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Abstract: This article presents the results of a comprehensive study of copper-exchanged mordenite
samples prepared from its ammonia and protonated forms (Si/Al = 10) using two different ion
exchange methods: conventional and microwave (MW)-assisted. The protonated H-MOR-10 sample
was obtained by calcination of commercial NH4-MOR-10; in this case, a slight degradation of the
mordenite framework was observed, but the resulting defects were partially restored after the first
ion-exchange procedure of protons for copper ions. The level of copper exchange in the studied
materials was found to be limited to 70%. Regardless of the exchange procedure, the replacement of
ammonium or proton ions with copper led to a linear increase in the a/b ratio of cell parameters in
accordance with an increase in the level of copper exchange, which means that all Cu?* cations are
ion-exchangeable and enter the main mordenite channel. Thermal analysis indicated a correlation
between the replacement of various ammonium and hydroxyl groups by copper ions during the
exchange treatment and their dehydroxylation energy during thermal decomposition. As a conclusion:
MW-assisted treatment proved itself as an efficacious method for the synthesis of copper-exchanged
mordenites, which not only significantly reduces preparation time but leads to a systematically higher
copper exchange level.

Keywords: mordenite; microwave-assisted ion exchange; XRD; ICP-OES; NMR; TGA; XPS

1. Introduction

Zeolites have unique structural and chemical properties that are vital for a wide range of industries.
Given their economic effect, there is a powerful incentive for the intelligent design of new materials with
enhanced functionality in ion exchange and catalysis [1]. Cation-exchanged zeolites are a prospective
class of catalysts and their popularity has steadily increased over the last years. Following the study of
copper-containing zeolites as promising materials for the removal of nitrogen oxides from exhaust
gases (de-Nox catalysts) [2-5], new processes based on ion-exchanged zeolites have recently been
investigated. Zeolites, as the most important solid catalysts used in traditional petrochemical industries,
also find prospective applications in many sustainable processes. In addition, they can be used to
capture and convert CO; in fuel cells, for biomass conversion, air, and water purification, etc. [6-8].
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Among the many known zeolites, mordenite is one of the most interesting, from our point of view.
It is one of the most used zeolites in the chemical industry and plays a key role in novel applications.
The reason for this is that this zeolite belongs to the so-called “big five” zeolites, which are extensively
applied in the industry as catalysts [9]. Based on this, the constant interest in a detailed study of this
material is quite understandable.

To focus on one of the possible systems for research, choosing the metal to modify mordenite was
necessary. Among the proposed metals, for several reasons, we considered copper to be one of the
most interesting. First, from an economic point of view, it has an acceptable price. Secondly, copper,
an element with a variable valence and with a very interesting, although not fully investigated,
chemistry on the surface of zeolitic pores [10], has repeatedly shown very fascinating results in
various processes. Numerous studies have shown that the catalytic properties of copper-exchanged
zeolites are determined by the valence state of copper ions and their location and coordination in
the zeolite lattice, as well as by the copper content [10,11]. According to Iwamoto [12], the so-called
over-exchanged zeolites (i.e., zeolites containing more polyvalent cations than is necessary for formal
charge equilibrium) are more efficient in catalytic reactions. From this point of view, it is very important
to find an effective method for controlling the copper content in the zeolite matrix.

It has been recently discovered [13] that extra-framework aluminum species can also affect the
catalytic activity of Cu-mordenite in the conversion of methane to methanol. Moreover, the materials
obtained from a protonated form have been found to be more active. As it has been shown, there are
two key properties that determine the activity of prepared materials in methane conversion: the parent
counterion and the copper ion-exchange procedure [13].

It is well known that the performance of a Cu-zeolite catalyst strongly depends on the chemical
state of copper. In turn, it is accepted that the ion exchange method affects the appearance of Cu
species; the matrix topology and counterions presented in the starting zeolite also influence this
appearance [14]. The recent development of microwave-assisted treatment methods has introduced
a new direction in the development of chemistry of materials [15-20]. Being a simple, inexpensive,
and efficient nonconventional heating method, the microwave (MW) technique is well established in
the field of alternative methods for the synthesis of emerging materials, including zeolites [17,19-22].
A comparison of several Ni-mordenites obtained by ion exchange of Na-mordenite in the liquid phase
under irradiation by microwaves and by the conventional method showed that after the first exchange
an analogous amount of exchangeable Ni2* ions, with and without MW assistance, was achieved [21],
but was faster with MW irradiation. Interestingly, microwaves strongly affected the acidity of the
samples obtained, the acidity of which increased with longer treatment with microwaves due to the
appearance of new weak acid sites. These new centers were not observed for the sample exchanged
in the conventional way [21]. Differences in the acidity of samples prepared by conventional and
microwave-assisted treatments were also observed in [22].

Finally, the effect of counter-cations in the initial zeolites can change the final properties of the
obtained samples. In [23], copper-ammonium exchange was studied for the ammonium form of
SAPO zeolites obtained by various methods. A number of NH;-SAPO-34 samples prepared by NHj
adsorption were prepared and used for comparison with NH4-SAPO-34 obtained by conventional
exchange from a liquid. Even if an analogous amount of the NH4* ion was contained in the sample
obtained by gas adsorption and in the sample obtained by the liquid ion exchange method, there
was still a difference between the coordination of NHy ™ species with the bridging hydroxyl groups of
Si(OH)AL This difference resulted in a subsequent exchange of Cu, leading to various forms of cationic
copper complexes [23].

Earlier, we analyzed the influence of various factors in the preparation of copper exchange
mordenites on the properties of the materials obtained [24-28]. In [27], we reported the results of
our comprehensive study of two sets of copper-exchanged samples of mordenites prepared from the
sodium form of this zeolite and obtained by two different methods: conventional and MW assisted.
It was found that the MW-assisted procedure resulted in a deeper and even over-exchange. The main
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goal of present study was to prove the ability and efficacy of MW-assisted treatment, as compared
with the conventional procedure, in synthesis of copper-exchanged mordenite from ammonia and
protonated forms.

2. Results

Throughout the text, tables, and figures, the samples obtained from the ammonia and protonated
forms are labeled as CuNH4-MOR-10-XY and CuH-MOR-10-XY, respectively, where X = C or M
to represent the conventional (C) or MW (M) ion exchange preparation method; ¥ = number of
copper-exchange procedures; digit 10 corresponds to the Si/Al ratio. For more details, see Section 4.
Materials and Methods.

2.1. Elemental Analysis

Table 1 shows the Si/Al and Cu/Al ratios for all the studied samples, determined using inductively
coupled plasma-optical emission spectroscopy (ICP-OES). These numbers were calculated on the basis
of real AR values and assumed that all copper ions were in Cu®* state (the copper state was confirmed
by the XPS results, see further). In the last column of Table 1 the copper exchange level is given, which
is the percentage of copper in the sample relative to the maximum possible amount of Cu?* cations if
all NHy " or H" cations that compensate for the charge in the mordenite structure are fully exchanged.

Table 1. Chemical composition of the bulk samples as determined from inductively coupled
plasma-optical emission spectroscopy (ICP-OES) data.

Sample ICP-OES
Cu/Al Si/Al Cu-Exchange Level (%)

NH;-MOR-10 - 8.5(1) -

CuNH4-MOR-10-M1 0.19(1) 8.4(1) 37.2(1)
CuNH,;-MOR-10-M2 0.23(1) 8.3(1) 46.5(1)
CuNH4-MOR-10-M3 0.32(1) 8.2(1) 63.2(1)
CuNH4-MOR-10-M6 0.30(1) 8.0(1) 60.7(1)
CuNH,;-MOR-10-C1 0.16(1) 8.3(1) 31.8(1)
CuNH4-MOR-10-C3 0.24(1) 8.1(1) 47.3(1)
CuNH,-MOR-10-C6 0.27(1) 8.2(1) 55.1(1)
H-MOR-10 - 8.6(1) -

CuH-MOR-10-M1 0.18(1) 8.6(1) 37.0(1)
CuH-MOR-10-M2 0.22(1) 8.5(1) 44.4(1)
CuH-MOR-10-M3 0.28(1) 8.5(1) 56.0(1)
CuH-MOR-10-M6 0.36(2) 8.4(1) 72.2(1)
CuH-MOR-10-C1 0.14(1) 8.5(1) 28.6(1)
CuH-MOR-10-C3 0.22(1) 8.3(1) 44.3(1)
CuH-MOR-10-Cé6 0.23(1) 8.5(1) 46.0(1)

It should be noted that the bulk ICP-OES analysis of the starting NH;-MOR-10 sample gave an Si/Al
atomic ratio (AR) equal to 8.3 instead of that stated by Zeolist Int. (AR equal to 10.0). A similar effect
of the lower real AR (5.9 instead of 6.5) was observed for the earlier studied sample Na-MOR-6.5 [27],
supplied by the same fabricator. As this material was ordered from an industrial manufacturer, their
method of composition analysis, permissible deviations from the nominal values, and reproducibility
of sequential routine syntheses are unknown. Since the protonated form (H-MOR-10) was obtained by
calcination of the NH4-MOR-10 mordenite, its AR was the same, as expected.

2.2. Structural Analysis

X-ray diffraction (XRD) patterns of the NH;-MOR-10 and H-MOR-10 samples, as well as
the patterns for the copper-exchanged samples, obtained after six conventional and MW-assisted
ion-exchange procedures, are shown in Figure 1. The XRD patterns for all the studied samples can



Molecules 2019, 24, 4216 4 0f 15

be found in Supplementary Materials (Figures S1 and S2). The XRD analysis confirmed that all the
samples kept the mordenite crystalline structure and no peaks corresponding to other phases were
observed. The line width analysis, done by applying the well-known Scherrer formula, revealed that
the average crystallite size for all the studied samples was about 50-60 nm.
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Figure 1. X-ray diffraction (XRD) patterns for the starting and copper-exchanged samples obtained
after six MW-assisted and conventional procedures; (a) -ammonia form and (b) -proton form.

The lattice parameters for the studied samples before and after ion-exchange procedures are listed
in Table 2. Ion-exchange treatment led to slight changes in unit cell parameters, keeping the unit cell
volume almost unchanged. In general, the main tendency in the lattice parameters changed was the
following: the exchange of ammonia (or proton) cation for copper resulted in expansion along the
a-axis and was accompanied by a simultaneous compression along the b-axis. The lattice parameter
along the c axis remained almost unchanged. This means that the deformation of the mordenite crystal
lattice occurred in a plane perpendicular to the c-axis. A similar, but more pronounced, effect was
observed for the Na-series of Cu-exchanged mordenites [27]. For a better description of this lattice
deformation upon copper loading we introduced the contraction parameter K = a/b, which is also listed
in Table 2 and will be discussed further.

Regarding the above, note that XRD measurements provided us with information about the
idealized topological structure of the framework; any kinds of defects are not reflected. Local distortions
of the surrounding of Al atoms can be revealed by magic angle spinning nuclear magnetic resonance
(MAS NMR). The selected spectra are shown in Figure 2 (see left insert) with an example of the
spectrum decomposition for H-MOR-10. The 2 Al MAS NMR spectra for all the studied samples are
given in Supplementary Materials (Figures S3 and S4).
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Table 2. Lattice parameters, unit cell volume, and /b ratio for the studied samples before and after the
ion-exchange procedure.

Lattice Parameters (A) Unit Cell

Sample " b ) Volume (A%) K=a/b
NH4-MOR-10 18.167(2) 20.371(1) 7.4941(4) 2773(2) 0.8918(1)
CuNH4-MOR-10-M1 18.204(2) 20.396(1) 7.5020(4) 2785(2) 0.8925(1)
CulNH4-MOR-10-M2 18.186(2) 20.360(1) 7.4956(4) 2775(2) 0.8932(1)
CuNH4-MOR-10-M3 18.185(2) 20.357(1) 7.4944(4) 2774(2) 0.8933(1)
CulNH4-MOR-10-M6 18.209(2) 20.381(1) 7.5001(4) 2783(2) 0.8934(1)
CuNH4-MOR-10-C1 18.183(2) 20.369(1) 7.4959(4) 2776(2) 0.8927(1)
CuNH4-MOR-10-C3 18.189(2) 20.362(1) 7.4976(4) 2777(2) 0.8933(1)
CuNH4-MOR-10-C6 18.192(2) 20.359(1) 7.4979(4) 2777(2) 0.8936(1)
H-MOR-10 18.166(2) 20.364(1) 7.4917(4) 2771(2) 0.8921(1)
CuH-MOR-10-M1 18.196(2) 20.387(1) 7.4985(4) 2782(2) 0.8925(1)
CuH-MOR-10-M2 18.171(2) 20.356(1) 7.4929(4) 2772(2) 0.8927(1)
CuH-MOR-10-M3 18.184(2) 20.363(1) 7.4957(4) 2776(2) 0.8930(1)
CuH-MOR-10-M6 18.194(2) 20.365(1) 7.4948(4) 2777(2) 0.8934(1)
CuH-MOR-10-C1 18.169(2) 20.355(1) 7.4918(4) 2771(2) 0.8926(1)
CuH-MOR-10-C3 18.181(2) 20.358(1) 7.4937(4) 2774(2) 0.8931(1)
CuH-MOR-10-C6 18.180(2) 20.358(1) 7.4938(4) 2774(2) 0.8930(1)
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Figure 2. 2 AlMAS NMR spectrum and its decomposition on one Lorentzian (L1) and two Gaussian
(G2 and G3) lines for H-MOR-10 at rotation frequency 8 kHz. Left insert: 2’ Al MAS NMR spectra of
the selected samples. Right insert: the half width at half maximum (HWHM) of the L1 line versus
the Cu-exchange level for the CuNH4-MOR-10-XY (squares) and CuH-MOR-10-XY (circles) samples.
Open and closed symbols correspond to the conventional and MW-assisted treatment, respectively;
semi-closed symbols represent the starting materials. Dashed lines correspond to the linear fitting of all
the data for the samples with Cu-exchange level below 60%.

50f 15
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The 2” Al MAS NMR spectrum for NH;-MOR-10 represents one line L1, the narrowest among
the all studied samples. The annealing of NH4-MOR-10 at 300 °C (to produce H-MOR-10) led to the
appearance of two additional lines at 0 and 38 ppm, Gaussian lines G1 and G3, respectively, which
corresponded to six- and so-called “five”-coordinated Al, see Figure 2. This shows that, despite that
the whole crystal structure is preserved, there was some local destruction of the zeolite framework,
with a total amount of out-of-lattice Al atoms of about 10%. Nevertheless, even the first ion-exchange
procedure led to the disappearance of the six-coordinated Al (line G2 in Figure 2); however, the G3 line
was always observed in the CuH-MOR-10-XY series and was almost unchanged. The framework
observed for the recovery of protonated zeolites after a conventional ion exchange with copper is much
more spectacular for mordenites with a low Si/Al ratio (e.g., Si/Al = 5, see [25]). In the present study,
for mordenites with a nominal value of Si/Al = 10, we observed that the MW-assisted procedure also
helped eliminate the six-coordinated Al. In contrast to this, the framework defects, which revealed
themselves in the 27 Al spectra as “five”-coordinated Al, were accumulated with an increase in the
number of the ion-exchange procedures, see Supplementary Materials (Figures S3 and S4). This effect
was not very pronounced, but is worth being mentioned.

2.3. Thermal Analysis

Thermogravimetric (TG) profiles of selected samples together with the derivative
thermogravimetric (DTG) curves are shown in Figure 3. The results for all the studied samples
are given in Supplementary Materials (Figures S5 and S6). As one can see, the mass loss occurred
in two main steps. The first step was due to water desorption, while the second one was caused by
thermal decomposition of hydroxyl groups. Based on the DTG curves decomposition, we introduced
the T temperature to separate these two steps. The mass loss and T values are listed in Table 3.

Table 3. Mass loss (%) due to water (and ammonia) release (below Tj) and due to dehydroxylation

(above Tj).

Mass Loss (%) in the Temperature Range: o

Sample 40°CT T, pTO T710°C To CO)
NH4-MOR-10 5.86 3.02 258
CuNH4-MOR-10-M1 7.64 2.57 350
CuNH4-MOR-10-M2 8.63 2.02 356
CuNH4-MOR-10-M3 11.10 1.15 364
CulNH4-MOR-10-M6 8.77 2.04 307
CuNH4-MOR-10-C1 7.81 242 283
CuNH4-MOR-10-C3 8.44 1.93 323
CulNH4-MOR-10-C6 8.97 1.65 325
H-MOR-10 5.26 1.95 270
CuH-MOR-10-M1 7.28 1.46 325
CuH-MOR-10-M2 7.15 1.44 336
CuH-MOR-10-M3 7.64 1.59 331
CuH-MOR-10-M6 7.76 1.93 322
CuH-MOR-10-C1 7.19 1.58 331
CuH-MOR-10-C3 7.04 1.51 340

CuH-MOR-10-C6 7.82 1.53 355
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Figure 3. Thermogravimetric (TG) (a,b) and derivative thermogravimetric (DTG) (c,d) profiles for the
starting samples and after the first and six ion-exchange procedures synthetized from the ammonia
(a,c) and proton (b,d) forms. To guide to the eye, the DTG curves for different samples are shifted down
with a step 0.1%/min.

2.4. Cu2p X-ray Photoelectron Spectroscopy (XPS) Analysis

The valence state of copper ions was probed by X-ray Photoelectron Spectroscopy (XPS). The Cu2p
spectra for all samples and their analysis are given in Supplementary Materials (Figure S7 and Table S1).
The XPS studies indicated that, in all the studied samples, copper ions are in the Cu?* state. It should
be noted that all samples, throughout the process of multiple ion exchange using both MW and the
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conventional method, retained the typical blue color of Cu?*. The deconvolution of Cu2ps/, spectral
line shows that the binding energy that corresponds to the main peak with the Cu2p3/, satellite line
is about 933.6 eV. This can be attributed to the Cu®* ion bound to ligands by covalent bonds [24,29].
An additional peak of low intensity that is shifted towards higher binding energy values (near 935 eV)
can be associated with Cu?* coordinated by water [27].

3. Discussion

One of the processes studied in the present work was the copper accumulation in mordenite
due to exchange procedures done in two different ways. As seen from Table 1, after the first ion
exchange treatment by both methods, copper ions did not substitute the initial compensating cations
completely: the copper-exchange level did not exceed 36% for the two methods and both systems.
Nevertheless, after multiple ion exchange procedures, the MW treatment proved itself to be more
effective, especially for CuH-MOR-10-MY series. However, in contrast to the previously studied
copper-exchanged mordenites obtained from Na-MOR-6.5 [27], even six subsequent MW-assisted
ion exchange procedures did not lead to an over-exchange. This discrepancy between the ammonia
and proton forms of mordenite, unlike sodium, is an interesting fact, but its cause is not yet clear;
one of the reasons, as we can assume, is due to the different Si/Al ratio and its effect on the exchange
properties of mordenite. As expected, zeolites with the same framework topology, but with different
framework charges, demonstrate quantitative differences in the exchange behavior [29]. Less obvious,
the charge density of the zeolite framework also affects ion exchange selectivity [30]. These effects
are especially pronounced for uni—divalent cations exchange. Since the charge of divalent cations is
balanced by two negative framework sites, the selectivity and maximum level of exchange in zeolites
with low aluminum content depend mainly on the separation distances of the framework charge
sites [30]. However, a detailed study on similar dependencies of the role of various counter-cations
on the exchange of the target cation, and the role of the composition of zeolite in such processes,
is beyond the scope of this present work and will be done separately. Another interesting observation
was that for all the systems studied in this work, obtained both by conventional and MW-assisted
exchange methods, the copper exchange stopped at approximately 70%, as was previously detected
for CuNa-MOR-6.5-CY;, prepared by the conventional method in [27].

As it follows from XRD analysis, the copper loading led to increasing the a to b lattice parameters
ratio that reflects the compression of the main mordenite channel. The a/b values versus the
copper-exchange level for all the studied samples are plotted in Figure 4 together with the data
for CuNa-MOR-6.5-XY series from [27]. As one can see from Figure 4, for both CuNH4-MOR-10-XY
and CuH-MOR-10-XY, the copper exchange led to increasing the a/b ratio that can be almost perfectly
fitted by linear dependence. Moreover, neither the nature of the initial cation nor the preparation
method has any significant effect on the slope of the line, which is essentially lower in comparison
with that one for CuNa-MOR-6.5-CY. The weakening of the effect of Cu imbedding on the deformation
of the mordenite lattice was related to the lower absolute copper content at the same copper-exchange
level (due to higher Si/Al ratio). We note that the change in the slope after 70% of the copper-exchange
level observed in CuNa-MOR-6.5-MY series can be attributed to the creation of [Cu-O-Cu]** complexes
formed due to MW irradiation [27].
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Figure 4. The a/b ratio (a) and normalized (310), (150), and (202) peak intensities ((b—d), respectively)
versus copper-exchange level for the CuNH4-MOR-10-XY (squares), CuH-MOR-10-XY (circles) and
CuNa-MOR-6.5-XY (triangles) series; open and closed symbols correspond to the conventional
and MW-assisted treatment, respectively; semi-closed symbols correspond to the starting materials.
Dashed lines show the linear fitting (y = yo + kx) of all the a/b data for CuNH4-MOR-10-XY and
CuH-MOR-10-XY together; for CuNa-MOR-6.5-XY the data for the samples obtained by conventional
and MW-assisted treatments are fitted separately; corresponding fitting parameters yq and k are given.
The data for CuNa-MOR-6.5-XY are taken from [27] (adapted with permission from Ref. [27] Copyright

2017 Elsevier Inc.).
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XRD patterns presented in Figure 1 and Figures S1 and S2 show that the ammonium- or
proton-to-copper exchange led to some changes in relative intensities of diffraction peaks. Figure 4b—d
show the changes in intensities of selected peaks, namely (310), (150), and (202), that took place with
copper loading. To analyze their intensities, they were normalized to the intensity of the peak (330),
which varied much less than others from sample to sample (see Figure 4). Besides these, for both forms,
ammonium and proton, it can be seen that the exchange for copper changed the intensity of the peaks
(110), (020), and (200). Schematic representation of these planes is given in Supplementary Materials,
Figure S8. The changes are fairly constant with increasing copper concentration and does not do
beyond the general trend. This is quite expected for ion-exchange zeolites, and the effect is mainly
due to differences in nature, number, and position of extra-framework cations. This indicates that
Cu?* ions occupy similar cationic positions in the channels of mordenite, regardless of the exchange
method used. A more detailed study of the structure is undoubtedly of interest, as it would provide
valuable information on the local structure rearrangement caused by ion-exchange procedure, as it
was observed in Ag- and Fe-exchanged mordenite [31], and its results will be published elsewhere.

In mordenite, counter-cations can occupy different positions. From general considerations, cations
tend to be located at positions that are more stable or have minimal energy, which includes optimal
values for cation/framework distances, the distance between cation and water molecules, between
water molecules and the framework, minimal repulsion between guest species, etc. Referring to the
studied systems, and taking into account the results of previous studies, the following possible cationic
sites, shown in Figure 5, were proposed in [32]: A—inside the small mordenite channel; B— in the side
pocket; and C—inside the main channel near the side pocket. Here we did not proceed to a deeper
description since the methods used in the present study did not allow us to distinguish counter cations
localized, for example, in different places within the main channel; only a rough analysis can be done.
Thus, despite the fact that copper ions do not have exact crystallographic positions, the behavior of
the intensities of the XRD peaks that reflects the influence of the copper atoms can be summarized as
follows. The decrease in the intensity of the peak (202) (as well as that one of (020) and (200)) occurred
due to the displacement of [NH4]" (or H*) cations, originally located in small mordenite channels
(site A in Figure 5) that occur under the action of the ion-exchange procedure. The above-mentioned
cations leave their sites, but when entering Cu?* cations do not replace them, preferring to settle in the
main channel near the entrance to the side pocket, the C-site. Note, that the planes (202) and (310)
intersect in the side pocket entrance area. That is, the localization of the cation in this site should have
a strong influence.

Figure 5. Possible cationic sites in the mordenite framework. Blue balls correspond to Si atoms in
T1 and T2 sites of the mordenite lattice, orange balls are those Si atoms that can be substituted by Al
(T3 and T4 sites).
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The difference in behavior of (150) peak intensity between CuNH4-MOR-10-XY and
CuH-MOR-10-XY series and the data from [27] for the CuNa-MOR-6.5-XY series means that the exact
position of the copper ions in the main channel of mordenite with Si/Al = 10 and Si/Al = 6.5 were
different. As Al can occupy T3 and T4 sites marked by orange in Figure 5, with Si/Al increasing,
the occupancy of these two sites by Al decreases and the total number of cationic sites decreases.

A slight discrepancy in the peak intensities observed for CuNH4-MOR-10-XY and
CuH-MOR-10-XY samples prepared by different methods may be due to the fact that copper ions
can occupy different sites in the mordenite lattice, which corresponds to the further discussion of the
results of the thermogravimetric analysis (TGA). The latter was also consistent with the 2 Al MAS
NMR study. The introduction of copper into the studied zeolite did not shift the main L1 line, but led to
its broadening, which is a typical effect of paramagnetic ions and implicitly confirms that copper ions
are in the Cu?" state. The right insert in Figure 2 shows the half width at half maximum (HWHM) of
the L1 line plotted versus the copper-exchange level. This parameter does not carry direct information
about the preparation method. It can be fairly well fitted with a straight line; a noticeable deviation
occurred only when the copper-exchange level exceeded 60%, which may indicate a redistribution of
copper ions as compared with other ion exchange positions, and confirms, once again, the presence of
a threshold exchange level before and after which the behavior of cations in the zeolite changes.

For CuNa-MOR-6.5-MY, where the MW treatment possibly led to the creation of [Cu-O-Cu]**
species [28], changes in the intensities of diffraction peaks at high copper loading (>60%) reflect that these
complex cations occupy new sites and/or, perhaps, their appearance led to a redistribution of Cu?*.

Valuable information on differences in the accessibility of ion-exchanged sites in the
CuNH4-MOR-10-XY and CuH-MOR-10-XY series can be provided by TGA analysis. Compared with
the data of CuNa-MOR-6.5-XY [27], in the ammonia and protonated series, firstly, the high temperature
peak of mass loss always presents and is rather important; secondly, the temperature of the first step is
essentially shifted towards a lower temperature.

According to the XRD analysis, in NH4-MOR-10, ammonium ions were in a small mordenite
channel and left it during substitution with copper. This means that before the copper is loaded,
the main channel is almost empty: water molecules are weakly held by the zeolite framework due
to a high Si/Al ratio (and, therefore, low polarization). Copper, entering into the main channel,
is coordinated by water that results in an increase in mass loss due to water release at the first step; see
Figure 3 and Table 3. In the CuH-MOR-10-XY series, an additional decrease in the water content could
be related with partial destruction of the zeolite framework.

Turning to a comparison of ammoniated and protonated forms of mordenite used for
copper exchange, it should first be emphasized that the initial step of water desorption was also
accompanied by ammonia release due to thermal decomposition of [NH4]*, which ends at about
250 °C. Unfortunately, the close mass values of NHj3 and H,O make them difficult to distinguish.
Nevertheless, the quantity of ammonia emission can be roughly estimated from the difference between
the TGA curves for NH;-MOR-10 and H-MOR-10 at the first step of mass loss, see Figure 3a. The second
step of mass loss at temperatures above Ty, which was between 258 and 364 °C, depending on the
sample, see Table 2, was caused by dehydroxylation processes. From this perspective, the second step
of the TGA curves for NH;-MOR-10 and H-MOR-10 should be the same. Indeed, the profiles looks
quite similar; the difference in mass loss, that is the difference in the number of hydroxyl groups, could
be caused by the fact that the preparation of H-MOR-10 is a static calcination process (two hours at 300
°C), whereas during the TGA study, the NH4-MOR-10 sample experienced a dynamic thermal exposure.
In other words, the main difference between the ammonia and protonated series was the amount (and
possibly the number of types) of hydroxyl groups that should influence ion exchange since hydroxyls
in the protonated form may occupy several ion-exchangeable sites making others accessible, which
were initially less energetically favorable. The presence of the so-called “five”-coordinated Al may also
lead to a redistribution between more and less favorable ion-exchanged sites.
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In the ammonia samples, after the completion of the ion-exchange procedure, part of [NH4]" was
replaced by Cu?*, but the remaining ammonium cations thermally decomposed at temperatures below
300 °C, forming new proton centers. These former CuNH4-MOR-10-XY samples at temperatures above
300 °C are converted into “CuH-MOR-10-XY”, but with different numbers (and types) of hydroxyl
groups, which are now determined by the previous location of the residual ammonium cations in the
mordenite structure after ion exchange.

Another important point, as can be seen from Figure 3, is that the presence of copper affects the
formation of a certain form of hydroxyls; as the concentration of copper increased, hydroxyl groups that
decompose at high temperatures disappeared first, and the relative number of low temperature ones
increased. This implicitly points out that the high temperature hydroxyl groups in H-MOR-10 after the
ion-exchange procedure may have been replaced by copper cations.

4. Materials and Methods

Copper-exchanged zeolites were prepared from NH, - and H*-mordenites with nominal Si/Al
atomic ratios (AR) equal to 10. The NH,*-mordenite was supplied by Zeolist Int. (Product CBV21A).
The proton form was obtained by the calcination of NH;* mordenite at 300 °C for 2 h. The calcination
temperature was chosen on the basis of thermogravimetric analysis of the NH4" mordenite: the
temperature at which the deammoniation process had finished but the dehydroxylation had not
started yet, see Section 2.3. The ammonia and proton forms were labeled as NH;-MOR-10 and
H-MOR-10, respectively.

In order to prepare copper-exchange samples, the starting material (NH4-MOR-10 or H-MOR-10)
was treated in 0.05 M CuSO4 aqueous solution, taking the volume with the twofold excess of copper
amount in the solution to the estimated ion-exchange capacity of mordenite. The conventional
copper ion exchange was carried out under stirring at room temperature for 1 day. For the
MW-assisted ion-exchange procedure, the mixture of zeolite and CuSO,; aqueous solution (with
the same concentration of solution and the same zeolite-solution ratio) was heated at 100 °C in a
Synthos 3000 Anton Paar microwave oven at 1400 W for 2 h. The exchange process was repeated
several times (up to six) to increase the copper content. The samples obtained by both methods
were filtered, thoroughly washed, and dried at room temperature overnight. The samples obtained
from the ammonia and proton forms were labeled as CuNH;-MOR-10-XY and CuH-MOR-10-XY,,
respectively, with X = C or M for the conventional (C) or MW (M) ion-exchange preparation method,
correspondingly; Y = number of copper-exchange procedures; digit 10 corresponds to the Si/Al
ratio. The main information concerning the exposure, which the studied samples underwent during
preparation treatment, is summarized in Table 4.

Table 4. Classification of the studied copper-exchanged samples according to the undergone exposure.
Processing time is indicated for one stage of the exchange. Every time the exchange was repeated,
the exposure time increased.

Sample Name Initial Cation Form Pretreatment Ion Exchange Procedure
NH4-MOR-10 [NH4]* No No
H-MOR-10 H* 120 min at 300 °C No
CuNH4-MOR-10-MY [NH4]* No MW at 100 °C
CuNH;-MOR-10-CY [NH4]* No conventional at 20 °C
CuH-MOR-10-MY H* 120 min at 300 °C MW at 100 °C
CuH-MOR-10-CY H* 120 min at 300 °C conventional at 20 °C

XRD analysis was done using a Bruker D8 DISCOVER (Bruker Corporation, Billerica, MA,
USA) diffractometer with CuK long-focused X-ray sealed tube (scan range: from 5.0017 to 60.0041
2-theta degree, step width: 0.0202 degree). Quantification was completed using the DIFFRAC.SUITE
software package.
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The chemical composition of the samples before and after the ion-exchange procedures was
explored by ICP-OES using Shimadzu ICPE-9000 (Shimadzu Corporation, Kyoto, Japan). The valence
state of copper ions was probed by XPS analysis carried out using a Combined Auger, X-ray and
Ultraviolet Photoelectron spectrometer Thermo Fisher Scientific ESCAlab 250Xi with monochromatic
AlK radiation (photon energy 1486.6 eV (Thermo Fisher Scientific, Waltham, MA, USA) at room
temperature in ultra-high vacuum with pressure of the order of 1 x 10 mbar.

The water content and products of the samples decomposition were determined through the use
of thermal analysis using a Netzsch STA 449 F1 Jupiter coupled with a quadrupole mass spectrometer
QMS 403 Aéolos (Netzsch-Gruppe, Selb, Germany). The analysis was done in the temperature range
from 40 to 700 °C at a heating rate of 10 °C/min in argon stream at the rate of 90 mL/min.

To probe the regularity of the zeolite framework the magic angle spinning nuclear magnetic resonance
(MAS NMR) method was used. %Al MAS NMR spectra were recorded by applying the zg30 pulse
sequence at 104.29 MHz with rotation frequency 8 kHz. Chemical shifts were determined relative to the
AlCl5 solution as an external standard. NMR measurements were carried out at room temperature using
Bruker WB Avance III (400 MHz) spectrometer (Bruker Corporation, Billerica, MA, USA).

5. Conclusions

The main conclusions of the work can be formulated as follows:

For both of the studied initial forms of mordenite, neither MW-assisted nor conventional methods
destroy the zeolite framework. As compared with the sodium form of mordenite, the exchange of
copper in ammonia and protonated forms of mordenite behaves differently but all copper is in Cu?*
form. The applied ion-exchange processes do not lead to an over-exchange, as the level of copper
exchange is limited to 70%.

The exchange of the initial counterions for Cu?" ions leads to a linear increase in the a/b ratio with
an increase in the copper exchange level. This means that all copper cations are ion-exchangeable
and enter the main mordenite channel. For CuH-MOR-10-M6, with the greatest amount of copper
reaching 70% of the degree of exchange, changes in the width of the 27 Al MAS NMR line are observed.
This effect can be interpreted as the possible appearance of a new form of copper, or the redistribution
of these copper ions along ion-exchangeable sites when the threshold value is reached.

When heated, there is a loss of water, which is accompanied by the simultaneous release of NHj for
the CuNH4-MOR-10-XY samples. This process ends in the range of 260-360 °C. With further increases in
temperature, the mass loss is due to dehydroxylation that occurs in a complex way. In copper-exchanged
samples, protons (hydroxyl groups) with a higher temperature of thermal decomposition are selectively
replaced. There is a correlation between the energy of the exchange for copper and the energy of
decomposition of various ammonium groups and, accordingly, the dehydroxylation of proton groups
formed from non-exchanged ammonium cations.

Summing up the above, one can conclude that MW-assisted treatment has proven itself as an
efficacious method for the synthesis of copper-exchanged mordenites, which not only significantly
reduces preparation time but leads to a systematically higher Cu-exchange level.

Supplementary Materials: The following are available online. Supplementary Materials include the XRD patterns,

TG/DTG curves, 2 Al MAS NMR spectra and XPS Cu2ps, peaks with their deconvolution for the studied sample
as well as an image of the c-doubled mordenite unit cell with selected (hkl) planes.

Author Contributions: M.G.S. and V.P. conceived the experiment and analyzed the data. YM.Z. fabricated and
characterized the samples by ICP-OES and XPS. E.A K. carried out the XRD and NMR analysis of the synthetized
samples under supervision of M.G.S., .A.Z. performed the thermal analysis. L.R.-I. and S.F.-M. helped identify
specific aspects studied in this work All the authors discussed the topic, the experimental results, and contributed
to the writing of the manuscript.

Funding: This work was partially supported by the Grant IN107817 of DGAPA-UNAM and by RFBR and CITMA
according to the research project No 18-53-34004.

Acknowledgments: The studies were carried out at the Research Park of Saint Petersburg State University:
Centre for Physical Methods of Surface Investigation, Centre of Thermal Analysis and Calorimetry, Centre for



Molecules 2019, 24, 4216 14 of 15

X-ray Diffraction Studies, Centre for Magnetic Resonance, Chemical Analysis and Materials Research Centre.
Technical assistance of I. Gradilla and E. Flores is acknowledged.

Conflicts of Interest: The authors declare no conflict of interests.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Van Speybroeck, V.; Hemelsoet, K.; Joos, L.; Waroquier, M.; Bell, R.G.; Catlow, C.R.A. Advances in theory
and their application within the field of zeolite chemistry. Chem. Soc. Rev. 2015, 44, 7044-7111. [CrossRef]
[PubMed]

Xin, Y.; Li, Q.; Zhang, Z. Zeolitic materials for deNOx selective catalytic reduction. ChemCatChem 2018, 10,
29-41. [CrossRef]

Roy, S.; Hegde, M.S.; Madras, G. Catalysis for NOx abatement. Appl. Energy 2009, 86, 2283-2297. [CrossRef]
Shan, W.; Song, H. Catalysts for the selective catalytic reduction of NOyx with NHj3 at low temperature.
Catal. Sci. Technol. 2015, 5, 4280-4288. [CrossRef]

Chen, Y.; Cheng, D.; Chen, E,; Zhan, X. NO decomposition and selective catalytic reduction of NO over
Cu-ZSM-5 zeolite. Prog. Chem. 2014, 26, 248-258.

Li, Y,; Li, L; Yu, J. Applications of zeolites in sustainable chemistry. Chem 2017, 3, 928-949. [CrossRef]
Marakatti, V.S.; Halgeri, A.B.; Shanbhag, G.V. Metal ion-exchanged zeolites as solid acid catalysts for the
green synthesis of nopol from Prins reaction. Catal. Sci. Technol. 2014, 4, 4065-4074. [CrossRef]

Marakatti, V.S.; Halgeri, A.B. Metal ion-exchanged zeolites as highly active solid acid catalysts for the green
synthesis of glycerol carbonate from glycerol. RSC Adv. 2015, 5, 14286-14293. [CrossRef]

Vogt, E.T.C.; Whiting, G.T.; Dutta Chowdhury, A.; Weckhuysen, B.M. Zeolites and zeotypes for oil and
gas conversion. In Advances in Catalysis; Jentoft, F.C., Ed.; Academic Press (Elsevier): Amsterdam, The
Netherlands, 2015; Volume 58, pp. 143-314.

Vanelderen, P.; Vancauwenbergh, J.; Sels, B.E.; Schoonheydt, R.A. Coordination chemistry and reactivity of
copper in zeolites. Coord. Chem. Rev. 2013, 257, 483-494. [CrossRef]

Schoonheydt, R.A. Transition metal ions in zeolites: Siting and energetics of Cu®*. Catal. Rev. Sci. Eng. 1993,
35, 129-168. [CrossRef]

Iwamoto, M.; Hamada, H. Removal of nitrogen monoxide from exhaust gases through novel catalytic
processes. Catal. Today 1991, 10, 57-71. [CrossRef]

Dyballa, M.; Pappas, D.K.; Kvande, K.; Arstad, B.; Beato, P.; Olsbye, U.; Svelle, S. On how copper mordenite
properties govern the framework stability and activity in the methane-to-methanol conversion. ACS Catal.
2019, 9, 365-375. [CrossRef]

Wang, ].; Zhao, H.; Haller, G.; Li, Y. Recent advances in the selective catalytic reduction of NOx with NH3 on
Cu-chabazite catalysts. Appl. Catal. B Environ. 2017, 202, 346-354. [CrossRef]

Jacob, J.; Chia, L.H.L.; Boey, FY.C. Thermal and non-thermal interaction of microwave radiation with
materials. J. Mater. Sci. 1995, 30, 5321-5327. [CrossRef]

Kim, J.; Mun, S.C.; Ko, H.U.; Kim, K.B.; Khondoker, M.A.H.; Zhai, L. Review of microwave assisted
manufacturing technologies. Int. J. Precis. Eng. Manuf. 2012, 13, 2263-2272. [CrossRef]

Kuroda, Y.; Okamoto, T.; Kumashiro, R.; Yoshikawa, Y.; Nagao, M. Microwave-assisted simple ion-exchange
of ZSM-5-type zeolites with copper ions and their specific adsorption properties for N2 molecules at room
temperature. Cherm. Commun. (Camb). 2002, 1758-1759. [CrossRef]

Bergada, O.; Gebretsadik, F.B.; Dolores, G.M.; Granados-Reyes, |.; Perez, E.; Sanchez, T.; Vicente, I.; Salagre, P.;
Cesteros, Y. Microwave engineering for synthesizing clays and modifying properties in zeolites. In Microwave
Engineering of Nanomaterials: From Mesoscale to Nanoscale; Guenin, E., Ed.; Pan Stanford Publishing: Singapore,
2016; pp. 163-194.

Sapawe, N.; Jalil, A.A.; Triwahyono, S.; Shah, M.L. A ; Jusoh, R.; Salleh, N.F.M.; Hameed, B.H.; Karim, A.H.
Cost-effective microwave rapid synthesis of zeolite NaA for removal of methylene blue. Chem. Eng. |. 2013,
229, 388-398. [CrossRef]

Ou, X,; Xu, S.; Warnett, ].M.; Holmes, S.M.; Zaheer, A.; Garforth, A.A.; Williams, M.A; Jiao, Y.; Fan, X.
Creating hierarchies promptly: Microwave-accelerated synthesis of ZSM-5 zeolites on macrocellular silicon
carbide (SiC) foams. Chem. Eng. J. 2017, 312, 1-9. [CrossRef]


http://dx.doi.org/10.1039/C5CS00029G
http://www.ncbi.nlm.nih.gov/pubmed/25976164
http://dx.doi.org/10.1002/cctc.201700854
http://dx.doi.org/10.1016/j.apenergy.2009.03.022
http://dx.doi.org/10.1039/C5CY00737B
http://dx.doi.org/10.1016/j.chempr.2017.10.009
http://dx.doi.org/10.1039/C4CY00596A
http://dx.doi.org/10.1039/C4RA16052E
http://dx.doi.org/10.1016/j.ccr.2012.07.008
http://dx.doi.org/10.1080/01614949308013908
http://dx.doi.org/10.1016/0920-5861(91)80074-J
http://dx.doi.org/10.1021/acscatal.8b04437
http://dx.doi.org/10.1016/j.apcatb.2016.09.024
http://dx.doi.org/10.1007/BF00351541
http://dx.doi.org/10.1007/s12541-012-0301-2
http://dx.doi.org/10.1039/b203447f
http://dx.doi.org/10.1016/j.cej.2013.06.005
http://dx.doi.org/10.1016/j.cej.2016.11.116

Molecules 2019, 24, 4216 15 of 15

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Bergada, O.; Boix, E.; Salagre, P.; Cesteros, Y.; Medina, F.; Sueiras, J.E. Acidity properties of Ni-exchanged
mordenites prepared with and without microwaves. Appl. Catal. A Gen. 2009, 368, 163-169. [CrossRef]
Gonzalez, M.D.; Cesteros, Y.; Salagre, P. Effect of microwaves on the surface and acidic properties of
dealuminated zeolites. Phys. Procedia 2010, 8, 104-108. [CrossRef]

Xu, M.; Wang, J.; Yu, T.; Wang, J.; Shen, M. New insight into Cu/SAPO-34 preparation procedure: Impact
of NH4-SAPO-34 on the structure and Cu distribution in Cu-SAPO-34 NH;3-SCR catalysts. Appl. Catal.
B Environ. 2018, 220, 161-170. [CrossRef]

Zhukov, Y.M.; Efimov, A.Y.; Shelyapina, M.G.; Petranovskii, V.; Zhizhin, E.V.; Burovikhina, A.; Zvereva, L A.
Effect of preparation method on the valence state and encirclement of copper exchange ions in mordenites.
Microporous Mesoporous Mater. 2016, 224, 415-419. [CrossRef]

Zhukov, YM.; Kovalyov, A.N.; Kultaeva, A.Y.; Shelyapina, M.G.; Petranovskii, V. A comparative analysis of
the protonated and copper exchanged mordenites with SiO,/Al,O3 molar ratio equal to 10. Int. J. Nanotechnol.
2016, 13, 136-146. [CrossRef]

Krylova, E.A.; Shelyapina, M.G.; Nowak, P.; Haraniczyk, H.; Chislov, M.; Zvereva, I.A.; Privalov, A.F;
Becker, M.; Vogel, M.; Petranovskii, V. Mobility of water molecules in sodium- and copper-exchanged
mordenites: Thermal analysis and 'H NMR. Microporous Mesoporous Mater. 2018, 265, 132-142. [CrossRef]
Zhukov, YM.; Shelyapina, M.G.; Zvereva, L. A.; Efimov, A.Y.; Petranovskii, V. Microwave assisted versus
convention Cu®* exchange in mordenite. Microporous Mesoporous Mater. 2018, 259, 220-228. [CrossRef]
Shelyapina, M.G.; Zvereva, L.A.; Yafarova, L.V,; Bogdanov, D.S.; Sukharzhevskii, S.M.; Zhukov, YM.;
Petranovskii, V. Thermal analysis and EPR study of copper species in mordenites prepared by conventional
and microwave-assisted methods. J. Therm. Anal. Calorim. 2018, 134, 71-79. [CrossRef]

Barrer, R.; Klinowski, J. Influence of framework charge density on ion-exchange properties of zeolite. J. Chem.
Soc. Faraday Trans. 1 Phys. Chem. Condens. Phases 1972, 68, 1956-1963. [CrossRef]

Kuronen, M.; Harjula, R.; Jernstrém, J.; Vesteniusa, M.; Lehto, J. Effect of the framework charge density on
zeolite ion exchange selectivitie. Phys. Chem. Chem. Phys. 2000, 2, 2655-2659. [CrossRef]

Sanchez-Lopez, P.; Antinez-Garcia, J.; Petranovskii, V.; Fuentes-Moyado, S.; Galvan, D.H.; Petranovski, V.;
Chavez-Rivas, F. Analysis of theoretical and experimental X-ray diffraction patterns for distinct mordenite
frameworks. J. Mater. Sci. 2019, 54, 7745-7757. [CrossRef]

Wichterlova, B.; Dédecek, J.; Sobalik, Z. Cu coordination in high silica zeolites. Effect of the framework Al
local siting. Stud. Surf. Sci. Catal. 1995, 94, 641-648.

Sample Availability: Samples of the compounds are available from the authors.

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.apcata.2009.08.028
http://dx.doi.org/10.1016/j.phpro.2010.10.019
http://dx.doi.org/10.1016/j.apcatb.2017.08.031
http://dx.doi.org/10.1016/j.micromeso.2015.12.058
http://dx.doi.org/10.1504/IJNT.2016.074529
http://dx.doi.org/10.1016/j.micromeso.2018.02.010
http://dx.doi.org/10.1016/j.micromeso.2017.10.013
http://dx.doi.org/10.1007/s10973-018-7016-2
http://dx.doi.org/10.1039/f19726801956
http://dx.doi.org/10.1039/b001353f
http://dx.doi.org/10.1007/s10853-019-03407-w
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Elemental Analysis 
	Structural Analysis 
	Thermal Analysis 
	Cu2p X-ray Photoelectron Spectroscopy (XPS) Analysis 

	Discussion 
	Materials and Methods 
	Conclusions 
	References

