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Abstract: A comprehensive study of the catalytic properties of the copper-iron binary system sup-
ported on mordenite, depending on the iron valence—CuFe2MOR and CuFe3MOR—was carried out,
and redox ability has been considered as a decisive factor in determining catalytic efficiency. Acidity
was studied by TPD-NHj3, DRIFT-OH, and DRT methods. The total acidity of both samples was high.
The Bronsted acidity is similar for both bimetallic samples and is explained by the acidity of zeolite;
Lewis acidity varies greatly and depends on the exchange cations. A screening DRIFT study of CO
and NO has shown redox capacity and demonstrated a potential for using these materials as catalysts
for ambient protection. CuFe2MOR demonstrated stable Cu and Fe species, while CuFe3MOR
showed redox dynamic species. As expected, CuFe3MOR displayed higher catalytic performance in
NO reduction via CO oxidation, because of the easily reduced intermediate NO-complex adsorbed
on the metallic Cu and Fe sites, which were observed through in situ DRIFT study.

Keywords: mordenite; ion exchange; copper; iron (II); iron (III); surface acidity; DRIFT in situ

1. Introduction

Various catalytic technologies have been developed to remove pollutants from engine
exhaust gases. In this study, a three-way catalyst (TWC) for emissions from combustion
engines is designed to remove hydrocarbons (HC), carbon monoxide, and nitrogen oxides
(NOx) from a stoichiometric gas mixture [1]. The majority of automotive catalytic con-
verters have a monolithic structure, which is coated with an alumina washcoat on which
noble metals such as platinum, palladium, and rhodium are deposited [2]. Due to tighter
pollution requirements, skyrocketing prices for platinum group metals, and a concomitant
growing car fleet, several proposals have been made in recent years to upgrade these
catalysts, mainly with the aim of replacing precious metals with cheaper and more common
elements. As a rule, excellent redox properties and strong acidity are two decisive factors
in determining catalytic efficiency. The redox ability inherent in metal species mainly
catalyzes the redox cycle, while the work of acid sites is to facilitate the adsorption and
activation of reactant molecules and is mainly provided by the support.

The most promising supports in this sense are zeolites. They are characterized by a
large specific surface area and high ion-exchange capacity, which provides a wide range
of type and content of loaded metals; and the ability to change the composition of the
zeolite matrix (the atomic ratio of Cu/Al, and heteroatoms embedded in the framework by
isomorphic substitution) provides significant variations in acidity, which generally creates a
wide-ranging choice of possible composition and, accordingly, properties of the catalyst. By
controlling the Si/ Al ratio, a desirable surface acidity can be obtained over a wide operating
temperature range. The unique and uniform size and structure of the pores created by
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the crystal structure provide selectivity in the size and shape of the reacting molecules.
However, zeolite catalysts still face many challenges associated with the development of
multicomponent composite materials [3,4].

In terms of active metal, the best choice is a transition metal with a redox potential
and self-regeneration ability, which is most likely to be achieved in a polymetallic system.
In this paper, we consider the Cu-Fe bimetallic system, using iron salts in both the two- and
three-valent state for the preparation of samples. Both metals have a low cost compared
to noble metals and high selectivity, and are more stable compared to oxide catalysts. In
accordance with the recent literature data, both Cu- and Fe-zeolite catalysts exhibit catalytic
activity in all three reactions required for TWC: the oxidation of CO [5], deNOx by NHj3 or
hydrocarbons [6-10], and the oxidation of hydrocarbons [11].

The aim of this work is to study the effect of iron valence in the initial reagents on
the acidity, adsorption, and catalytic properties of the bimetallic mordenite-based catalysts
CuFe2MOR and CuFe3MOR.

2. Results and Discussion

Copper(ll), iron(Il), and iron(IlI), individually or in combination, were deposited by
ion exchange of mordenite on a sodium form (NaMOR) with an atomic ratio of Si/Al
= 6.5 (for details see Section 3). The samples were labeled as CuMOR, FeNMOR, and
CuFeNMOR, where N = 2 or 3 and corresponds to the oxidation degree of iron in the
precursor solution (Fe?* or Fe3*, respectively). After the ion exchange procedure, the
samples were reduced at 350 °C for 1 h in a hydrogen flow.

2.1. X-ray Diffraction Studies and Chemical Composition

X-ray diffraction (XRD) analysis of the initial sample and the prepared materials after
the deposition of iron and copper in various combinations confirmed that all samples retain
their original mordenite crystalline structure. The crystalline phases were identified using
the Joint Committee Powder Diffraction Standards (JCPDS) files (file 43-0171 corresponds
to mordenite). Figure 1 shows X-ray diffraction patterns of the original NaMOR and all of
the ion-exchanged samples (CuMOR, Fe2MOR, Fe3MOR, CuFe2MOR, and CuFe3MOR).
As can be seen, all peaks of the crystal structure of NaMOR are retained after the exchange
of Na for Cu and/or Fe ions. It should be noted that variations in the relative intensities of
several peaks which are sensitive to the incorporation of exchanged Fe ions were considered
in our previous article [2].
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Figure 1. Powder XRD patterns for the studied samples. Stars indicate diffraction peaks correspond-
ing to Natrojarosite.



Catalysts 2023, 13, 484

30f15

It is important to note that, in addition to the peaks of mordenite itself, the X-ray diffrac-
tion patterns of Fe3MOR and CuFe3MOR samples prepared using iron(IIl) solutions show
additional peaks (see Figure 1) that may correspond to natrojarosite (NaFe3(SO4),(OH)g,
Card # 00-011-0302, Reference code 00-036-0425). According to the results of the phase anal-
ysis, the proportion of natrojarosite was 18.4 and 12.1 wt% for the Fe3MOR and CuFe3MOR
samples, respectively. Similar to alum, natrojarosite is a double sulfate of the mono- and
tri-valent metals, Na* and Fe3*, and belongs to the alunite supergroup of minerals [12].
Such compounds are widely distributed in nature. Interestingly, this is not the first ob-
servation of the formation of such an admixed sulfate phase during ion exchange using
microwave radiation. Previously, in the preparation of copper-exchanged mordenite, the
formation of an epitaxially growing impurity antlerite phase Cuz(OH)4SO;4 (up to 6 wt%)
was observed during ion-exchange treatment under microwave irradiation [13,14]. This
means that, although the ion exchange procedure with MW stimulation leads to a deeper
exchange compared to the traditional procedure, an additional amount of metal ions may
be consumed to form a new impurity phase. Thus, the synthesis with the participation of
MW, which is becoming increasingly popular as it is fast and inexpensive, can not only
enhance the ion exchange, but also be accompanied by side chemical reactions. These
phenomena, both observed previously [14] and found in this study, may not be unique, but
common, and should be taken into account.

Changes in the general character of XRD patterns were not observed; there is no
change in the half-widths of the peaks, i.e., there was no deterioration in the crystallinity of
the lattice. The lattice parameters of mordenite before and after ion exchange are shown
in Table 1. Parameter c is almost constant for the entire set of samples; parameters a and b
show more significant changes. Parameter b has a maximum value for the initial NaMOR
support and decreases with any of the ion exchanges. All three parameters of samples
with Fe3* have close values, differing more noticeably from other samples. Parameter a
has maximum values for Fe2MOR and CuMOR; however, after exchange with Cu?* in the
bimetallic CuFe2MOR sample, this parameter displayed a minimal value for the entire
series. Note that Fe3MOR and CuFeBMOR have an equal value for parameter a. This means
that Fe?* and Fe3" interact with different mordenite centers.

Table 1. Lattice parameters of mordenite before and after ion exchange.

Sample a b c K=alb
NaMOR 18.12 20.46 7.51 0.886
CuMOR 18.15 20.42 7.51 0.889
Fe2MOR 18.16 20.43 7.51 0.889

CuFe2MOR 18.11 20.41 7.51 0.887
Fe3MOR 18.14 20.36 7.50 0.891
CuFe3MOR 18.14 20.37 7.50 0.891

The main channels in the structure of mordenite are directed along the c axis. Due
to the small difference between the axes a and b in the unit cell of mordenite, the channel
has an elliptical cross section. The ellipticity parameter K, chosen as the ratio a/b, can
be calculated and has a certain character. It was shown earlier in [15], for monometallic
Cu-Mordenite series, that K increases with an increasing copper concentration. In our case,
bimetallic systems were studied, and the K dependence was not so obvious. However,
note that the contraction-expansion of the channel and the change in ellipticity during ion
exchange is due to the influence of ion-exchange cations; therefore, this means that they are
in the channel of the zeolite, and not on the surface of the zeolite.

The chemical composition of the samples was determined by the method of Inductively
Coupled Plasma—Optical Emission Spectroscopy (ICP-OES). The results of the analyses are
presented in Table 2. It is known that cations in the zeolite framework compensate for the
negative charge in the lattice; therefore, their content should correspond to the amount of
aluminum in the structure [16] and, accordingly, the caustic modulus (equal to the Na/Al
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ratio) should be equal to the unity. However, the initial commercial zeolite in the sodium
form has a sufficiently higher caustic modulus. Apparently, excess Na* is occluded in
the pore space, probably due to insufficient washing of the commercial mordenite at the
production stage [17-20]. During the ion-exchange procedure, in addition to the exchange
of Na* ions, excess of Na* content is removed by washing with aqueous precursor solutions.
In this case, only those cations that compensate for the negative charge in the zeolite lattice
remain in the composition of the sample, and the sum of their positive charges divided
by the aluminum content can be called the Equilibrium Ion-Exchange Modulus (EIEM); it
must be equal to one [16]. In this study, the compensatory cations are Cu®*, Fe?*, Fe*, and
H* (from H,SOy4), along with the residual part of Na* (if any). It is important to note that it
is impossible to estimate the content of H* using the ICP-OES method. Thus, in our case,

Na Cu Fe

EIEM = — + — + ——, 1
Al T 2al T Al M)
where 1 =2 or 3 is the charge of the Fe"* cation.
Table 2. Element composition and EIEM for the studied samples determined by ICP-OES.
Sample Si Al Si/Al Na Cu Fe EIEM
NaMOR 40.04 6.12 6.55 7.00 - - 1.14
CuMOR 38.97 5.88 6.62 3.34 1.41 - 1.05
Fe2MOR 41.80 6.19 6.75 3.82 - 1.18 0.71
CuFe2MOR 41.10 6.00 6.85 3.82 0.85 0.62 0.74
Fe3MOR 35.40 4.10 8.63 3.82 - 3.26 1.20
CuFe3MOR 36.82 4.79 7.68 3.63 0.88 1.81 0.98

Considering the acid treatment of most samples, it should be noted that, for samples
with ferrous iron, the Si/ Al ratio of the initial mordenite does not change significantly. A
slight dealumination was observed, in which the Si/Al ratio increased from 6.55 to 6.85. In
the case of the samples with ferric iron, Fe3MOR and CuFe3MOR, the dealumination is
much larger and, given the results for Fe(II), cannot be related only to the acid treatment
used. Note that the amount of Fe in samples containing Fe>* is much higher than in samples
containing Fe?*. XRD data have already confirmed that part of the iron is spent on the
formation of an impurity phase of natrojarosite NaFe(SOy);. In addition, it can be assumed
that Fe3* ions participate not only in ion exchange and lateral chemical reaction, but can
also partially replace Al cations in the mordenite crystal framework, similar to the process
observed for the AgFeMOR binary system [21].

2.2. Morphology and Textural Studies

The below high resolution transmission electron microscopy (HRTEM) images (see
Figure 2a—c) demonstrate the formation of nanoparticles in all of the samples containing
copper. Based on the micrographs for all three samples, the particle size distribution
was determined, and the histograms are presented in Figure 2d—f. As can be seen, the
distribution is bimodal; for CuMOR and CuFe3MOR, the maxima are 2 and 5 nm, and the
maximum at 2 nm is 2-3 times higher than the second one. In the case of CuFe2MOR, the
distribution is wider, and both maxima are shifted towards larger sizes and are observed
at 4 and 8 nm; note that they are relatively close in their intensity. Since the XRD data
(see Figure 1) did not demonstrate any metal or oxide phase of Cu, it might be some non-
structural copper species. This could mean that applied composition and the method of
synthesis lead to a diversity of copper species, which might affect its catalytic performance.

The textural properties of the studied samples, presented in Table 3, did not undergo
significant changes compared to the original NaMOR. The N, adsorption/desorption
isotherms for all samples are shown in Figure S1 in Supplementary Materials. In the
presence of Cu, the specific surface area and pore diameter slightly increase; this may be
due to the removal of occluded Na compounds.
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Figure 2. HRTEM images and particle size distribution of studied samples.

Table 3. Textural properties of studied samples.

Sample SpeT, m?-g~1 Viotal, cm>-g~1 d A
NaMOR 297 0.04 170
CuMOR 309 0.04 360
Fe2MOR 275 0.04 201
CuFe2MOR 313 0.05 379
Fe3MOR 288 0.05 171
CuFe3MOR 302 0.04 346

2.3. Surface Acidity

Temperature-Programmed Desorption of Ammonia (TPD-NH3) is one of the most
common methods for characterizing the total Lewis acidity in zeolites. The amount of
ammonia desorbed over a given temperature range is taken as a measure of the acid site
concentration, whereas the temperature ranges at which most of the ammonia is desorbed
indicate the acid strength distribution. All of the studied samples demonstrated desorption
of ammonia in the form of three peaks. The experimental low-temperature peak (below
200 °C) is assigned to NH3 desorption from Lewis acid sites together with NHj3 desorption
from a [Cu(II)(OH)(NHj3)3]* complex [22]. It is also possible that the auto-reduction of Cu®*
to Cu* occurred during the activation step in vacuum, inducing true Lewis acid sites [23].
The mid-temperature peak (250-350 °C) is attributed to the decomposition of a linear
[Cu(I)(NHj3),]* complex and a residual from [Cu(II)(OH)(NHj3)3]*. The high-temperature
peak is predicted to have contributions from Bronsted acid sites (NH4 "), [Cu(I)NH3]*, and
[Cu(IT)(NHz)q** [22].
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The results of the NH3-TPD experiments for Fe- and Cu-exchanged zeolites, carried
out on a microbalance, are reported in Table 4. The initial mordenite presents a homoge-
nous strength distribution of all acid sites, while a heterogeneous strength distribution
is observed for all exchanged samples. The initial zeolite is characterized by only weak
acidity centers. Ion exchange increases the strength of acid sites; however, all samples
demonstrate predominantly weak acidity (64-74%). In second place are centers of medium
acidity (13-26%), and in the smallest amount—strong ones (8-22%). Note that the exchange
for Cu and Fe?" increases the strength of acid centers and the total acidity, while, in the
presence of Fe3*, they decrease. This causes bimetallic materials to exhibit the effects of
interaction between both metals and support. CuFe2MOR has the strongest surface acidity
and the highest total acidity. These results will be compared with DRIFT spectra of the
hydroxyl region and a theoretical study by DFT.

Table 4. Acidity by TPD NH.

Amount of Acid Cites

Sample - Total Acidity, mmol/g
Weak, % Medium, % Strong, %

NaMOR 100.0 0.0 0.0 1439

CuMOR 70.7 16.1 13.2 2108

Fe2MOR 74.3 17.4 8.3 1732
CuFe2MOR 43.0 34.9 22.2 2991

Fe3MOR 64.4 25.8 9.9 1218
CuFe3MOR 66.9 12.7 20.4 1653

For the target bimetallic materials, CuFe2MOR and CuFe3MOR, a detailed study of
acidity was carried out using Diffuse Reflectance Infrared Fourier Transform spectroscopy
(DRIFT) of OH stretching vibration (Figure 3). As can be seen, both samples demonstrate
the same peaks, and in the case of CuFe2MOR, they are somewhat more intense than in
the case of CuFe3MOR. It has been reported that typical Bronsted OH stretching values,
due to acidic protons, can be in the range from 3650 to 3550 cm ™!, while values assigned to
silanol groups can be found at 3750 cm~! [24]. In this sense, the appearance of a band at
3750 cm ! reveals the stretching vibrations of terminal silanol groups [25]. On the other
hand, for the OH stretching of the Bronsted acid sites, several different contributions can
be seen, located at 3650, 3630, and 3615 cm ™. The signal at 3615 cm™~! can be assigned
to the stretching vibration that is typical for -OH groups, which is located in the main
channels [26], while the signal at 3630 cm ! can be attributed to OH stretching vibrations
in close interaction with the probe molecule [27], while the presence of this band had
been attributed to the presence of structural iron in the form of Si(OH)Fe groups [28]. The
presence of a shoulder at 3670 cm ™! can be associated with the presence of OH linked
to extra framework Al, which are partially linked to the framework [29]. The nature and
mechanism of formation during the ion exchange of these Al centers, which are absent in
the original carrier, is of particular interest; however, its study is beyond the task set out in
this work. Definitely, both studied samples represent a significant contribution of Bronsted
acid sites, as evidenced by the analysis of the OH region.

In the present work, we considered a model of mordenite zeolite with a Si/Al =7
ratio (6Na*[AlgSignOg]°7), which is close to the experimental value shown for NaMOR in
Table 2, and which was recently reported in [30]. Based on this model, we searched for the
most energetically favorable site for the ionic substitution of Na for Fe. Once this position
was determined, we included Cu in the calculations. For this second inclusion, we then
looked for the most energetically favorable site for the ionic substitution of Na for Cu. It is
worth mentioning that we also investigated the reverse process: Cu was introduced first,
and then Fe. Various configurations were optimized through periodic DFT calculations,
following the same procedure and parameterization described earlier in [30].



Catalysts 2023, 13, 484

7 of 15

3
==  CuFe2MOR gg CUFeSMOR
—~ o ~~~ L\
s 25°C o 25°C
3 (o]
- 50 °C %‘ L1 50°C
c |
g : g -
e e
| 150 °C - 150 °C
Lrw\ﬁw\
200°C [~ 200 °C
1 1 " 1 " 1 "
3800 3700 3600 3500 3400 3300 3800 3700 3600 3500 3400 3300
-1 -1
Wavenumber (cm ) Wavenumber (cm )

@) (b)
Figure 3. DRIFT spectra of hydroxyl region for (a) CuFe2MOR and (b) CuFe3MOR.

Figure 4 shows two optimized configurations for the mordenite zeolite: (a) with only
one Fe ion inclusion and (b) with one inclusion of Fe and one inclusion of Cu ions per unit
cell. By directly comparing these configurations, it can be seen that, after the introduction
of Cu, only minor structural changes occur in the mordenite matrix. This at least reflects
the behavior which has been observed for XRD patterns associated with Fe2MOR and
CuFe2MOR (see Figure 1). On the other hand, in Figure 4 are shown the most important
trends that we observed for exchange cations in the lowest energy configurations: (a) copper
cation is located in 8-membered rings, (b) iron is adsorbed in the wall of the main channel
(formed by 12-membered ring), and (c) when both Fe and Cu cations are introduced into
the unit cell, they tend to be as far apart from each other as possible.

° 0 § P ° 0
osi K% o Si
OAl  { »g 0 Al
o Fe b P o Fe
ONa »® ‘ © Cu

ONa

Figure 4. Minimal energy configurations for sodic mordenite zeolite with a Si/Al = 7 ratio and:
(a) one Fe atom and (b) one Fe and one Cu atom by unit cell. In both cases, the unit cell (delimited by
the black square box) was extended to better appreciate atom distribution.

Considering the latter observation, and Cu concentrations reported in Table 1 for the
CuMOR and CuFe2MOR samples, it can be assumed that the prior presence of Fe in the
zeolite limits the amount of Cu that can enter the NaMOR zeolite. As for Fe adsorption on
the main channel wall (Figure 4a,b), upon closer inspection of its local environment, we find
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that iron occupies, specifically, a six-membered ring. Figure 5 shows this local structure,
in which the Fe atom is almost coplanar to the oxygen atoms, while the immediate Si and
Al atoms are outside of this plane. Interestingly, this arrangement of Fe has already been
reported for zeolites such as ferrierite, beta, chabazite, faujasite, ZSM-5, and type-A in N,O
decomposition [31-34], oxidation, and hydrogenation of hydrocarbons [35-37]. Although
these studies usually consider a six-membered ring with two aluminums, recent studies
on zeolite SSZ-13 show that a ring with a single aluminum more strongly adsorbs a NO
molecule [38].

e O

. 4 o O
O Si
L o Al o Si
0 Fe O Al
( b b O Fe
(a) (b)

Figure 5. Configuration of a Fe atom on a 6-membered ring, shown at two distinct orientations to the
crystalline axis of the mordenite unit cell: perpendicular to the a-axis (a) and perpendicular to the
c-axis (b).

Figure 6 shows the behavior of the average Lowdin charge, which is represented by
various oxygen atoms for each of the different configurations under study. The distinc-
tion made here for oxygen atoms refers to the fact that, for mordenite zeolite, there are
10 different non-equivalent positions that they can occupy. On the other hand, the Lowdin
charge does not represent a physical charge, but a measure of how occupied the valence
orbital of an atom is. This implies that the lower its value, the higher the intrinsic acidity
of the atom. Taking the Lowdin charge of oxygen atoms in the NaMOR configuration
as a basis, we can conclude that ion exchange with Fe (Fe2MOR configuration) increases
the intrinsic acidity of oxygen atoms in the non-equivalent positions I and IV. Inset (a) in
Figure 6 demonstrates that these are precisely the type of oxygen with which Fe interacts
directly. The introduction of Cu as a second exchange cation (CuFe2MOR configuration)
further increases the acidity (primarily) for the non-equivalent sites III and VIII. For the
latter case, inset (b) shows that this occurs because these are the type of oxygen atoms with
which the Cu cation interacts directly. Thus, compared to the oxygen atoms neighboring
Fe, the oxygen atoms in the non-equivalent position VIII present a higher intrinsic acidity
because of a higher confinement effect to which they subject the Cu cation. This observation
is in agreement with the results of the concentration of surface OH groups. The presence
of iron favors the formation of acid sites on the surface, which should have an influence
on the performance of the samples for NO reduction via CO oxidation. In this work, only
Fe?* samples were considered since the experimental results for the DRIFT spectra of the
hydroxyl region for CuFe2MOR and CuFe3MOR are quite close. Moreover, Fe>*-containing
samples might have an isomorphic substitution of Fe3* in the crystal lattice, which requires
further study.

2.4. Adsorption of Probe Molecules

DRIFT spectroscopy of probe molecules is a very useful method of analysis for obtain-
ing information about the surface and framework sites in zeolites. In order to understand
the effect of iron valence on the interactions of CO and NO at the surface, we carried out
DRIFT spectroscopy measurements of simultaneously adsorbed CO and NO, up to an
equilibrium pressure of about 20 and 10 mbar of CO and NO, respectively (a CO/NO
ratio of 2, similar to the catalytic performance procedure). For all of the materials, DRIFT
spectra were recorded in the range of CO adsorption (20502450 cm~!). Kostrov et al.
proposed a number of distribution ranges for CO adsorption on metals in accordance with



Catalysts 2023, 13, 484 9 of 15

their vibrations: M%-CO (vCO < 2100 cm 1), M*-CO (vCO 2120-2160 cm '), and M**-CO
(vCO > 2170 cm~1) [39]. The results of measuring the DRIFT spectra of adsorbed CO are
presented in Figure 7a,b. First, the appearance in the spectra of both samples of bands at
2338 and 2361 cm~!, which correspond to CO,(g), confirms the idea of CO oxidation to
CO; on zeolite-type materials [40]; this could mean that the support has a catalytic activity.
For CuFe3MOR (Figure 7b), these bands are noticeably more intense than for CuFe2MOR
and increase with temperature. This is interesting because it seems that the presence of Fe>*
is beneficial to the catalytic performance of the samples. Consideration of the individual
peaks of each sample is described below.

—o— NaMOR —#— Fe2MOR —e— CuFe2MOR

Lowdin charge
2 2
= ]
& 3
A
»

6.760

oe

6.755

I I I v \% VI viI Vil IX X
Non-equivalent sites

Figure 6. Lowdin charge computed for three distinct configurations: NaMOR, Fe2MOR, and
CuFe2MOR. Insets (a,b) show the nearest neighbor oxygen atoms (and their respective non-equivalent
site) for Fe and Cu cations, respectively.

CuFe2MOR CuFe3MOR
c a8 a8
o @ 3 25°C J o
25°C a T A
g — M N ’:’* /
’ . |50°C A ~
& soec J/ g =
B | —™ N 2
g o Y 8 [100°C/N N | N
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Figure 7. DRIFT spectra of adsorbed CO for CuFe2MOR (a) and CuFe3MOR (b).
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The CuFe2MOR spectra (Figure 7a) show the presence of a band at 2163 cm ™!, which
is attributed to the CO-Cu™ interaction due to the partial reduction in Cu* in the presence
of CO. The intensity of the band associated with CO adsorbed on the Cu species drops
with the temperature increase. Intense adsorption bands at 2252 and 2233 cm ! correspond
to the vibrations of adsorbed N,O at the Cu?* sites [41,42]. The intensity of these band
increases with increasing temperature, which indicates that the interaction of NO with the
surface is facilitated with the increase in temperature, which, at higher temperatures, leads
to the formation of N, and the oxygen participates in the formation of CO,.

The reduction in Cu?* by CO is more noticeable for the spectra of CuFe3MOR
(Figure 7b). Besides the band at 2163 cm ™!, attributed to CO-Cu*, a low-intensity band at
2107 cm~! appears, which is assigned to the adsorption of CO on Cu® at a low temperature.
This absorption band disappeared up to 100 °C, probably due to a Cu* reduction into
metallic copper species. This is evidenced by a gradual increase in the intensity of the
2173 em~! band, as well as the appearance of a new adsorption band at 2127 cm~!, which
are associated with the vibrations of Cu*-CO species. Then, there is a reduction in metallic
copper species during the reduction of NO via CO oxidation. When CO is adsorbed on
the Fe3*-zeolite, a band at 2208 cm~! is observed, which is assigned to the Fe2*-CO com-
plexes coming from the reduction in Fe>* ions. The band at 2221 cm ™! corresponds to CO
adsorbed on Lewis sites (AI3*-CO), i.e., the valence of iron affects the surface acidity. The
presence of a signal at 2249 cm~! corresponds to isocyanate complexes. Thus, it can be
concluded that the CuFe3BMOR surface is more active than the CuFe2MOR surface, which
is a beneficial factor for potential catalytic properties.

DRIFT spectra in the region of the adsorbed NO were recorded in the range 1650-2000 cm ™!
(Figure 8). It is remarkable that there is no significant difference in the spectra of CuFe2MOR
and CuFe3MOR, except for the intensity of the 1900 cm ! band which is attributed to the
interaction of NO with Cu?* ions [43], which is more intense in CuFe2MOR even after
high temperature treatment. However, the peak is very broad and can be a summing
peak of several bands: Fe?*-NO interaction is located at 1900 and 1888 cm ™! [44]. On the
other hand, it has been reported that NO molecules do not interact with Fe3* cations [42],
which can explain the difference in adsorption at 1900 cm~! between CuFe2MOR and
CuFe3MOR. A band at 1860 and at 1865 cm~! was noted during the interaction of NO with
Cu?* in CuO [23,45]. Also, the bands at 1860 cm ™!, together with those at 1875 cm !, can
be attributed to NO adsorbed on Cu?* ions with different effective charges due to different
coordination states on the surface [23]. The band located at 1810 cm ™! was attributed to
the interaction of NO with Cu* ions along the path of nitrosyl species [42]. Absorption at
1735 cm~! corresponds to the interaction of NO with Cu* species, which disappear with a
temperature increase. This is in agreement with the DRIFT results of adsorbed CO for CO
uptake (Figure 3), which corresponds to the interaction of CO with Cu* species [42]. This
could be correlated with the interaction of Cu?*-NO with some N,O species in an adjacent
place; therefore, while the intensity of the associated bands decreases with the temperature
increase, it allows us to suppose the release of NO; or NOj species and, consequently, a
decrease in the associated bands.

2.5. Reduction of NO via CO Oxidation

The results of catalytic activity over CuFe2MOR and CuFe3MOR samples are pre-
sented in Figure 9. CuFe3MOR exhibits the best catalytic performance, reaching an NO
conversion of 88% at 150 °C, while the CuFe2MOR only reaches 63% at this temperature.
Based on the results of DRIFT for the adsorbed NO and CO, the formation of Cu*t-NO
species was observed. These species are not resistant to temperatures above room tempera-
ture but are a mediator for the formation of adsorbed N,O, as evidenced by the presence
of the absorption band at 2239 cm! (Figure 7a). Adsorbed N,O can be reduced via in-
teraction with CO molecules that form adsorbed isocyanate complexes (absorption band
at 2253 cm™ !, Figure 7a,b), followed by the formation of N, and CO;. It follows from the
DRIFT results that the principal active components are mainly copper oxide sites rather
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than Fe species. However, the presence of iron species facilitates the adsorption of NO
and CO. Besides, the use of Fe(Ill) precursor displayed higher catalytic performance in
NO reduction via CO oxidation because of the easily reducible intermediate NO-complex
adsorbed on the metallic Cu sites, as observed through the in situ DRIFT study. This effect
is definitely caused by the interaction between closely contacting Cu and Fe species.

The NO molecule can be reduced by CO into N;O and Nj. Thus, the N selectivity
could be calculated as displayed in Figure 9. For all of the catalysts, N; selectivity increases
as a function of temperature. This was to be expected, since a higher temperature is ther-
modynamically favorable for further reduction of NO. At temperatures below 110 °C, Np
selectivity was practically absent. CuFe3MOR exhibits a higher N, selectivity in compari-
son with the CuFe2MOR sample. At temperatures above 110 °C, the CuFe3MOR sample
reached 79.3% at 210 °C. N,O, as evidenced by the DRIFT results, is an intermediate and
product of the NO + CO reaction, principally, up to lower temperatures, while Nj is likely
a direct product at higher temperatures. Then, the nature of the valence of iron also had
an important effect on the active species and their selectivity. Thus, both studied samples

exhibit catalytic activity; however, CuFe3MOR is more active in NO reduction and more
selective to Nj.
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Figure 8. DRIFT spectra of adsorbed NO for CuFe2MOR (a) and CuFe3MOR (b).
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Figure 9. NO conversion (a) and selectivity (b) over CuFe2MOR and CuFe3MOR samples.
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3. Materials and Methods
3.1. Samples Preparation

The odium form of mordenite (NaMOR) with an atomic ratio of Si/Al = 6.5 was
supplied by Zeolist Int. (Product CBV 10A). The precursor of Cu was 0.5 N CuSOy solution,
the precursor of Fe?* was 0.5 N Fep(SOy)3 solution, and in the case of Fe?* it was 0.5 N
FeSO; solution stabilized against hydrolysis by the addition of H,SO4 until pH = 2 was
achieved; this value is based on the data of reference [46]. The ion-exchange solutions
preparation parameters are presented in the Table 5. For each sample preparation, NaMOR
was treated in a ratio of 1 g/8 mL of liquid, using solutions containing the same total metal
equivalent concentration (normality) of both metals. Monometallic samples preparation
included one ion exchange step of NaMOR in the appropriate solution. The preparation
of bimetallic samples was carried out by ion-exchange from a binary mixture solution at
room temperature, when Cu- and Fe-containing solutions were mixed in a volume ratio
of 1:1, with a sum concentration of the cations 0.5 N, which were labeled as CuFe2MOR
and CuFe3MOR. The metals (Cu and Fe) were introduced to the initial mordenite using the
ion exchange method, using 150 MW microwave radiation for 2 h. After the ion exchange
procedure, the samples were filtered, washed, and dried at 110 °C for 2 h. Then, they were
reduced in a hydrogen flow at a temperature of 350 °C for 1 h followed by cooling and
storage in a desiccator with minimal contact with air.

Table 5. Ion-exchange solutions preparation parameters.

Sample Ion Exchange Solution Ccu+Cre in Solution
CuMOR CuSOy 0.5 N of Cu?*
Fe2MOR FeSO4, HySOy, until pH =2 0.5 N of Fe?*
CuFe2MOR CuSOy, FeSO4, HySOy until pH = 2 0.5 N, Cu?*:Fe?* = 1:1
FeBMOR Fey(SO4)3 0.5 N of Fe3*
Cu3FeMOR CuS0y, Fey(S04)3 0.5 N, Cu*:Fed* = 1:1

3.2. Characterization Methods

Quantitative chemical analysis of the samples was carried out by means of the ICP-
OES method using a VARIAN VISTA-MPX CCD SIMULTANEOUS spectrometer (Palo
Alto, CA, USA). Samples were pretreated by degassing, then dissolved in a mixture of
HNOj and HF at 40 °C overnight, and a solution of H3BO3; was added at 40 °C for 5 h.

The textural properties were determined from nitrogen adsorption-desorption isotherms
at —196 °C, and were recorded with a Micromeritics TriStar 3000 apparatus (Norcross, GA,
USA). Before the experiments, the samples were degassed at 300 °C in vacuum for 5 h. The
volume of the adsorbed N, was normalized to a standard temperature and pressure. The
specific surface area (Spg) of the samples was calculated by applying the BET method to
nitrogen adsorption data within the P/Py range of 0.005-0.250. The average pore diameter
was calculated by applying the Barret-Joyner-Halenda (BJH) method to the adsorption
and desorption branches of the N; isotherms. The total pore volume was obtained from
isotherms at P/Pg = 0.99.

High-resolution transmission electron microscopy (HRTEM) studies were carried out
using a JEM 2010 microscope (Peabody, MA, USA) operating at an accelerating voltage
of 200 kV. The samples were ground into a fine powder and ultrasonically dispersed
in isopropanol at room temperature. Then, a drop of the suspension was put on a lace
carbon-coated Cu grid. At least 10 representative images were taken for each sample. For
each sample, histograms of particle size distribution were plotted, for 450-500 particles
on average.

The surface acidity was measured in a fixed bed quartz microflow reactor, using
approximately 50 mg of sample over a temperature range of 100-550 °C at a linear heating
rate of 10 °C/min. The acidity of the samples was measured by TCD-TPD analysis using a
Quantachrome Chem BET Pulsar TPD/TPD (Boynton Beach, FL, USA). First, to remove
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moisture, the samples were pre-treated in He (99.99% purity, 120 mL/min, temperature
range 100-550 °C, heating rate of 10 °C/min). Then, the samples were kept at 550 °C for
1 h and then cooled down to 100 °C. Anhydrous ammonia with a purity of 99.98% Aldrich
(St. Louis, MO, USA) as used for the chemisorption probe at a flow rate of 120 mL/min for
10 min at 100 °C. After that, the adsorbed molecules were removed by applying a flow of
He for 40 min.

The DRIFT studies of the adsorbed CO and NO were carried out using an Agilent
660 DRIFT spectrophotometer (Santa Clara, CA, USA) at a resolution of 4 cm ! with, a
specially designed Praying Mantis diffuse reflection attachment and a low temperature cell
(Harrick) for in situ measurements. The samples were pretreated in situ with a N at 400 °C
for 1 h, and then degassed at a pressure of 107> mbar for 1 h. Afterwards, the samples
were cooled to ambient temperature and exposed to carbon or nitrogen monoxides. The
adsorption of CO and NO was performed at room temperature. Small-calibrated doses of
CO and NO were introduced in the IR cell up to an equilibrium pressure of approximately
20 and 10 mbar of CO and NO, respectively, after which the temperature was gradually
increased and the DRIFT spectra were recorded.

The catalytic activity measurements were conducted in a home-made fixed bed reactor
system (12.7 mm L.D.) equipped with a gas analysis unit (DRIFT flue gas analyzer GASMET
DX4000, Vantaa, Finland) and a data acquisition system. The modeled gas mixture for the
catalytic test was 800 ppm of NO and 1600 ppm of CO balanced by Ny, using a total flow
rate of 100 mL/min, a maintaining a GHSV of 20,000 h-1.

4. Conclusions

For the studied bimetallic samples with variable iron valence CuFe2MOR and CuFe3MOR,
a high total acidity of both samples was observed. The Bronsted acidity is similar for
both samples and is explained by zeolite acidity, and the Lewis acidity varies greatly and
depends on the exchange cations. According to TPD data, the acidity of the sample surface
also depends on the iron valence. HRTEM confirmed that the valence of iron affects the
size distribution of the resulting copper nanoparticles. The charges of iron cations do
not have a significant influence on the structure and textural properties of the resulting
mordenite materials.

A screening DRIFT study of the spectra of adsorbed CO and NO showed a redox
capacity and demonstrated the potential of using these materials as catalysts for ambient
protection. CuFe2MOR demonstrated stable Cu and Fe species, while CuFeBMOR showed
redox dynamic species. As expected, CuFe3MOR displayed a higher catalytic performance
in the NO reduction via CO oxidation, because of the easily reduced intermediate NO-
complex which was adsorbed on the metallic Cu and Fe sites, and which were observed
through an in situ DRIFT study.

It follows from the DRIFT results that the principal active components are mainly
copper oxide sites rather than Fe species. However, the presence of iron species facilitates
the adsorption of NO and CO. In addition, the use of Fe(Ill) precursor displayed a higher
catalytic performance in NO reduction via CO oxidation, because of the easily reduced
intermediate NO-complex which was adsorbed on the Cu” sites. This effect is caused by
the interaction between closely contacting Cu and Fe species.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13030484 /s1, Figure S1: N2 adsorption/desorption isotherms
for samples MOR (a), CuMOR (b), Fe2MOR (c), CuFe2MOR (d), FeBMOR (e), and CuFe3MOR (f).
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