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Abstract

The selective catalytic reduction (SCR) of NO witH3 in the presence of {and HO over a
series of Fe and/or Cu-containing ZSM-5 catalystpared by solid state ion exchange
(SSIE) was investigated. A wide number of experitakenechniques (ICP-AES, XRD,
HRTEM, ?’Al MAS NMR, NH3-TPD, DRS UV-vis, H-TPR and EPR) have been applied to
understand the metal exchange order effect ondhmpasition, texture, structure, acidity and
speciation of bimetallic materials. DRS UV-visp,-HPR, EPR and HRTEM experiments
conducted on Cu-Fe-ZSM-5 and Fe-Cu-ZSM-5 allowedidentification of both isolated and
clustered metal species differing in their amouwertyironment and degree of aggregation

leading to a different catalytic behavior of bo#tatysts.

Keywords. Solid-state ion exchange, Selective catalytic readodSCR), NO, ZSM-5.
1. Introduction

Since the beginning of the industrial era, atmosphgollutants have been continuously
rising leading to major threats to environment dnanan health, and then air pollution

control becomes an increasingly important conceanldwide especially in industrialized
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countries. The scientific demonstration of the g character of different chemical
compounds has led to more stringent regulationsrder to control their emissions. The
contribution of motorized transport in this problésnof paramount interest. The biggest air
pollution problems associated with this sector te emission of unburnt hydrocarbons
(HC), carbon monoxide (CO), particulate matter (PMy nitrogen oxides (NOx) resulting
primarily from the spontaneous oxidation of NO. N&De highly toxic and harmful gases that
contribute to the irritation of the respiratory bches and to the reduction of blood
oxygenation power. In the presence of moisturelrits into nitric acid and participates, under
the action of ultraviolet radiation and in combioat with VOCs (Volatile Organic
Compounds), to the formation of tropospheric ozdw®, emissions’ control has therefore
become one of the greatest challenges for enviratahprotection, stricter legislations have
been enacted and several technologies have beatodes and performed to reduce the
emissions of NOx including catalytic approaches3]1-The selective catalytic reduction
(SCR) is considered as one of the most efficieshrielogies for N@ removal from
stationary sources and vehicles exhaust gas dingerates at lower temperatures than other
reduction techniques [4-6]. During the SCR proc®¥3, are reduced in the presence of a
reducing agent to form innocuous water and nitroggnmonia (urea) is used as a reducing
agent mainly for fixed stations (nitric acid plantsowever it is also used in catalytic reactors
fitted to diesel engines and some vessels becduge dnigh NOx conversions that can be
achieved at high space velocity [4]. Mao et al.hhghted the effectiveness of transition
metals (C@', Mo®*, F€*,Cr**, etc.) exchanged zeolites for MSBCR going far beyond that of
commercial vanadia-based catalysts [7], with higtivdies and nitrogen selectivity on wide
temperature ranges and resistance tp &8 HO at temperature above 450 °C. Among such
a wide family of catalysts Cu-zeolite and Fe-zeotieem to be particularly interesting for the

studied reaction [8]. Delahay et al. have extergiegamined both Fe-zeolite and Cu-zeolite
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systems [5,9-11]. Zeolites exchanged with iron h&een found more active at higher
temperatures while those exchanged with copper stidsetter activity below 300 °C, since
above 350 °C, these catalysts are known for NO @mmn decline due to the ammonia
oxidation phenomenon [12].The identity and nuclyaof Fe and Cu active sites for SCR
reaction are still under debate. Chronologicalhg first metal-doped zeolite found active in
SCR reaction is a zeolite containing copper. Raggrthis type of catalyst, it is commonly
accepted that the €lUions and copper oxo cations play a crucial rolehia NH-SCR
reaction. Matsumoto et al. studied the N&CR reaction with a series of ZSM-5 zeolites
containing different metal content [13]. They car#d that the main active site is a copper
dimer at exchange sites of the catalyst. Kiegei.edlso proposed that at temperatures below
300 °C, the active sites in Cu-FAU are formed biginleouring Cu ions as in the case of [Cu-
O-Cuf* dimers. However, above 350 °C all copper ions becactive [14]. Among Cu-
zeolites, the elaboration of Cu-CHA, has promotegesy intense research activity on the
nature of active sites and the reaction mechanisrtise last few years. Now, it is generally
assumed that isolated species are also active feitdhe NH-SCR-NOx reaction [15]. In
contrast to Cu-zeolite systems, numerous actis sitere nominated for Fe-zeolite system.
Several EXAFS studies indicate that the activessigsponsible for high SCR activities of Fe-
ZSM-5 catalyst are intra zeolite binuclear Fe-oX®-]L8]. Other groups of researchers
working on the same catalyst, have proved thavedton sites are: isolated ¥eand F&*
ions[19], small FgOy clusters or oxygen bridged binuclear iron speci#®-{Fe—O—-Fe—OH]
*120], groups of a wide range of nuclearity and éaspts of oxides [21,22]. Alternative
suggestions of the active site structure in Fe-Zobétalyst were also found including,Be
groups [23], and oligomeric clusters with low nualiges containing mononuclear sites

[21,24]. However, it was suggested that large opigiicles are fairly inactive [21,25].
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At present, most reports are focused on bimetahkchanged zeolite systems and
intensive researches dealt with these promisingemaddé. One of the latest generations of
catalysts mentioned for the NM$CR reaction is Fe-Cu-zeolite system. During twst five
years, recent studies have revealed that such ialatexhibit higher NO conversion activity
over a wider temperature range than with individea} and Cu-zeolite catalysts [26-31].
Simultaneous presence of both iron and copper leadschange of electronic properties, an

enhancement of redox ability and a creation of naaid sites than for single metal catalyst.

Herein, we attempt to synthesize a Fe-Cu-cataly$t somplementary advantages and
synergistic effects of both iron and copper andirgathe ability to broaden the reaction
temperature window. Solid-state ion exchange (S8i1&hod has been adopted for catalysts
preparation. Our group reported several studiedindeavith this technique [32,33], as it
shows a relatively simple procedure to obtain ahlyigexchanged zeolite powder while
avoiding the problems of precursors solvation, ithituence of the pH and precipitation
encountered using wet preparation methods. Furttvesmit is difficult to control the
percentage of desired metal-ion exchange in aqueatsxchange method. We aimed as well
to check the influence of the metal exchange omterthe SCR-NO performances and

physicochemical properties of a bimetallic ZSM-Babyst.

2. Experimental

2.1. Catalysts preparation

Four samples were prepared using commercial zegktg-ZSM-5 (CBV024E, Zeolyst,

Si/Al=15) by SSIE method in two steps:

Step 1: 1g of zeolite was finely ground and mixethwthe desired amount of

anhydrous iron (lll) chloride Feg{Sigma- Aldrich, theoretical wt% of Fe =1.5) in agate
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mortar for 5 min under ambient conditions. The sy mixture was then heated in helium

flow (30 cn? min®) for 12h at 290 °C (1 °C mi).

Step2: the powder obtained from the first step firedy ground and mixed with the
desired amount of copper (Il) chloride dihydrateCGI2H,O (Sigma- Aldrich, theoretical
wt% of Cu =1.5) and heated for 12h at 380 °C inumelflow and under the same conditions
applied previously. Finally, the catalysts were pdnas follow: Cu-Fe-ZSM-5 (prepared
according to the previous steps), Fe-Cu-ZSM-5 (@reg by the introduction of Cu in step 1
and Fe in step 2), Fe-ZSM-5 (issued from ke@ily), and Cu-ZSM-5 (issued from

CuCh.2H;0O only).
2.2.Activity measurements

The NH;-SCR of NO catalytic test was performed in tempgeprogrammed surface
reaction (TPSR) using a flow reactor operatingtataspheric pressure with a space velocity
of 250,000 H and a total flow rate of 6 Lh 24 mg of each sample (0.025 ¥mvere
activated in-situ at 250 °C under oxygen and helmamture (3.5% HO, 8% Q and 88.3%
He) and then cooled to 50 °C. The samples wereddstm 200 °C to 550 °C under the same
O./He atmosphere and using the following gas comiposifi000 ppm of NO and 1000 ppm
of NHs;. The reaction gas mixture is achieved using médsw imeters. The effluent
composition was continuously monitored and by sampbn line to a quadruple mass
spectrometer (Balzers QMS 200) equipped with Chigtnomeand Faraday detectors. Catalytic
results were expressed as follows:

_[Nd,-[Ng

-
Conversion of NOZXNO_ [Nq XlO(’ where [NOj and [NO} are the
0

concentrations of NO respectively at the inlet gctor and at the temperature T.
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2.3.Catalyst characterization

The equipment used for Inductively Coupled Plasheanental analysis (ICP-AES) was a
Varian 715-ES. Before analysis, samples (ca. 20 waye dissolved in a HNJHCI/HF
solution. The samples crystallinity was checked ngisia PANanlytical Cubix'Pro
diffractometer equipped with an X'Celerator deteetiod automatic divergence and reception
slits using Cu-k radiation (0.154056 nm). The equipment is workimgler a voltage of 45
kV and a current of 40 mA. The diffractograms wegeorded in the region of 5-40 ° and
were exploited with the software PANalytical X'PEigh ScorePlus. The phase identification
was accomplished by comparing the experimentatagdifbgrams with the references of the
international database ICDD (The International @enfior Diffraction Data). HRTEM
observations were performed using a JEOL-JEM 2108iFument equipped with an X-MAX
microanalysis detector and operating under an aatéig voltage of 200 kV and an energy
resolution of 20 e\Al MAS NMR spectra were recorded at room tempemtm a Bruker
WB spectrometer with a frequency of 104.21 MHz asthg AI(N()3.9H,0 as a reference
material. The excitation pulse and recycle timeen&ms and 0.06 s, respectively. An overall
4096 free induction decays were accumulated. The NPD experiments were performed on
a Micromeritics Autochem 2910 apparatus analyzewipggpd with an on-line thermal
conductivity detector. The reactor was placed jpr@grammable oven and the temperature
monitoring is set using a thermocouple placed intact with the material. Each sample (50
mgq) is first pretreated for 1h at 500 °C underoavflbf 20%Q/80%N, with a heating rate of
10 °C min' and a flow rate of 30 chrmin™. Solid is then cooled to 100 °C under helium
stream and ammonia (5% MNMHe) is adsorbed at this temperature for 45 minutes
saturation. Purging with helium is carried out @0 2C during 1h, then the thermal desorption
is performed up to 600 °C using a heating rate0of@ min' and a flow rate of 30 ctrmin™.

UV-Vis DRS measurements were performed on a Perkimer Lambda 45
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spectrophotometer equipped with a diffuse reflemtaattachment. Spectra were recorded at
room temperature in the wavelength range of 200s88Qusing BaS@as reference material.
H,-TPR profiles were obtained on an automated Micrdme Autochem 2920 analyzer.
Before HB-TPR measurements, samples (50 mg) were pretr@atedjuartz U-tube reactor
under 5%@&/He flow (30 cni min™) at 500 °C (10 °C mif) for 30 mn and then cooled under
helium to 40 °C. The samples were then reduced #6mC to 800 °C (5 °C mif) under
5%H,/Ar atmosphere (30 chmin®). EPR spectra were recorded at 105 K on a Bruké&X-E
12 spectrometer operating in the X band with adesgy and an amplitude modulation of
100 kHz and 1.0 Gauss respectively.
3. Results

3.1.NH3-SCR catalytic activity

The prepared catalysts were tested in the SCR oiii®ammonia and the collected
results were shown in Fig.1.Table 1 summarizegdhetion temperatures of tested catalysts
corresponding to 50% §§) and 100% (7o) of conversion and the operating temperature

window (temperature range corresponding to 100%oofersion).

Fig.1. NO conversion over prepared catalysts.

Fig.1 shows the SCR window of Fe-ZSM-5which is tedi with approximately 100% of
conversion starting from 451°C. This behaviour haracteristic of Fe-zeolite system which
demonstrates a maximum activity at high temperat{@8,34], while Cu-ZSM-5 exhibits a
good catalytic performance at low temperatureshiegc 50% of conversion at 267 °C versus
288 °C for Fe-ZSM-5 catalyst. A slight decline iONconversion starting from 450 °C was
detected which is not related to the deterioratibthe catalyst. In fact, this decline is due to
the unselective oxidation of ammonia to NO schezedtias: 4 NEl+ 5 G — 4 NO + 6 HO

[35].

Table 1: SCR operating temperatures.
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Cu-Fe-ZSM-5 and Fe-Cu-ZSM-5 seem to have the satatytic profile apart from a
slight difference in the catalytic behaviour betwe&eu-Fe-ZSM-5 and Fe-Cu-ZSM-5 from
280 to 375 °C (the maximum difference is of 5t1 %ig. 2b shows that both bimetallic
catalysts exhibit the same concentration gDNragment while in the case of Cu-Fe-ZSM-5,
the formation of NQ@is more pronounced. This finding reveals a diffe@talytic behaviour

of these catalysts despite the close conversiaregdhter.

Fig. 2.Evolution of NO* fragment (m/e=44) (a) and NOfragment (m/e=46) (b) intensities over Cu-Fe-ZSM-5

and Fe-Cu-ZSM-5 catalysts.

3.2.ICP-AES chemical analysis results.

The chemical analysis was performed by ICP-AES rtieglte. Obtained results are
gathered in Table 2 including Cu and Fe contents @Al molar ratio. The examination of
this table shows that Si/Al atomic ratios correspda the data provided by the zeolite
manufacturer (Zeolyst). Iron and copper amounts sdightly higher for Cu-Fe-ZSM-5
(Wt%(Fe)= 1.24 and wt% (Cu)=1.48) than for Fe-CuvES (wt%(Fe)= 1.16 and wt%
(Cu)=1.36).Copper contents in all catalysts arg ehvse to the theoretical amount set for the
preparation of catalysts (1.5 wt%). This resukéxpected since the SSIE method is the most
convenient to introduce precise amounts of metdésvever, iron contents are found to be
lower. Metal loss during heat treatment is possilye to the volatilization of some iron
species. lon exchange degree (ED) was determinad (GP-AES results and the obtained
values were presented in Table 2. ED values inglithat bimetallic solids were over
exchanged (ED>100 %). This over-stoichiometry iplaxed by the fact that in MFI-type
zeolites, the position of tetrahedrally coordinafdd’ ions are spatially highly separated as

reported Kouwenhoven [36].

Table 2: ICP-AES chemical analysis results of as-syntleskinaterials.
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3.3.XRD and HRTEM results

Parent zeolite diffractogram is identical to thHustrated in the “Collection of
Simulated XRD Powder Patterns for Zeolites” [37]].the characteristic peaks corresponding
to the parent zeolite have appeared in the XRDratifbgrams of prepared samples
evidencing the stability of zeolite structure aftke SSIE process. The principal diffraction
peaks intensities of the parent zeolite decreasid mvetals addition due to the higher
absorption coefficient of copper and iron compouimdghe X-ray radiation [38].

Peaks matching with the PDF reference patternsalestethe presence of,®; (ICDD
PDF#33-0664), CuO (ICDD PDF#48-1548) andCig), (ICDD PDF#33-0664) phases over
Cu-Fe-ZSM-5 and Fe-Cu-ZSM-5 solids although oxidsals were not detected in the
samples diffractograms. This is due to the low amiaf metals introduced in the zeolites
(around 1wt %) which is in the limit of detectiorf the XRD equipment, besides the
fluorescence of metals (especially iron) which cdesably decreases the peaks intensity of
the oxide particles. The small size of oxide namtigas provides broad XRD peaks, which

overlap with those of MFI-type zeolite since it éits many peaks over the entiré fange.

Fig. 3 shows HRTEM micrographs of studied samplds distribution of copper and
iron species were confirmed by EDX elemental ansilgsowing that highly dispersed nano-
sized metal species (<100 nm) were formed. Theditee particles leads us to speculate that
they are on the outer surface of the zeolite [B9RTEM image of Fe-ZSM-5 (Fig. 3a)
indicates the presence of few iron oxides parti¢B%0 nm) while in the case of Cu-ZSM-5
(Fig. 3b), smaller copper oxide particles are presm the surface of the solid with an

homogeneous distribution and a size between 3 amd. 9

Fig. 3. HRTEM-STEM micrographs of Fe-ZSM-5 (a), Cu-ZSMH), Cu-Fe-ZSM-5 (c) and Fe-Cu-ZSM-5 (d).
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The HRTEM image of Cu-Fe-ZSM-5 (Fig. 3c) shows reaped copper particles of
9-24 nm with a rather uniform distribution. A lired number of large iron particles (spectrum
9) appear with a size up to 60 nm. In the casees€C&-ZSM-5 (Fig. 3d), iron particles are
present with a smaller size (8-20 nm). They coewgh smaller Fe-Cu nanocomposites
(spectra 3 and 4) as confirmed by EDX analysis waithaverage size of 6 nm. It can be
reasonable to conclude that copper addition prosnibte aggregation of iron species in Cu-
Fe-ZSM-5 while iron reduces the aggregation of ewpparticles by forming Fe-Cu

nanocomposites.
3.4."Al MASNMR results

2’Al MAS NMR spectroscopy was conducted to investigdte change in aluminium
coordination after steam treatment of SSIE. Thetsaef NH,'-ZSM-5 and prepared solids
are presented in Fig.4. All samples exhibit a shkdminant resonance at around 54 ppm
assigned to tetrahedrally coordinated Al in latfiasitions (framework Al). The intensity of
this peak is reduced after metal loading, probahig to the presence of paramagnetit’' Fe
and CG@" cations [40]. This may also suggest that the lugdif Fe and/or Cu distorted the
framework Al species coordination environments, imglsome of them NMR-silent due to
their lower symmetry [17]. A small contribution &t ppm assigned to Al in octahedral
symmetry, indicates the presence of extra-framevatukninium (EFAL) even in the parent
zeolite, although its relative contribution is largon exchanged ZSM-5. The intensity of
EFAL peak is higher in the case Cu-Fe-ZSM-5 thathm other samples evidencing that a

probable dealumination has occured.

Fig.4. 2’Al MAS NMR spectra of NH*-ZSM-5 and issued catalysts.

3.5.NHs-TPD

10
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It is of interest to examine changes in the surtaadity of the zeolite support due to
metal loading since catalyst acidity plays an intgr role in promoting its catalytic
performance [41,42].Temperature programmed desorpif NH; (NHs-TPD) experiments
were carried out on the prepared samples to deteritiie amount and strength of their
different acid sites. The desorption temperatuegsrchined from the NHTPD analysis and
the corresponding amounts of ammonia consumptierpeesented in Table 3. TPD profiles
of NH;-ZSM-5 and issued solids are shown in Fig.5a. Bigiplays peak deconvolution
using a Gaussian fit of Cu-Fe-ZSM-5 TPD profile eTpure zeolites profile is similar to that
described in the literature for the MFI structu48,44]. It shows two well resolved desorption
peaks located respectively at 217 and 458 °C. dWwetémperature peak (peak-l) corresponds
to the desorption of weakly chemisorbed ammoni&@nis and/or weak Bronsted acid sites
[45], or silanol groups [43]. The high temperatpeak (peak-h) is assigned to the desorption
of strongly chemisorbed ammonia on strong Bronated sites (Si-ORAl) [44].Loading of
Cu and/or Fe appeared to introduce an additionsbrgéion peak located at intermediate
temperature (peak-i). Such a peak is attributeghtononia desorption from medium-strength
acid sites. Examination of Table 3 reveals thatstinength of this acidity in Cu-Fe-ZSM-5 is
slightly higher than that in Fe-Cu-ZSM-5 as indeghtby the position of the maximum

temperatures at 275 and 269 °C, respectively.

Fig.5. NHz-TPD profiles of NH"-ZSM-5 and prepared catalysts (a) and deconvolutfoBu-Fe-ZSM-5 TPD
profile (b).

Incorporation of Fe and/or Cu into NHZSM-5 decreased its total acidity, evidencing
that metal ions consume the acid sites of the paewlite. Following the works of Jentys et
al.[46], the percentage of loss in strong Bronsded sites has been evaluated (Table 3)
showing a significant consumption of these sitethigyiron species. Nd-tlesorption from Cu-

ZSM-5 solid between the range 250-300 °C was catedlto NH desorption occurring from

11
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Cu-NH; complex [47]. The “h” peak maximum temperature&CoftZSM-5, Cu-Fe-ZSM-5 and

Fe-Cu-ZSM-5 shifted towards a lower temperaturectvhmay be due to a decrease in
Bronsted acid sites density whereas that of Fe-ZS8ifted to higher temperature. This is
probably related to ammonia adsorption on iron ievtsch are able to bind two molecules of

NH3 (Fe binuclear hydroxo species) [34].

Table 3: NH;-TPD and H-TPR results.

3.6.DRS UV-vis spectroscopy

In order to investigate the nature of metallic $pedn the prepared samples, DRS
UV-vis spectroscopy experiments were conducted. Fabelka-Munk function was
calculated from the measured reflectance and thdtseare shown in Fig.6. However, it was
difficult to quantify the obtained metal speciedfaair extinction coefficients is unknown and
several peaks overlap. Fe-ZSM-5 spectrum (Figi@akgals the presence of a band around
270 nm arising from isolated mononuclear*Fates in octahedral coordination [48], whereas
bands at 300 % 400 nm are assigned to octahedra! fie small oligomeric F&®y clusters

[49].

Diffuse reflectance UV-vis studies on Cu-ZSM-5 hé&een reported (Fig.6b). Besides
the fundamental absorption bands of the zeoliteimkicated at 271 and 287 nm [50,51], the
band appearing at 331 nm was attributed to Cu(llef@ctronic transition species [52].
Unreacted (CuCl)clusters is demonstrated by the presence of therption edge at about
384 nm [53].The presence of Cu-O-Cu entities weported only for the over-exchanged

Cu-zeolites and not for Cu-ZSM-5 with Cu/Al < 054].

Fig. 6. DRS UV-vis spectra of Fe-ZSM-5 (a), Cu-ZSM-5 (B)-Fe-ZSM-5 and Fe-Cu-ZSM-5 (c).

12
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UV-vis spectra of Cu-Fe-ZSM-5 and Fe-Cu-ZSM-5 ale®wen in Fig.6¢c. Both
Cu-Fe-ZSM-5 and Fe-Cu-ZSM-5 exhibit same UV-vis dmrwith a slight blue shift for
Fe-Cu-ZSM-5 due to the difference in the metaltieges environment.

Cu-Fe-ZSM-5 spectrum showed the band of isolated iReoctahedral coordination,
at 270 nm, and the same band appeared at 267 tiva gase of Fe-Cu-ZSM-5. Oligonuclear
Fe3+x0y clusters were characterized by bands locatedarrahge of 300-400 nm. The band
appearing in Cu-Fe-ZSM-5 spectrum at 327 nm (32Fomke-Cu-ZSM-5) may be ascribed
also to C@" species.

3.7.H,-TPR

Presence of transition metal cations introducesxeqatoperties in a catalyst which are
considered as critical settings that determinedibgree of NO conversion of SCR catalysts
[14,55]. The influence of the amount and the natfrenetal cations on redox properties of
the above catalysts are evaluated byTRR technique.

With performing a blank run with unexchanged zeolito B uptake was detected. TPR
profiles of Cu-ZSM-5 and Fe-ZSM-5 are shown in Fidd consumption amounts calculated

for both samples are gathered in Table 3.

TPR profile ofCu-ZSM-5 deconvolution (Fig.7b) shothsee reduction peaks centered at
371, 478and 620 °C. As demonstrated by Delahay. ¢56&|, the copper reduction process

involves the following steps:

CuO+H—->CP+H0 (1)
CU* +0.5H — Cu" +H" (2)
Cu +05H—CPL+H (3)
Reactions (1) and (2) occur at lower temperatuaa tieaction (3). It was also found that
bulk CuO exhibits one reduction peak at around 271550 K) [56], thus, we assigned the

two peaks below 500 °C to the reduction of Guto Cu" (Ho/Al= 0.51 and 07.4 respectively).

13
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The latter peak is attributed to the reduction af §pecies located in different positions into

CU’ as speculated the;#€u ratio determined from the quantitative study.
Fig. 7. HTPR profiles of Fe-ZSM-5 (a), Cu-ZSM-5 (b), Cu-E8M-5 and Fe-Cu-ZSM-5 (c).

According to the literature [57], two main reductiaones can be defined for TPR
profile of Fe-ZSM5 in order to differentiate iroxide aggregates from iron cationic species.
The first peak centred at around 300-400 °C isilasdrto the reduction of Fe (lll) species in
extra framework positions into Fe (II) oxidatiomt&. Peaks above 450 °C correspond to the
reduction of Fe(I)O iron oxide species in°’Fel,-TPR profile of Fe-ZSM-5 (Fig.7a) can be
decomposed in two peaks at 357 and 581 °C usingusgtan fit analysis. The first peak is
attributed to the reduction of Fepecies located in different positions intd Hél./Fe> 0.5).
The second peak is attributed to the reductionraf ioxide to metallic iron. It can be
concluded that in our case, iron species in simgétal catalyst seem to be more easily

reducible compared to copper species.

Concerning bimetallic samples, the deconvolutiorca@iesponding spectra was very
difficult as some iron and copper species are redat close temperatures. Recorded spectra
consisted of several overlapped peaks. They weesl fivith linear background and Gaussian
convolution shapes. Obtained results show thatipheiltopper and iron species coexist in
each sample where the assignment gfcBhsumption peaks was a difficult task and only
tentative assignments were done relying on thealitee. TPR spectra of Cu-Fe-ZSM-5 and
Fe-Cu-ZSM-5 are presented in Fig.7c. With referetacéhe works of Zhang et al. dealing
with Fe-Cu-MFI system [26], peaks at 219 and 228&CCu-Fe-ZSM-5 and Fe-Cu-ZSM-5
respectively were ascribed to the reduction ofaiwsl C@" ions. Those at 359 and 367 °C
were attributed to the reduction of*fand/or FgO; to F&*. Peaks above 500 °C are ascribed

to the reduction of reduction of £eand/or FeO to Fe H,-TPR results clearly show that
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copper species were easily reduced in bimetallldsoBoth Cu and Fe reduction peaks
shifted to higher temperatures when inversing tle¢ahrexchange order, suggesting that this

parameter plays a role in the redox ability of shedied samples.

3.8.EPRresults
Since EPR is a powerful technique for analysingstia¢ge of iron and copper ions [58],
it was conducted to characterize our catalysts.8Fshows their EPR spectra recorded at

105 K while Table 4 gathers the results of the Ef@Rntitative study.
Fig. 8. EPR spectra of prepared catalysts.

EPR spectrum of Fe-ZSM-5 shows three signalsfatt®fe g-values of 2, 4.3 and 6
which are known from earlier studies [19,59]. The®mals can be assigned tc*Fef FeQ
clusters, isolated B& ions in tetrahedral coordination, and in environteewith more
neighbouring oxygen ions (5 or 6), respectivelytHe EPR measurement, the’Fepecies
that was bonded to the ZSM-5 framework was notaletebecause the iron ions observed in
various zeolite systems are usually in the high &of configuration [60]. Cu-ZSM-5 sample
exhibit an axial EPR spectrum of isolated?Cions with resolved hyperfine structure (HFS)

with gl= 2.38 and g|= 2.09. Cu-Fe-ZSM-5 and Fe-Cu-ZSM+csp also revealed the two

signals of isolated Ciiand that of isolated Béin tetrahedral coordination at g=4.3. The
latter signal is much more intense in the casees€CH-ZSM-5. The relative concentration of
copper, determined from double integration of tfRREsignals, is foundto be 2, 1. 2 and 1
for Cu-ZSM-5, Fe-Cu-ZSM-5 and Cu-Fe-ZSM-5 respeddtiv For these samples, it is

difficult to discriminate the F& of FeQ cluster signal due to the similar region with tbag|

of isolated C6'". Cu-Fe-ZSM-5 showed an additional signal appeasing= 9.3 which arise

from isolated F& sites in strong rhombic or axial distortion enwineent [59], while
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Cu-Fe-ZSM-5 EPR spectrum reveals the presencegbiyhcoordinated ferric ions at g=5.6

and g=6 [39].

Table 4: EPR quantitative study.

4. Discussion

Solid-state ion exchange (SSIE) typically yieldghhimetal loadings approximating the
amounts set theoretically. Furthermore, it is gasgontrol the metal exchange degree in this
preparation method. Solids prepared with SSIE ldadthe formation of both atomically
dispersed metal ions and oxide nanoparticles [20}ZSM-5 catalyst showed higher NO
conversion at low-temperature region compared t&Z$-5. The slight decrease in NO
conversion above 450 °C on Cu-ZSM-5 might be exglaiby the high activity of Cu species
for the oxidation of ammonia’s undesired reactidhis behaviour is mainly attributed to
small CuO particles detected during HRTEM obseoveti Fe-ZSM-5 catalyst is found more
active at high-temperature region confirming the taat NH adsorption on Fe active sites in
such material inhibits its SCR activity at low tesngtures leading to lower NO conversion
compared to Cu-ZSM-5 system [61]. Bimetallic castdyexhibit a better low temperature
conversion compared to Cu-ZSM- 5. This findingnsaccordance with TPR results since it
was found that the presence of Cu along with Fdslda a better reducibility compared to
single Cu-ZSM-5 suggesting an interaction between and copper species. The presence of
such easily reducible copper species is responsf@hancing low temperature conversions
by oxidizing NO to NQ and nitrates, known as rate controlling intermedgpecies of low
temperature SCR-NO reaction [27]. TPR also showatiretallic species reduction occurs at
lower temperatures in the case of Cu-Fe-ZSM-5 coethto Fe-Cu-ZSM-5. Reduction peaks
shift to higher temperatures when inversing theainekchange order, suggesting that this

parameter plays a role in the redox ability of sgddsamples. The easier is the reduction of
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metal species, the higher is its oxidation abilitythe SCR-NO reaction. This fact was
confirmed by the higher concentration of formed.Nfdagment over Cu-Fe-ZSM-5.

Acidity is one of the important parameters thaterthe catalytic performances over
zeolite-based catalysts. Results of NHPD showed that prepared samples exhibit weaker
total acidity compared to parent zeolite indicatihgt catalysts acidity is not very implied in
determining their catalytic activities in SCR reant

According to ICP-AES elemental analysis, the catahe-Cu-ZSM-5 showed a slight loss
in metal contents (1.36 wt% of Cu and 1.16 wt% Fe) versus Cu-Fe-ZSM-5 catalyst
(1.48 wt% of Cu and 1.24 wt% of Fe). Theoreticalt-Fe-ZSM-5 should be the best
catalyst because there is no metal loss if we denshat every atom of each metal is active.
On the other hand, Fe-Cu-ZSM-5 should be eitherenamtive than Cu-Fe-ZSM-5, if there
was no loss of metal, or less active. This is beeaopper imposes more interactions on iron
in Cu-Fe-ZSM-5 than iron does on copper in Fe-CMZ% as copper addition in the second
step promotes the aggregation of iron species #dodsato obtain a better reducibility.
Normally, the catalyst with less metal contenteissl active, but in our case, Fe-Cu-ZSM-5 is
enough active to reach the conversion of Cu-Fe-ASMventhough NO conversion values
are more or less identical (the maximum differeiscef 5+1%), catalysts behaviour are quite
different due to the difference in metal specied eontent. Fe-Cu-ZSM-5 has certainly more
active species that allowed it to compensate th@lnhess. We can say that the inversion of
the metal order resulted in a loss of metal andensawtive species, which improved the
conversion of this catalyst to reach that of CuZS#M-5. With the same metal content, it is
difficult to compare the catalysts performancesabse, anyway, the inversion of metal order
will causes a loss in metal content and createsnagtive species. It also enhanced the
dispersion of metal nanoparticles on the zeolitdase and stabilized a species (Fe-Cu

nanocomposites) that did not exist in the solidt@mmng more metal. Fe-Cu nanocomposites
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seem to contain several active sites that wereveacnough to improve the activity of
Fe-Cu-ZSM-5 and reach that of Cu-Fe-ZSM-5[26].

In Fe-Cu-ZSM-5, iron is mixed with copper oxide todes and Fe-O-Cu bonds of
Fe-Cu nanocomposites were formed. Iron uses Cu@esxyo form FgO3; on the zeolite
surface, then it migrates towards the zeolite sisslated iron occupies few sites because
they are already occupied by Cu as confirmed by E@&titative study (wt% (F8§=0.05).
Therefore, the loss of iron is conceivable as dhtained from the species that have not found
sites to occupy. Residual Fg@Vill become FeGlxH,O after receiving the zeolite water. The
zeolite still offers water at this stage, which @@ses the evaporation temperature of iron
chloride so the loss of iron is certain at thigsetdt can be then concluded that Fe-Cu-ZSM-5
is essentially characterized by an iron-rich swefand a copper-rich bulk.

For Cu-Fe-ZSM-5, iron migrates to the exchangessdt 290 °C. This phenomenon is
facilitated by the presence of zeolite water, whmbmotes the diffusion of iron. At this
stage, the fraction of chlorine remaining in théabsst is very low as most of it was removed
in the form of gaseous HCI. At 290 °C, the largeoant of water is still available to form
HCI following the reaction: FeGk 3H,0 = FE'(OH), +3HCI

This finding was confirmed by AgN{test: a solution obtained from mixing a small
amount of Cu-Fe-ZSM-5 solid and deionized watert kiepinitial appearance after AgNO
addition although the solution of Fe-Cu-ZSM-5 hasdme whitish. In fact, a dealumination
was observed iA’AINMR spectrum of Cu-Fe-ZSM-5 (0 ppm-peak) as aéagaseous HCI
release has occurred.

Cu-Fe-ZSM-5 contains much isolated iron as deddomd EPR quantitative study.
When Copper is secondly exchanged, it will findilmm-poor surface as a large amount of
iron is monomeric. Iron occupies the exchange shes does not establish covalent bonds

with the zeolite because the SSIE temperaturevis & 290 °C, Fe(OH)J species occupy
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AISIO™ sites but the interactions are electrostatic. rAti2h, a fraction of isolated iron is
stabilized (time effect not temperature effect)ddad Fe(OH) can regain the surface
because it is weakly bounded to the zeolite, an@dcts with another Fe(Ofio form FeOs
and water. The proof is that the catalyst Fe-ZSM+&ot very efficient because it carries little
monomeric iron. When copper is secondly exchangemnsiderable amount of isolated*Cu
should be present in the exchange sites as Iible is stable at 290 °C while copper is
exchanged at higher temperature, the reason wh¥{ @uount is higher than that of ¥eln

the catalyst Cu-Fe-ZSM-5, there is little chloritige to the occupation of the free sites by
copper.

Herein, Cu-Fe-ZSM-5 can be considered as an effecatalyst as it contains isolated
species and well dispersed iron and copper oxideopeaticles, but it also showed a
dealumination where NfWill be oxidized to NO or NG, at strong Lewis acid sites. Fig. 2
shows that the two bimetallic catalysts exhibit @mne concentration of " fragment,
whereas in the case of Cu-Fe-ZSM-5, the conceatrati the NQ" fragments are more
pronounced. This confirms, thus, that a dealumomatias occured, which decreased the
catalyst performance compared to what it would leixim the absence of this phenomenon.

Fe-Cu-ZSM-5 catalyst exhibits the largest amountisofated metal species besides a
better dispersion of metal nanoparticles than CZiSh&-5, leading to a better accessibility of
reagents (NO, ©and NH) to isolated species and then an improvement sotcatalytic
performances.

5. Conclusion

Fe and/or Cu exchanged ZSM-5 catalysts, preparedobg-state ion exchange were
tested in the selective catalytic reduction of N{thviH3 in the presence of oxygen (8%) and
water (3.5%). The Cu-Fe-ZSM-5 system have beeniedtuth former works [26], the

originality of this study resides in using the deditate ion exchange as a preparation method
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using low metal content (wt% =1.5). Prepared catalyielded more than 90% of NO
conversion over a wide temperature range. The csioreés decline due to the phenomenon
of ammonia oxidation did not occur in our case. Altiple-technique approach has been
successfully applied to investigate of the phydi@mical properties of prepared catalysts.
Starting form FeGl precursor and NH-ZSM-5 support, F€s; nanoparticles of important
size occupied the external surface of Cu-Fe-ZSMeagawith smaller CuO nanoparticles.
However, using CuGl2H,O precursor in the first step of exchange, welpdised Fe-Cu
nanocomposites species and medium-sizegOfegarticles coexist. The corresponding
catalyst exhibits the larger amount of isolatedcggse leading to the enhancement of its
catalytic activity, which approximated that of Ca-ESM-5 despite having lost a slight metal
amount during the SSIE reaction. Meanwhile, a dealation has occured in the case of
Cu-Fe-ZSM-5 due to a large amount of gaseous HE&sed during the preparation process

thus decreasing its SCR performance to reach fhbheaatalyst having less metal content.

We have shown that the metal exchange order in BSb&sed catalysts affected the
amount, degree of aggregation and environment ¢hirdd metal species leading to a

difference in catalytic behaviour in SCR reaction.
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Tablel

SCR operating temperatures.

Catalyst T’ T SCR window'"

Cu-Fe-ZSM-5 229 296 254
Fe-Cu-ZSM-5 234 335 215
Fe-ZSM-5 288 451 99

Cu-ZSM-5 267 375 175

3Expressed in °C, Temperature range corresponding to 100% of NO asiore

Table2
ICP-AES chemical analysis results of as-synthesmatkrials.

Sample Si/AF Fe” Cu” ED (%)°

NH,-ZSM-5  15.66 - - -

Cu-Fe-ZSM-5 1350 1.24 1.48 117

Fe-Cu-ZSM-5 13.16 1.16 1.36 107
Fe-ZSM-5 13.02 110 - 54

Cu-ZSM-5 13.88 - 1.37 44
aMolar ratio®wt%, Exchange Degree.

Table3

NH3-TPD and H-TPR results.

Sample Acidity’ Loss in H, consumptiorf Ho/M €
(Trmax’) strong (Trmax") (M=Fe or Cu)
“I" peak “"peak  “h"peak Total acid sites (%)
NH,-ZSM-5 _ 0.61 (217) - 0.40 (458)  1.01 ; - -

Cu-Fe-ZSM-5  0.47 (199) 0.19 (275) 0.15(402) 0.81 2.50 - -

Fe-Cu-ZSM-5 0.42 (197) 0.23(269) 0.08 (404) 0.73  0.08 - -

Fe-ZSM-5  0.54 (193) 0.12(255) 0.17 (461) 0.83 87.5 0.26 (375) 1.45
0.18 (581) 1.00
Cu-ZSM-5  0.56(198) 0.20(268) 0.12 (415) 0.88 0.0 0.11 (371) 0.51
0.16 (478) 0.74
0.34 (620) 1.57

3 Expressed in mmol of Nty of sample? Temperature of maximum desorption of low (I), imtediate (i) and high (h) peaks expressed in
°C °Expressed in mmol/§Expressed in°C.Expressed in mol/mol.
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Table4

EPR quantitative study.

Sample F& cu’

W% d g Al Wt%

Cu-Fe-ZSM-5 0.19 2.09 2.38 139 0.89

Fe-Cu-ZSM-5 0.05 2.09 237 139 1.56
Fe-ZSM-5 0.03 - - - -
Cu-ZSM-5 - 209 238 137 1.14
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Fig.1. NO conversion over prepared catalysts.
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Fig. 2.Evolution of N,O" fragment (m/e=44) (a) and NO," fragment (m/e=46) (b) intensities over Cu-Fe-ZSM-5

and Fe-Cu-ZSM-5 catalysts.
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Fig. 3. HRTEM-STEM micrographs of Fe-ZSM-5 (@), Cu-ZSM-5 (b), Cu-Fe-ZSM-5 (c) and Fe-Cu-ZSM-5 (d).
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Fig. 4.2 Al MAS NMR spectra of NH,"-ZSM-5 and issued catalysts.

S+ NH,-ZSM-5 0.05
; (a) ——CuFe-ZSM-5

- - -Fe-Cu-ZSM5

——Fe-ZSM5

Cu-ZSM5

01

Desorption rate (a.u)

(b)

1 1 L

100 200 300 400 500 600 409

Temperature (°C)

200 300 400

Temperature (°C)

500

600

Fig. 5. NHz-TPD profiles of NH,"-ZSM-5 and prepared catalysts (a) and Deconvolution of Cu-Fe-ZSM-5 TPD

profile (b).
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Fig. 6. DRS UV-vis spectra of Fe-ZSM-5 (&), Cu-ZSM-5 (b), Cu-Fe-ZSM-5 and Fe-Cu-ZSM-5 (c).
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Fig. 7. H,-TPR profiles of Fe-ZSM-5 (@), Cu-ZSM-5 (b), Cu-Fe-ZSM-5 and Fe-Cu-ZSM-5 (c).
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Fig.8. EPR spectra of prepared catalysts.
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Resear ch highlights

mCu-Fe-ZSM-5 and Fe-Cu-ZSM-5 solids were prepared by solid-state ion exchange with
inverting the metal exchange order.

m Solid-state ion exchange leads to the formation of both atomically dispersed metal ions
and oxide nanoparticles.

m Tested catalystsin the SCR of NO with NH3 were active and selective towards N..

mThe metal exchange order has a remarkable effect on the formed metal species and the
catalytic behavior of the studied catalyst.
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