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Cu-exchanged mordenite samples were prepared using both solid state and aqueous solution ionic reac-
tions. The obtained materials were then characterised from UV-vis, XPS, and TPR data in order to obtain
information on the state of copper in the exchanged samples. Three types of copper species were iden-
tified, surface clusters of Cu,0, hydrated Cu(ll) ions with two slightly different coordination environ-
ments, and mono (p-oxo) dicopper core, [Cu,0]?", located in § type channels for samples activated on
heating in the presence of oxygen. The formation of this last species, active for the methane conversion
into methanol, was found to be particularly favored for the solid state ionic exchange reaction, and it is
detected as an intense charge transfer band at 400 nm in the recorded UV-vis spectra and a well-defined
peak at 936.34 eV of binding energy in the XPS spectra. The stabilisation of this dicopper core is the main
distinctive difference between the exchange reactions in the solid state and in solution. The appearance
of this bridged binuclear Cu?* species was also detected in the recorded TPR profiles. According to the
recorded CO, adsorption isotherms, the ionic exchange process modifies the accessible pore volume
but the material preserves its porous features. The ability of that core for the low temperature methane
conversion into methanol was confirmed recording chromatographic profile at different temperatures.
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1. Introduction

Zeolites, both natural and synthetic, related to their porous
open framework, large surface area and ionic exchange properties,
have found industrial applications in heterogeneous catalysis, sep-
aration and drying processes, water softening, environmental
remediation, etc. [1]. The ionic exchange process is probably the
most widely used route to modify the zeolites properties and it
is commonly carried out from aqueous solution of the ion to be
introduced as charge-balancing species [2,3]. This process is also
possible in gas phase [4-8] and solid state [8-16]. The gas phase
ion exchange is based on a reaction at high temperature between
the zeolite and a gaseous source of the cation to be exchanged.
Moreover, the solid state method is performed milling the mixture
of the involved zeolite and the salt used as the ion source. The
Cu-mordenite samples studied in this work were prepared from
Na-mordenite and copper (II) acetate using that last ionic
exchange route. The ionic exchange under milling facilitates the
cation entrance to the zeolite framework because the hydration ef-
fect on the effective ion size is minimised, enabling its diffusion
through the material porous framework [17]. The naked Cu(ll)
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ion has an ionic radius between 0.71 and 0.87 A, depending on
their coordination [18]. However, in its hydrated form the effective
ionic radius is estimated to be in the 4-5 A range [19]. In addition,
ionic exchange process in solid state takes place away from the
equilibrium conditions; on the microcrystals colliding the liberated
energy leads to the appearance of hot points where local phase
transitions, occurrence of redox reactions, and formation of solid
solution and metastable phases are possible [20]. Furthermore,
the particles fracture under milling induces the solid activation
through the appearance of structural defects and active sites. How-
ever, all these features for the ionic exchange in solid state and
their effects on the state of the incorporated ion remain poorly doc-
umented. This contribution attempts to shed light on such possible
effects for the case of Cu-exchanged mordenite.

Mordenite crystallises with an orthorhombic unit cell in the
Cmcm space group with cell parameters a=18.13, b=20.5,
c=752A [21]. Its porous framework is formed by parallel
12-membered (aperture 7 x 6.5A) and 8-membered (aperture
5.7 x 2.6 A) rings channels which remain communicated by a less
compressed 8-membered rings channel (aperture 3.4 x 4.8 A) [22].
In this framework there are three sites for the charge balancing
cation, two of them located in the interconnecting channels and
the third one in the large 12-membered rings channel [23]. The
aperture of the large channel is enough to allow the ionic exchange
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and the entrance of small molecules, up to 6.5 A of size, to interact
with the channel surface and with extra framework species.

Copper exchanged zeolites have received large attention in the
last decades for their catalytic activity for both nitrogen oxides
(NOy) decomposition [9] and low temperature methane conversion
into methanol [24-26]. NO, emission is one of the main contami-
nants from the exhaust gas of diesel engines [27]. This specie is in-
volved in the ground-level ozone formation, acid rain, and it
contributes to the greenhouse effect [28]. Cu-mordenite is an ex-
changed zeolite with high performance for nitrogen oxides decom-
position [29]. On the material heating in the presence of NO, the
copper atom subtracts the oxygen atom from the nitrogen oxide
and a feature band at 400 nm is observed in the corresponding
UV-vis spectrum [30]. The same band at about 400 nm appears
when the Cu exchanged zeolite, particularly ZSM-5 and mordenite,
are heated in the presence of oxygen, but not when the heat treat-
ment is carried out in an atmosphere free of O, or NO, [31].

The low temperature catalytic conversion of methane into
methanol is an attractive option instead the technology of high
temperature methane reforming for methanol production [32].
The technology of hydraulic fracturing for shale natural gas extrac-
tion has increased the worldwide availability of methane as the
main constituent of natural gas and from this fact, the interest in
obtaining methanol from methane through a low cost process.
Methanol is a liquid fuel at room temperature facilitating its use
in automotive and stationary technologies and as raw material
for the chemical industry. That possibility would be available using
oxygen activated Cu exchange zeolites related to the formation of
the copper species with the characteristic 400 nm absorption band
[24,26]. Such property of Cu-exchanged zeolites is ascribed to the
formation of mono (p-oxo) dicopper core, [Cu,0]*" [33,34]. The
CuOCu angle of about 140° favors the interaction of the oxygen
atom with the guest methane molecule within the porous frame-
work and the subtraction of a proton from the molecule [35]. To
the best of our knowledge, the effect of the exchange route on
the formation of that active copper species has not been studied.

The above mentioned properties of Cu-exchanged zeolites and
the solid state ionic exchange route to favor the formation of the
copper L-oxo dimer are the main motivations of this study. The
Cu-exchanged mordenite samples under study were characterised
from X-ray diffraction (XRD), thermogravimetric (TG), IR spectros-
copy, CO, adsorption, and chemical analyses data. The state of
copper in the exchanged mordenite samples was evaluated from
UV-vis spectroscopy, X-ray photoelectron spectroscopy (XPS),
and hydrogen temperature-programmed reduction (TPR) data.
The ability of oxygen activated Cu-exchanged mordenite samples
for the methane conversion into methanol was explored
from chromatographic profiles. For comparison, samples of
Cu-mordenite prepared under ionic exchange in aqueous solution
were also studied. From the obtained data, the effect of the ionic
exchange route on the state of copper is discussed.

2. Experimental

Na-mordenite (CVB 10 A, Si/Al = 13) from Zeolyst International
was used for the ionic exchange with copper (II) acetate 98% (Sig-
ma-Aldrich) as the metal source, for both solid state and aqueous
solution exchange reactions. For the solid state exchange reaction a
weight proportion of 1:0.7 of zeolite to copper acetate was used.
The mixture was milled in a planetary ball mill for 1 h (sample la-
beled as CuMorSS1) and by hand using an agate mortar for 6 h
(sample labeled as CuMorSS2), both at room temperature. The
samples CuMorSS1 and CuMorSS2 were then stabilised under dried
nitrogen flow for 24 h at 27 °C, washed several times with distilled
water to remove the excess of copper acetate and of the formed

sodium acetate and finally submitted to heating in air for 5h at
600 °C in order to decompose the salt fraction that remains
impregnated in the solid. The exchange in aqueous solution was
performed under stirring at 45 °C during 24 h, then separating
the solid fraction by centrifugation and repeating two additional
exchange reactions under similar conditions. The obtained
exchange zeolite sample was washed several times with distilled
water until to obtain a filtrate free of acetate ion, according to IR
spectroscopy of the dried fraction. The separated solid was finally
heated for 5 h in air at 600 °C in order to decompose the remaining
salt. This third sample is labeled as CuMorSol. For the
Cu-exchanged samples, previous to the heat treatment at 600 °C,
the labels CuMorSS1R, CuMorSS2R, CuMorSolR will be used. The
resulting exchanged Cu-modernite samples were characterised from
chemical analyses, XRD, TG, IR, UV-vis, TPR, XPS and adsorption data.

XRD powder patterns were recorded with CuK,; radiation in a
D8 Advance diffractometer from Bruker. The lattice parameters
were obtained by the Le Bail pattern fitting method. IR spectra
were run using both Nujol mulls and KBr pressed disks with a
Spectrum One spectrophotometer from Perkin Elmer. UV-vis
spectra were collected in diffused reflectance mode with a
Perkin-Elmer spectrometer equipped with an integration sphere.
The TG curves were recorded in air and under a nitrogen flow of
100 mL/min in a modulated high resolution thermobalance (Q
5000 from TA Instruments), using the high resolution dynamic
method with a heating rate of 3 °C min~!. The TPR experiments
were carried out using Auto Chem 2910 equipment (from Microm-
eritics) and a quartz reactor under a flow of 10% Hy/Ar
(50 mLmin~!) and the sample heating from room temperature
up to 973 K at a heating rate of 10 Kmin~'. The hydrogen con-
sumption in the reduction reaction was monitored with a thermo-
conductivity detector. The recorded profiles were then fitted using
Gaussian peak-shape in order to estimate the H, consumption in-
volved in the observed processes (see Supplementary Information).
XPS spectra were collected using a K-Alpha spectrometer from
Thermo Scientific with monochromatic AlKo (1486 eV) radiation
and an energy resolution of 0.5 eV. The recorded spectra were fit-
ted through a combination of Gaussian peaks using the software
provided with the spectrometer. The CO, adsorption isotherms
were recorded at 273 K in the pressure range of 107°-760 Torr
using an ASAP 2020 analyzer from Micromeritics. Carbon dioxide,
related to its geometry, is an appropriate adsorbate to explore
the porous structure of materials containing narrow channels.
The experimental adsorption isotherms were fitted with Lang-
muir-Freundlich type isotherm equation derived from vacancy

. )1/E
solution theory, n, :%,
+(Peq/P1/2

sorbed, p,, is the equilibrium pressure, n,, is the limit adsorption
capacity of the zeolite, p;/, is the pressure at which n, = n,/2
and g is a constant related with relative activity coefficient f by
f = (1 =ng/ny)¢ " [36]. The non-linear fitting of Langmuir-Freund-
lich equation to experimental data was performed with the
Microsoft Excel 2010 Solver. The standard deviations of: np, p;
and g were estimated with the Solver Statistics macro provided
on the CD-ROM that accompanies Ref. [37]. The chemical potential
of adsorbate pu, relative to liquid chemical potential at
isotherm temperature (T, p,), was calculated by equation
1o(T.Peg) = (T, p,) + RIN{(p15/p,)[Na/ (M — 1) F}. In order to
corroborate the low temperature methane oxidation selectivity of
the Cu-exchanged mordenite samples, stainless steel columns of
2.2 mm diameter and 30 cm in length were packed with 300 mg
of Cu-exchanged zeolite samples and installed in an HP 5890 Series
Il chromatograph with FID detector. The methane elution peaks
were recorded at column temperatures of: 50, 80, 90, 100, 150,
200 and 250 °C. The chromatographic profile was recorded at

where, n, is the quantity ad-
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different consecutive 0.04 pl methane injections for a given tem-
perature in the column in order to follow the stability of the active
species.

3. Results and discussion
3.1. Characterisation of the samples under study

The zeolite framework is preserved on the ionic exchange
reactions and then after the heat treatment. The initial, exchanged
and calcined samples have similar XRD patterns, except a minor
volume contraction for unit cell (Table 1 and Supplementary
Information). The TG curves and IR spectra are also in favor of
the material stability on the mentioned treatment (Supplementary
Information). IR spectra for the parent Na-mordenite and the ex-
changed samples are practically identical. The TG curves reveal a
smaller hydration degree for the exchanged samples obtained
through the solid state reaction. It seems, for the samples obtained
by the exchange route free of solvent a smaller free volume is
available to accommodate water molecules. This could be attrib-
uted to a higher exchange degree for that exchange route. The
recorded carbon dioxide adsorption isotherms are characteristic
of porous solids but for the exchanged and calcined samples a
reduction for the accessible volume of 16% is observed
(Fig. 1, and Table 2). Such accessible volume reduction could be as-
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Fig. 1. Carbon dioxide adsorption isotherms at 0 °C for mordenite samples, and the
chemical potential with respect to liquid adsorbate as a function of the quantity
adsorbed (Inset).

Table 2
Binding energy for Cu 2p3/2 XPS peak for Cu species in Cu-mordenite samples.

. > i : Sample Compound Cu2p3/2 eV Atomic (%)
cribed to a greater space occupied by the copper species loaded in -
th fram k, i d ith the evidence obtained CuMorss1 Cu(D) oxide 9321 10
e porous framework, in concordance wi Cu(ll) oxide 9338 58
from the TG curves. Besides, after the copper exchange, the abso- Cu(Il) hydroxide 935.1 9
lute value of the chemical potential with respect to liquid adsor- Cu(Il) mono (p-oxo) 936.3 23
bate decreases (Fig. 1, Inset), suggesting the presence of a copper CuMorSS2 Cu(l) oxide 932.1 2
species with weak interaction with carbon dioxide or the reduction Cu(Il) oxide 933.8 51
of the accessibility of the adsorbate to the adsorption domain. In Cu(Il) hydroxide 935.1 14
. . Cu(Il) mono (p-oxo) 936.3 33
Table 1 the exchange degree, unit cell parameters, IR absorption
bands and the number of water molecules calculated from the CuMorSS2R E”(U ‘”“fjde ggg; (153
TG curves for the original Na-mordenite and the exchanged sam- CEE;:; E’;jrixi de o351 26
ples are summarised. The higher copper loaded amount is observed CuMorSol culh oxid 932'] .
for the samples obtained under milling. It seems the smaller effec- uorso CEE"))O;;EE 9338 6
Five ionic ra@ius for copper (I1) ion in absence of solvent favors it.s Cu(ll) hydroxide 9351 15
intracrystalline diffusion and the access to practically all the possi- Cu(II) mono (}1-0X0) 936.3 18
ble positions .for the charge—balgncing cation. This result is in CuMorSolR Cu(l) oxide 932.1 15
accordance with the CO, adsorption data and TG curves where a Cu(ll) oxide 933.8 60
smaller accessible volume was observed for the samples obtained Cu(II) hydroxide 935.1 25
by the solid state ionic exchange reactions.
Table 1
Chemical and structural characterisation of the Cu-exchanged mordenite samples under study.
Data Samples
CuMor SS1 CuMor SS2 CuMorSS2R CuMor Sol CuMorSolR
Exchange degree (%) 58 76 61 73 56
Unit cell parameters a, A 18.117 (1) 18.0988 (8) 18.1369 (5) 18.1077 (7) 18.1444 (9)
b, A 20.403 (2) 203722 (7) 20.4048 (4) 20.3822 (6) 20.4022 (8)
¢ A 7.512 (2) 7.5017 (2) 7.5060 (1) 7.5065 (2) 7.5054 (3)
IR bands (cm™1) OH (v) HF 3663 3640 3632 3663 3633
LF 3440 = 3450 3440 3443
0-H-0 () 1633 1633 1633 1633 1633
T-0 (Vas) EXt. 1227 1227 1222 1227 1222
Int. 1077 1077 1066 1077 1066
T-0 (vs) EXt. 808 808 808 808 808
Int. 725 738 738 745 720
Single 4-MR 634 634 626 634 626
Double ring 580 580 580 580 580
560 560 560 560 560
T-0 (5) 464 464 461 464 461
H,0 molecules/unit cell 21 20 24 25 26

v, OH stretching vibration; HF, high frequency; LF, LF; §, 0-H-O bending; vs, T-O symmetric and asymmetric stretching (va.s); 4-MR, single 4-membered ring; J, T-O bending.
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3.2. UV-vis spectra of Cu-exchanged mordenite

UV-vis spectra were recorded in order to shed light on the oxi-
dation state and coordination number for the exchanged copper
atoms and on the nature of their ligands. Copper (II) complexes
have characteristic absorption bands in the visible region related
to d-d transitions. The energetic separation of t,; and e, orbitals
depends on both, the metal coordination number and ligands nat-
ure. From this fact the frequency where these bands are observed
provides information on the metal coordination environment. For
Cu(I) no information is obtained from the UV-vis spectra because
it has a 3d!° electronic configuration. The reduction to Cu(0) and
the metal clusters formation is detected in the spectra as appear-
ance of a plasmon resonance absorption band. In this case the inci-
dent electromagnetic radiation is absorbed through excitation of
collective oscillations of the metal particle electron cloud.

Fig. 2 shows the UV-vis spectra for the series of Cu-exchanged
mordenite samples. For comparison, the spectrum of the parent
Na-mordenite was included. The broad absorption band observed
near 800 nm was ascribed to pseudo-octahedral Cu(Il) with water
molecules as ligands without discard the presence of oxygen atoms
from the zeolite framework as metal ligands. The Jahn-Teller effect
in Cu(Il) octahedral complexes leads to the coordination environ-
ment distortion with the appearance of two possible d-d transi-
tions in the visible region. These bands occur very close together
and are observed as an asymmetric broad band. For a pseudo-octa-
hedral coordination environment where the Jahn-Teller distortion
is not possible, also two d-d transitions are observed. This explains
the spectral features observed for the band around 800 nm. For the
samples submitted to heat treatment (CuMorSol, CuMorSS1,
CuMorSS2), the maximum of that band is observed at 779,
771 and 767 nm, respectively. Such blue shift relatively to the
Cu-exchanged samples before the heat treatment (CuMorSolR,
CuMorSS1R, CuMorSS2R), whose maximum is found at 800 nm,
corresponds to an increase in the ligand field related to the replace-
ment of water molecules by framework oxygen atoms from Al
tetrahedra.

The absorption band observed with the maximum at 400 nm
was interpreted as a charge transfer Oprigge — Cu transition by
formation of mono (p-oxo) dicopper core, [Cu,0]*" (Fig. 2) on the
sample heating in air. This band is absent in the spectra of
Na-mordenite and in the Cu-exchanged samples before the heat
treatment, indicating that the dimer is formed on the sample heat-
ing in the presence of oxygen. The formation of this dimer has been
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Fig. 2. UV-Vis DR spectra of: (1) parent NaMor, (2) CuMor SS1, (3) CuMor SS2, (4)
CuMor SS2R, (5) CuMor Sol, and (6) CuMor SolR.

reported for Cu-mordenite and Cu-ZSM-5 when these materials
are heated in the 280-700 °C temperature range under an atmo-
sphere containing O, and/or NO, [35]. Within the herein consid-
ered series of Cu-exchanged mordenite, the band at 400 nm is
particularly intense for the samples prepared by the solid state ex-
change reaction. Such behavior was interpreted as related to a
higher degree of exchange for this exchange route and to the rela-
tively small size for the copper (II) in absence of solvent which
facilitates its accessibility to the g channel in the zeolite framework
(Fig. 3). According to the mordenite channels topology and dis-
tance between Al atoms [33], the dicopper core is probably formed
in the g channel from the copper occupying two neighboring extra-
framework positions for the exchanged metal, similar to the re-
ported configuration for the dicopper species formed in ZSM-5
Cu exchanged zeolite [35]. The location of charge balancing metal
ions in exchanged zeolites is controlled by both the Si/Al ratio and
the distribution of Al atoms in the framework [33]. The framework
negative charge to be compensated with the exchangeable cation is
mainly located in the environment of Al atoms. In this sense, the
most probable framework ligands for the exchanged metal are oxy-
gen atoms from Al tetrahedra.

The presence of mono (p-oxo) dicopper cores is in agreement
with the decrease of absolute value of the chemical potential with
respect to liquid adsorbate, observed in the adsorption experi-
ments after Cu exchange (Fig. 1, Inset). The large dimensions of
the cores force the CO, molecules to be further away from the
charge centers. These steric restrictions weaken the short-range
interactions between CO, quadrupole moments and cores field
gradient.

In the long-wavelength region the spectrum for the parent
mordenite and all the exchanged samples two absorption maxima
at the same position are observed (see Supplementary Informa-
tion). The first maximum is found at 1412 nm with a shoulder at
1470 nm and it corresponds to the combination vibration band
(2v) of water molecule [38-40]. The second maximum, observed
at 1907 nm with a shoulder at 1974 nm was ascribed to the com-
bination vibration band (v + §) also of water [38,39].

Fig. 4 shows the UV-vis spectra for CuMor samples reduced un-
der a H; flow during the TPR experiments (discussed below). The
adsorption bands around 800 and 440 nm, ascribed to Cu(Il) and
mono (p-oxo) dimer, respectively, have disappeared and a broad
band below 600 nm is now observed. That band is characteristic
of plasmon resonance absorption related to the formation of small
particles copper in metallic state [41]. These small copper particles
may be formed from the reduction of copper oxide present on the
surface at the end of the exchange process, and by migration of
some copper atoms to the zeolite crystallites surface. The spectrum
with the most pronounced maximum, at ~564 nm, corresponds to
the sample of CuMorSS2, which has the highest amount of loaded
copper from the ion exchange process in the solid state. The slight

Fig. 3. Extra-framework cationic sites for dehydrated mordenite [23,64].
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Fig. 4. UV-Vis absorption spectra of reduced CuMor samples: (1) CuMor Sol, (2)
CuMor SS2, (3) CuMor SS1, (4) CuMor SS2R and (5) CuMor SolR.

red shift for the plasmon resonance peak observed for the samples
CuMorSol and CuMorSS1, with the maximum at ~572 nm, was as-
cribed to an increase for the metal particle size [42].

3.3. XPS spectra of Cu-exchanged mordenite

X-ray photoelectron spectroscopy provides information on the
electronic configuration, coordination number and nature of the li-
gands for the element involved in the photoelectron emission. Such
information is obtained from the binding energy (BE) for the emit-
ted photoelectron. In this study the recorded XPS spectra were
used to shed light on the nature of the different copper species
found in the exchanged mordenite samples before and after the
heat treatment.

Fig. 5 shows the Cu,p XPS spectra for the Cu-exchanged mord-
enite samples prepared by the two ion exchange routes. For the
calcined samples (CuMorSS1, CuMorSS2 and CuMorSol) the photo-
emission profile can be fitted using up to four Gaussian peaks with
binding energies (BE) of 932.1, 933.8, 935.1 and 936.3 eV. Accord-
ing to the available literature on XPS spectra for copper com-
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pounds, the three first values of BE correspond to Cu,0, CuO and
Cu (OH), species [43]. The first peak at 932.1 eV was ascribed to
Cu(I) species, produced by Cu(lIl) partial reduction during the high
temperature treatment. The reduction upon zeolite activation in
vacuum at elevated temperature is a known behavior for transition
metals [44-49]. The second and third peaks, at 933.8 and 935.1 eV,
respectively, were assigned to Cu(Il) cations loaded in the channels
of the zeolite framework with different coordination environments
where water molecules and oxygen atoms from the framework are
participating. According to UV-vis spectra, the fourth peak at
936.3 eV, only observed for the calcined samples (CuMorSS1, Cu-
MorSS2 and CuMorSol), could be ascribed to the presence of mono
(p-oxo) dicopper (II) species where an extraframework oxygen
atom participates. That fourth peak is only observed when in the
UV-vis spectra the absorption at 400 nm ascribed to presence of
mono (p-oxo) dicopper (II) species is detected. No reference XPS
spectra were found reported for this last copper core. For the sam-
ple obtained by ionic exchange in solution (CuMorSol) the peak
corresponding to that active copper species is of relatively low
intensity (Fig. 5), in correspondence with the low intensity for
the Opyigge — Cu transition detected in the recorded UV-vis spectra
(Fig. 2). From the relative peak area of the fitted XPS spectra, the
amount of formed mono (1-0xo0) dicopper species in the samples
under study follows the order CuMorSS2 (33%)> CuMorSS1
(23%) > CuMorSol (18%). Definitely, the formation of that binuclear
copper species is favored for the solid state reaction. The XPS
spectra for the exchanged samples without heat treatment
(CuMorSS1R, CuMorSS2R and CuMorSolR) are free of the signal
ascribed to the active mono (p-oxo) dicopper species (Fig. 5). These
spectra can be fitted with only the three Gaussian peaks assigned
to Cu(l) and Cu(ll) species with BE below 936 eV (Fig. 5 and
Table 3). The Cu(l) cations in these samples may be originated in
the Cu(Il) partial reduction caused by the ultra-high vacuum of
the XPS chamber and the X-ray radiation [50,51].

3.4. TPR profile for the Cu-exchanged mordenite

The temperature at which a metal species, loaded in zeolites, is
reduced under a hydrogen (H;) flow depends on both, its stability
and the accessibility of hydrogen molecule to the structural sites
where that species is found. The amount of reduced metal species

)

939.8 936.1 9324

Cu(l) oxide
—— Cu(ll) oxide
Cu(ll)Hydroxide
Cu(ll)mono(p-0x0)

o

Binding Energy (eV)

Fig. 5. XPS spectra for Cu-mordenite samples: (a) CuMorSS2, (b) CuMorSS1, (¢) CuMorSol, (d) CuMorSS2R and (f) CuMorSolR. Only the Cu2p and Cu2p3/2 core levels region is

shown.
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Table 3
Parameters of Langmuir-Freundlich equation estimated by non-linear fitting of
carbon dioxide adsorption isotherms.

Sample n, (mmol g™") g Po.s mm (Hg)

NaMor 6.2+0.9 3.6+04 107.36 +0.02
CuMor SS2 51+04 25+0.1 249.18 £ 0.03
CuMor Sol 57:06 2.7+0.1 389.79 £ 0.03

can be estimated from the relative H, consumption in the reduc-
tion process. Fig. 6 shows the recorded TPR profile for all the herein
considered Cu-exchanged mordenite samples. The thermogram fit-
ting with Gaussian profiles is available from Supplementary Infor-
mation. For the samples without heat treatment, three well defined
peaks are observed. The narrow peak below 200 °C was ascribed to
small clusters of Cu,0 and CuO species formed at the external zeo-
lite particles surface. Under the same experimental conditions, for
bulk CuO this reduction reaction is detected at 204 °C (Fig. 6, Inset).
The observed shift toward low temperature of that reduction reac-
tion for the zeolite samples is probably related to the small size for
the cuprous and cupric clusters. This hypothesis is supported by
the recorded XRD powder patterns where such clusters are not de-
tected. XRD informs us on the presence of solid phases with long
range crystallinity ordering and for particle size below 5 nm the
fraction of surface atoms, which are out of their ideal Wickoff posi-
tions, is relatively large producing highly diffuse and weak diffrac-
tion signal [52]. The remaining two broader peaks observed at
about 220 and 300 °C were interpreted as related to the reduction
of Cu(Il) species to Cu(0) in two different structural sites. This
assignment is based in the calculated H, consumption correspond-
ing to these two reduction reactions. In analogous previous studies
on Cu-exchanged zeolites using TPR data [53-62], the appearance
of two well defined high temperature peaks in the reduction profile
has been attributed to a two stage-reduction (Cu** - Cu* - Cu®) of
a one type of Cu ion [53-59] or to a single-stage reduction
(Cu?* - Cu®) of two different types of Cu?* ions [59-61]. The com-
parison of the ratio of consumed H,/Cu for each maximum corre-
sponds to the model of a single-step reduction process of

176
CuO
220 7160 320 480 640
2'9.(’..)19
L CuMor SS1
CuMor SS2

CuMor SS2R

H2 Consumption (a. u.)

CuMor Sol

CuMor Sol2

100 200 300 400 500 600 700
Temperature (°C)

Fig. 6. TPR profiles of CuMor samples. The fitted curves using Gaussian profiles are
available from Supplementary Information.

different types of Cu?* species because the quantities are quite dif-
ferent and the total consumed H,/Cu suggests that only a very little
amount of the total copper remains unreduced (see Supplementary
Information) . This is also supported by the reduction of bulk CuO
where a single reduction reaction is observed (Fig. 6, Inset). An
analogue single step reduction behavior is expected for the surface
cuprous and cupric oxide clusters. Partially dehydrated mordenite
has three possible structural positions (o, B, 7 in Fig. 3) for
exchangeable cations [10,45,46]. The observed reduction reactions
at about 220 and 300 °C were assigned to Cu(Il) ion in these three
possible sites. The hydrogen uptake at 200 °C was ascribed to Cu(II)
ion in the most accessible « sites in the largest channel, while for
the less accessible sites (f and y) the reduction reaction must be
observed at higher temperature, in this case it is observed at
300 °C. When the H;, consumption profiles are fitted with a super-
position of Gaussian peaks the greatest peak-width is obtained for
the reduction reaction at 300 °C (see Supplementary Information).
The ratio of the peak, and total thermogram areas suggest that the
high temperature peak could be related to the reduction reaction of
Cu(II) in two sites of similar accessibility and with analogous coor-
dination environments (8 and 7y sites).

In the TPR curves for the samples submitted to heat treatment
three well-defined peaks plus a broad high temperature shoulder
for the H, consumption related to reduction of copper species are
observed (Fig. 6). The low temperature narrow peak at 176 °C
was assigned to the already mentioned small clusters of Cu,0
and CuO. The peak at 220 °C is interpreted as the reduction of cop-
per (II) ion in « sites while the peak assigned for the metal (Cu) in
and y sites now appears splitted in a peak at 290 °C for y sites and
the high shoulder ascribed to copper (II) ions in g sites. This inter-
pretation is consistent with the above-discussed UV-vis and XPS
spectroscopic data. The high temperature shoulder only appears
when in the UV-vis spectra the feature absorption band at
400 nm is detected and when in the XPS spectra the peak of high-
est binding energy, at 936.34 eV, is observed. As already-discussed,
in mordenite the site g has the appropriate channel topology and
the required Al-Al distance to support the formation of the mono
(p-oxo) dicopper core where the copper atoms are found linked
to oxygen atoms from Al tetrahedral (Fig. 2) [33].

3.5. Methane oxidation to methanol in the Cu-exchanged mordenite

The mono (p-oxo) dicopper core, [Cu,0]%**, formed during
Cu-exchanged zeolites samples heated in air, is a well-established
active site in the selective methane oxidation at low temperatures
for ZSM-5 and mordenite type zeolites [26,49]. The performed
chromatographic experiment in this work also confirms such
behavior. Methane is an adsorbate usually used as reference to cal-
culate the retention time in inverse gas chromatography studies
related to separation of hydrocarbons mixtures because it is poorly
retained (adsorbed) by materials. The methane adsorption forces
are dominated by dispersive type interactions. By this fact, the ob-
served peak area dependence on the column temperature (Fig. 7)
was ascribed to the adsorbate oxidation. The formed species
(methanol) is a polar molecule which could be strongly adsorbed
in the zeolite polar framework and it is not detected in the chro-
matographic experiment. In reported studies on this subject, the
methanol detection is carried out from >C NMR spectra of the ad-
sorbed product after an extraction with a mixture of water and
acetonitrile [24]. The Inset of Fig. 7 shows the methane peak area
as a function of the column temperature. An increase in the tem-
perature leads to a decrease of the eluted methane amount which
is ascribed to its conversion into methanol. A pronounced decrease
in the peak area is observed at 90 °C, with maximum activity at
150 °C (Fig. 7). This is in accordance with the reported behavior
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Fig. 7. Methane elution peaks at different column temperatures in a column filled
with the CuMorSS2 sample. Inset: the peak area versus column temperature plot.

for that copper species for the methane oxidation to form metha-
nol [63].

4. Conclusions

The copper ionic exchange in Na-mordenite samples was car-
ried under milling and in aqueous solution for comparative pur-
poses. The higher exchange degree was observed for the solid
state route. The solid state reaction facilitates the metal ion diffu-
sion through the porous framework and the accessibility to all
available sites for the exchangeable charge-balancing cation in
the material structure. All the experimental evidence indicates that
the solid state method followed by a high temperature treatment
under oxidative atmosphere is the most favorable route for the for-
mation of mono (pt-oxo) dicopper core. When Cu-exchanged sam-
ples were heated in air at 600 °C in the recorded UV-vis spectra a
feature absorption band at 400 nm was observed which has been
ascribed to a charge transfer band Opyigge — Cu by formation of a
mono (p-oxo) dicopper core. This band is particularly intense for
the samples prepared by milling. In the recorded XPS spectra this
copper dimer is detected through also an intense peak at the high-
est binding energy (936.3 eV) within the observed copper species
in this study. When TPR profiles for Cu-exchanged samples before
and after the heat treatment at 600 °C are compared, the formation
of the mono (p-oxo) dicopper species is detected as appearance of
a broad shoulder above 300 °C. The high temperature where that
shoulder is observed suggests a relatively high stability for the cop-
per atom when it is coordinated to two oxygen atoms from the Al
tetrahedra and to the extralattice oxygen bridge between neigh-
boring copper atoms. The material containing that mono (}1-0xo)
dicopper species was tested for the methane conversion into meth-
anol and the expected behavior was observed. To the best of our
knowledge, this is the first report where a comparative study on
the role of the exchange route on the formation of the active mono
(pn-oxo) dicopper species is discussed.
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