UV-vis and
H>-TPR analyzes. The quantitative XPS study reveals that Fe-Cu-Z-IM exhibits the highest
Cu*/Cu?* and Fe?*/Fe3* ratios (0.65 and 2.57, respectively) and also the highest percentage of
chemisorbed oxygen. This catalyst showed the highest catalytic performance, a similar result
was obtained in a previous study [8]: high Cu*/Cu?* and Fe?*/Fe3* ratios favor the adsorption
of oxygen on the surface of the catalyst, forming chemisorbed oxygen species which are
known to play an important role in the redox mechanism of the NH3-SCR reaction [2,17]. Fe-
Cu-Z-SS exhibits a higher Cu*/Cu?* ratio than Fe-Cu-Z-AQ and its low-temperature activity
is found better. At high temperatures, Fe-Cu-Z-AQ becomes more active which can be
correlated to its higher Fe?*/Fe®* ratio. The chemisorbed oxygen percentages of these two

catalysts are similar, which explains their comparable catalytic performance.

Conclusion

According to many authors, the activity of ZSM-5 catalysts exchanged with transition metals
depends on their preparation method [24-26]. The effect of the preparation method on the
physicochemical and catalytic properties of the studied Fe-Cu-ZSM-5 catalyst was
investigated in this study. The aqueous ion exchange method induced a significant metal loss
during the various preparation steps although it did not deteriorate the catalytic activity of the
issued catalyst which has been characterized by the best dispersion of Fe and Cu species and

the absence of the ammonia oxidation phenomenon. The catalysts prepared by SSIE and
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impregnation showed the highest metal contents but a different metal speciation and catalytic
activity. The presence of oxide particles in these samples led to an activity decline at high
reaction temperatures due to ammonia oxidation which was more significant in the case of Fe-
Cu-Z-IM containing the largest oxide particles. On the basis of the coexistence of different
oxidation states of the Cu and Fe for the studied catalysts, an interaction can occur between
Cu and Fe species, leading to some electron transfer processes during the redox mechanism of
NHs-SCR. This process is responsible of the formation of a highly active oxygen species on

the surface of the prepared catalysts.
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Table 2

NH3-SCR of NO operating temperatures.

Catalyst SCRwindow (°C) &> Tg5o(°C)?  T100(°C) 2
Fe-Cu-Z-AQ 131 280 409
Fe-Cu-Z-1M 106 265 391 @ Temperature window corresponding to 100% of NO
Fe-Cu-Z-SS 67 270 417 conversion expressed in °C, ® Expressed in °C.
Table 2
Results of ICP-AES and N; physisorption at 77 K.

Sample Fe Fe loss Cu Cu loss Sger Pore volume Pore size

Gowt) (%)  (%wt) (%) (m%g)  (cm%g) A)

NH4*-ZSM-5 - - - - 362 0.22 118
Fe-Cu-Z-AQ 1.37 32 0.40 73 343 0.20 115

Cu-Z-AQ - - 0.90 40 259 0.12 72

Fe-Z-AQ 1.17 42 - - 376 0.16 70
Fe-Cu-Z-IM  1.78 11 1.38 8 328 0.13 101
Fe-Cu-Z-SS  1.83 9 1.41 7 306 0.13 71
Table 3
XPS quantitative analysis.

Sample 0 1s Fe 2p Cu 2p

Chemisorbed O (%)* Fe* (%)* Fe3* (%)* Fe?Fe’* Cu' (%)* Cu? (%)* Cu*/Cu®

Fe-Cu-Z-AQ 12.80 69.43 30.57 2.27 22.96 77.04 0.29
Fe-Cu-Z-IM 14.88 72.01 27.99 2.57 39.37 60.63 0.65
Fe-Cu-Z-SS 12.91 67.18 32.82 2.04 33.79 66.21 0.51

* Atomic concentration of catalyst surface.
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Fig.2 NO conversion over Fe-Cu-Z-AQ, Fe-Cu-Z-IM and Fe-Cu-Z-SS catalysts. Feed: 1000 ppm NO, 1000 ppm

NH3s, 3.5% H,0, 8% O, and 88.3% He. Flowrate: 6 L h™%. Space velocity: 333.333 h'. Catalyst: 18 mg.

100
99 k¢ @Og | © o
_ ' & F,
S %‘9 Y
2 o8|
2 " \M“”H g 10 u”m\
dg Jw /‘“H““H””"m”" 0 N‘ “u”‘”“ | mm“““muw“““ww‘“ H”L‘ s ! \ #u ﬁw
fa k; Ty T ‘m‘ﬂmw b, lmm‘ Wi,
3 A sl U D,
A 97 L et e g !
= I 5 el
Y Wl
e
A —o—Fe-Cu-Z-AQ
96 | ﬂ%ﬁﬂ —+=Fe-Cu-Z-IM
L — | — Fe-Cu-Z-SS
ki
95 R T R R R T R

300 350 400 450 500 550

Temperature (°C)

Fig. 2 N selectivity over Fe-Cu-Z-AQ, Fe-Cu-Z-IM and Fe-Cu-Z-SS catalysts.
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Fig. 3 STEM micrographs and EDX elemental mapping of fresh (a) Fe-Cu-Z-AQ, (b) Fe-Cu-Z-1M et (c) Fe-Cu-

Z-SS. Accelerating voltage: 200 kV. Resolution energy: 20 eV.
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Fig. 4 XRD patterns of fresh NH4*-ZSM-5, Fe-Cu-Z-AQ, Fe-Cu-Z-IM and Fe-Cu-Z-SS. Radiation: Cu-Ka

(0.154056 nm). Voltage: 45 kV. Current : 40 mA.
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Fig. 5 Cu 2p (a), (b) Fe 2p and (c) O 1s XPS spectra of fresh Fe-Cu-Z-AQ. Source: aluminum anode. Radiation:

Ko =1486.6 eV.
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Fig. 6 Ha-TPR profiles of (a) Fe-Cu-Z-AQ, (b) Fe-Cu-Z-IM and (c) Fe-Cu-Z-SS. Pre-treatment: 30 min at 500

°C (10 °C min) under 5%0,/He flow (30 cm® min™) and then cooled under helium to 40 °C. Sample: 50 mg.
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Fig. 7 DRS UV-vis spectra of fresh (a) Fe-Cu-Z-AQ, (b) Fe-Cu-Z-IM and (c) Fe-Cu-Z-SS. Temperature: room
temperature. Reference material: BaSO..
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