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Abstract—The effect of Zn doping (0.5-3 wt%) on Cu-exchanged mordenite (Cu-MOR) was investigated during the
stepwise oxidation of methane to methanol. The strong interaction between Cu and ZnO, stabilized the highly-dis-
persed state of Cu’* but reduced the Cu™ bounded to extra-framework oxygen (active site), as demonstrated by the H,-
TPR and XPS results. The Cu/Al and Zn/Al ratios suggested that Zn preferably bonded to the sites in the 8-MR chan-
nel, which led to highly dispersed Cu** anchored onto the highly accessible sites (12-MR and 8-MR side pocket). The
reactivity indicated that highly dispersed Cu® can be gradually transformed into active Cu** species during contact
with methane. Bimetallic Cu-ZnO, was also able to activate methane, resulting in a product complex. Although Zn-
doped Cu-MOR catalysts gave a lower methanol yield at 2 h, a higher methanol yield could be achieved at saturation
methane loading time. Interestingly, 3 wt% Zn doping on Cu-MOR showed superior activity due to the increase of
methanol yield up to 20% at 5h of methane loading time. This work paves the way for the design of highly dispersed
Cu*" in the 12-MR channel of mordenite zeolite via the control of strong Cu-ZnO, interaction.
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INTRODUCTION

Methane is an abundant compound as it is a major component
of several natural resources such as natural gas, shale gas, methane
hydrate, and biogas obtained from wastewater from various indus-
trial plants and ranches [1,2]. However, methane is only used as
heating fuel or flaring at remote sites because of the high cost of
gas transport [2]. Therefore, the conversion of methane into other
higher-value products has widely gained attention. Methanol is one
of the preferable high-value products obtained from the conversion
of methane, because it can be broadly used as derivatives such as
solvents, a precursor of high-quality fuel, additives, olefins [3]. In
addition, methanol is more favorable in terms of its economical
transport compared to methane. Because of the highly stable C-H
bond of methane, the commercial technology of methanol synthe-
sis from methane is based on energy-extensive indirect processes,
such as syngas production at high temperature (~800 °C) and high
pressure (~50 bar). However, this process can only be used in large-
scale plants for economic feasibility [4]. Thus, an efficient process for
converting methane into methanol in mild conditions is a great chal-
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lenge for methane valorization, especially for remote areas and small-
scale plants.

Methane can be directly converted into methanol in mild con-
ditions with gas-phase continuous and liquid-phase batch processes.
However, the drawback is low selectivity because of the higher
reactivity of methanol compared to methane [5]. Interestingly; it was
found that a natural catalyst, methane monooxygenase enzymes
(MMO), can convert methane into methanol in water with high
selectivity at ambient temperature and pressure. This discovery was
explained with the function of di-copper [6] and di-iron [7] as active
sites. Hence, many efforts have been put into mimicking the enzyme
active sites on other more stable materials such as metal oxides. Due
to the confinement of zeolite, direct stepwise conversion of meth-
ane into methanol at mild conditions over Cu-containing ZSM-5,
introduced by Groothaert et al. [8], showed interestingly high selec-
tivity. Generally; the stepwise manner (cyclic process) includes three
sequential steps: activation of O, at high temperature (~450 °C), load-
ing of CH, at a lower temperature (~200 °C), and off-line metha-
nol extraction in liquid water. Lately, the third step was modified
to be online extraction by using vapor steam to extract methanol
in the reactor after methane loading. The third step modification
yields higher effectiveness, leading to a higher production rate be-
cause of its simpler operation [9]. Moreover, Roman-Leshkov’s group
[10] demonstrated the possibility of continuous conversion by flow-
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ing the stream of CH,, O,, and H,O simultaneously at 210 °C over
Cu-ZSM-5, producing methanol with selectivity as high as 70%,
approximately. Other zeolites such as mordenite, chabazite, and
mazzite have been studied for the cyclic process. One of the most
studied and superior catalysts is Cu-exchanged H-form mordenite
(Cu-MOR) [11]. However, the production rate is still far too low
for industrial applications. To develop the Cu-MOR toward indus-
trial viability, the increase of the methanol yield is crucial for both
cyclic and continuous processes, and it can be achieved by increas-
ing the active site density. The addition of second metals has been
widely applied to improve those properties for supported metal
catalysts [12,13]. However, for this stepwise reaction, most studies
use monometallic copper-zeolites, which are based on different topol-
ogies and material compositions. Only a few works have studied
bimetallic Cu-based zeolites such as Cu-Pt and Cu-Pd [14]. Among
the bimetallic catalysts, Cu-Zn supported on SiO, has been applied
in numerous reactions such as ethylene glycol synthesis, methanol
synthesis [15-18]. This is due to the strong interaction between Cu
and Zn, promoting the high dispersion of Cu and sintering resis-
tance [17,18]. Moreover, Reule et al. [19] reported that the addition
of Zn into Cu-exchanged mordenite zeolite resulted in stabilizing
high Cu dispersion in carbonylation reactions. Gabrienko et al.
[20] also demonstrated that Zn-exchanged ZSM-5 zeolites could
activate methane towards methyl species at low temperature and
even at room temperature. In addition, the creation of methoxy
species (methanol precursor) at the Zn active sites by flowing O,
after the methyl species was formed. This suggested that Zn could
be a promising promoter of Cu-exchanged mordenite for enhanc-
ing active site density and methane activation.

In this study, we report the promotional effect of Zn on Cu-
exchanged MOR catalysts (Cu-MOR) for the stepwise oxidation of
methane into methanol. Zn was doped on Cu-MOR catalysts by
incipient wetness impregnation. The prepared catalysts were char-
acterized using XRD, N,-physisorption, ICP-OES, H,-TPR, and
XPS.

EXPERIMENTAL

1. Catalyst Preparation

H-form mordenite zeolite (Si/Al=9) was purchased from Tosoh
Chemical. Copper (II) acetate monohydrate (98%) and zinc (II)
nitrate hexahydrate (98%) were purchased from Sigma-Aldrich.
Copper-exchanged mordenite catalyst was prepared by the ion-
exchange method. Mordenite (10 g) was stirred in aqueous solu-
tions of copper (I) acetate monohydrate (0.01 M, 780 mL) at room
temperature for 24 h. The suspension was then filtered at room
temperature using a vacuum pump. The ion-exchange step was
repeated twice. Next, the suspension was dried overnight at 120 °C
in an oven and then calcined at 500 °C for 5h with a heating rate
of 3°C/min, denoted as Cu-MOR (reference catalyst). For Zn
doped on Cu-MOR catalyst, 3 g of Cu-MOR was impregnated with
the aqueous solution of zinc (II) nitrate hexahydrate, using the Zn
concentration of 0.5, 1, and 3wt% on a dry basis. The Zn doped
on Cu-MOR catalyst was denoted as xZn/Cu-MOR, where x is a
weight percent of Zn. All the final catalysts were left in ambient
conditions for 1h, dried overnight at 120 °C in an oven, and cal-

cined in dry air at 500 °C for 5h with a heating rate of 3 °C/min.
The catalyst with 3 wt% Zn supported on mordenite was also pre-
pared by incipient wetness impregnation and was assigned to 3Zn/
MOR.
2. Catalyst Characterization

The crystallinity of mordenite zeolite and Cu-containing cata-
lysts was investigated by XRD technique using a Shimadzu (LabX
XRD-6100) X-ray diffractometer. The XRD patterns of the sam-
ples were measured in the range of 10° to 70°. N,-physisorption
(BELSORP-mini IT) was used to determine the pore structure and
specific surface area of the catalysts. The catalysts were degassed at
180°C for 3 h. The BET surface area and micropore volume were
determined from the amount of N, adsorbed at P/Py=0.02. The
elemental composition of catalysts was determined using induc-
tively coupled plasma-optical emission spectrometry (ICP-OES,
Agilent 710 series). Before ICP-OES measurement, the catalyst
was digested with 1.2M HCL The reducibility of catalysts was
examined using temperature-programmed reduction in H, (H,-
TPR) (Micromeritics Auto Chem 2910 instrument/thermal con-
ductivity detector). 100 mg catalyst was placed in a quartz U-tube
reactor. The catalyst was activated in O, flow (30 mL/min) at 550 °C
for 5 h. The reducibility profile from 100-800 °C was conducted in
10% H,/N, flow (30 mL/min) with a ramp rate of 10 °C/min. The
generated water was trapped in a cold alcohol bath before enter-
ing the detector. The consumption of H, was calibrated using the
CuO sample as a reference at similar conditions. The oxidation states
of Cu and Zn species were determined by X-ray photoelectron
spectroscopy (XPS). XPS was performed on a Kratos AMICUS
X-ray photoelectron spectrometer using MgK,, as X-ray radiation.
The C 1s (284.6 V) and Si 2p (103.4 V) were specified as multi-
ple internal standards. After background subtraction using the
Shirley approach, the Cu 2p;,, and Zn 2p,, peaks were fitted using
Gaussian peaks. Cu/Al molar ratio was calculated by normalizing
areas of the spectra to relative sensitivity factors (RSF). The sam-
ple was pretreated in O, flow at 550 °C for 5h and quickly trans-
ferred to a sealed vial just before the XPS experiment was per-
formed.
3. Stepwise Oxidation of Methane into Methanol

The stepwise reaction was carried out in a tubular flow reactor
(quartz tube, O.D. 12.7 mm) at ambient pressure. 1 g catalyst was
packed between two quartz wool layers at the center of the reactor
tube, which was mounted inside a furnace. First, the catalyst was
activated in O, flow (30 mL/min) at 550 °C for 5 h with a heating rate
of 3°C/min and then cooled to the reaction temperature (200 °C).
Then, O, was flushed with argon (30 mL/min) for 15 min before
being switched with methane (50 mL/min) for different durations.
After that, the methane was flushed with argon (30 mL/min) for
15 min and cooled to ambient temperature. The catalyst was un-
packed, stirred in deionized water (5mL) for 24 h, and filtered.
Acetonitrile was added to the extracted solution (5% V/V) as an
external standard. The residual solid was filtered using a syringe
filter. The product solution was analyzed using gas chromatog-
raphy (GC) equipped with a flame ionization detector (FID).
Methanol yield was calculated by an average of five injections. The
methanol yields of Cu-MOR and 3Zn/Cu-MOR at 5h were per-
formed in duplicate.
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Fig. 1. XRD patterns of catalysts.

RESULTS AND DISCUSSION

1. Catalyst Characterization
1-1. Physical Properties

XRD patterns of catalysts are shown in Fig. 1. H-form mor-
denite zeolite (HMOR) revealed intense peaks between 10° and 54°,
corresponding to the primary diffraction peaks of the MOR pattern
[21,22]. Cu-exchanged mordenite catalysts (Cu-MOR) showed simi-
lar patterns with the parent mordenite, indicating that the ion-
exchange of Cu into mordenite and calcination did not substan-
tially alter the crystalline structure of mordenite zeolite. Moreover,
the XRD peaks of crystalline copper oxide at 35.6° and 38.7° [23],
and zinc oxide at 36.5° and 56.5° [24] could not be observed in all
samples. It might confirm that incorporation of Cu by ion-ex-
change and Zn by incipient wetness impregnation provided well-
dispersed Cu and/or Zn species on the mordenite surface (smaller
than 3 nm). Elemental composition and N,-physisorption results of
catalysts are summarized in Table 1. ICP-OES investigation revealed
the result of Cu-MOR with Cu=2.38 wt%, Si/Al=9.4, and Cu/Al=
0.24. These values are in agreement with works using copper ace-
tate and Si/Al close to 9 [21]. The Zn concentration of 0.5, 1, and
3Zn/Cu-MOR was 0.58, 1.07, and 3.01 wt% (Zn/Al=0.07, 0.13, and
0.36, respectively) while the Cu concentration was 2.31, 2.18, and
2.20 wt%, respectively. The weight percent of Cu slightly decreased
as the amount of Zn increased. However, the Cu/Al molar ratio
was nearly similar to 0.24, indicating a small dilution when in-
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Fig. 2. H,-TPR profiles of catalysts.

creasing Zn. The Si/Al for all samples was about 9.0, matching our
mordenite specification.

The BET surface area of Cu-MOR was 387 m*/g and slightly
decreased to 378, 377, and 337 m’/g for 0.5, 1 and 3Zn/Cu-MOR,
respectively. The micropore volume of Cu-MOR was 0.17 cm’/g
and remained unchanged except at the highest Zn loading as it
slightly reduced to 0.15 cm?/g, corresponding to the values reported
by Narsimhan et al. [25]. The small decrease of BET surface area
at higher metal loading is typical and can be explained by pore fill-
ing and the partial pore blockage of mordenite zeolite by incorpo-
rated metal [21,26]. The results strongly suggest that the addition
of Zn and double calcination did not destroy the crystalline struc-
ture of mordenite zeolite. This highlights the influence of Zn on
active Cu species and their locations for stepwise oxidation of meth-
ane into methanol.

1-2. H,-temperature Programmed Reduction

Fig. 2 represents the H,-TPR profiles of the catalysts in this study.
The profile of Cu-MOR exhibits two broad regions, centered at 218
and 575 °C with H, uptake of 193.8 and 146.0 pmol/g-cat., respec-
tively. The total H, consumption was 339.8 umol/g-cat., resulting
in the H,/Cu molar ratio of 0.91 for Cu-MOR (Cu=2.38 wt%).
Theoretically, the stoichiometric reduction ratio of Cu** and Cu*
to Cu’ is 1 and 0.5, respectively. Hence, the H,/Cu molar ratio of
0.91 suggests that the sample could include the portion of Cu" even
after the activation in O, at 550 °C. Furthermore, the concentra-
tion of Cu’" and Cu" was determined to be 81 and 19%, approxi-

Table 1. Elemental composition and N,-physisorption analysis of catalysts

Elemental composition

BET surface area Micropore volume

Catalyst 5 5

Cu (wt%) Zn (wt%) Cu/Al Zn/Al Si/Al (m’/g-cat.) (cm’/g-cat.)
Cu-MOR 2.38 - 0.24 - 94 387 0.17
0.5Zn/Cu-MOR 2.31 0.58 0.25 0.07 9.2 378 0.17
1Zn/Cu-MOR 2.18 1.07 0.24 0.13 9.0 377 0.17
3Zn/Cu-MOR 2.20 3.01 0.24 0.36 9.0 337 0.15
3Zn/MOR - 3.39 - 0.38 8.9 378 0.17
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Table 2. Reduction peak and H, consumption of the fitting H,-TPR measurement

Reduction peak (°C) H, consumption (xmol/g-cat.)

Catalyst

1 1I III v A\ I 1I 1 v A\ Total
Cu-MOR 144 218 311 - 575 2.8 147.5 43.5 - 146.0 339.8
0.5Zn/Cu-MOR 161 217 296 423 541 12.1 148.8 52.5 64.8 123.8 402.0
1Zn/Cu-MOR 156 213 277 392 510 18.9 126.4 60.0 69.5 123.6 398.4
37Zn/Cu-MOR 159 212 279 397 512 19.2 90.9 60.6 1114 56.6 338.7
3Zn/MOR - - - 400 524 - - - 27.3 98.4 125.7

mately. The two broad regions mentioned above are typically
attributed to the reduction of Cu active sites at different locations
of MOR zeolite. The low-temperature range (218 °C) was referred
to as the highly accessible sites such as those on the external sur-
face and in the largest pore (12-MR), while the high-temperature
range (575 °C) was designated to the less accessible sites in the 8-
MR pore [21,27].

To gain more details on the active Cu species, the H,-TPR pro-
files were deconvoluted and summarized in Table 2 (quantitative
data). The fitting of the Cu-MOR result shows three peaks, cen-
tered at 144, 218, and 311 °C. The peak below 200 °C (peak I) cor-
responds to the reduction of CuO or small clusters of Cu,O at the
external surface. The peak at 218 °C (peak II) is ascribed to the
reduction of Cu™" in the largest pore (12-MR), while the peak at
311°C (peak III) is assigned to the sites in the 8-MR side pocket
[28]. The framework-oxygen that was neutralized by Cu cations
could be neutralized by protons formed during the reduction as
indicated by the appearance of Si-OH-Al vibrations in the NIR spec-
trum [29]. Without Cu, 3Zn/MOR sample shows a small broad
peak from 300-700 °C, approximately, which fits into two peaks at
400°C and 524 °C. The peak at 400 °C can be attributed to very
small ZnO particles [30,31]. However, the peak at 524 °C does not
match with either large ZnO particles or bulk ZnO, which usually
exhibit a reduction peak above 600 °C [32]. Gong et al. [24] found
that the reduction peak at 520°C corresponded to the isolated
Zn(OH)" species, anchored to the ZSM-5. These species, which
are the predominant form of ZnO clusters, were confirmed using
the XPS spectra at 1,022.4 eV. Therefore, the peak at 524 °C of Zn/
MOR is probably the isolated Zn(OH)" species.

In the case of the Zn/Cu-MOR samples series, the areas of peaks
I and III increased while the area of peak II decreased with in-
creasing Zn loading. These results indicate that the addition of Zn
promoted partial transferring of CuO from the main channel to
the external surface and 8-MR side pocket. In addition, the increase
of the area of peak III may also be due to the strong interaction
between Cu species and ZnQO, anchored in the main channel, which
was confirmed by the reduction peak observation around 290-
300°C in Cu-Zn supported on the SiO, sample [16,18]. Peak IV
appeared, and the peak area increased along with the decrease of
the area of peak V] as well as shifting to a lower temperature, from
575 to 512°C, due to the increase of Zn loading. Even though
peak IV could represent the reduction of very small ZnO parti-
cles, it was also influenced by another mechanism confirmed by
higher H, consumption than 3Zn/Cu-MOR. The increase of peak
IV area was clear evidence of the close contact between Cu and

very small ZnO particles. This species could be the layer of ZnO,
on Cu, similar to that found in industrial Cu/ZnO/ALO; catalysts
[33]. This species has been reported to limit the growth of CuO,
in many works [33,34]. However, this species on metal oxides sup-
ports exhibited peaks below 300 °C. It was also reported that peak
IV could be explained by the shift of Cu reduction to a higher
temperature of Cu/MOR from 250 to 290 and 390 °C when Zn/
Cu increased [27]. Moreover, their TEM images confirmed that the
presence of Zn could improve Cu dispersion and stability. There-
fore, we speculated that peak IV also represented a strong interac-
tion of Cu with ZnQO, located at less-accessible sites such as 8-MR
side pockets. On the other hand, Le et al. [21] reported that the
peak at high temperatures of Cu-exchanged mordenite obviously
shifted to higher temperatures with an increase in O, activation tem-
perature due to the enhanced diffusion of Cu cations into smaller
pores. Interestingly, the opposite behavior was observed in our study
(peak V), suggesting that zinc could not only retard the diffusion
of Cu cations to 8-MR pores but also alter Cu cations to side
pockets. Locations of Cu-Zn ion exchanges in mordenite were dis-
cussed by Reule et al. [30]. They used the Hartree-Fock-based quan-
tum chemical calculations and DRIFTS analysis (the 12-MR/8-
MR free Bronsted acid ratio) to demonstrate that Zn*" is prefera-
bly exchanged in the 8-MR channels and side pockets. This may
explain the hindering of Cu diffusion toward 8-MR pores when
doping with Zn. The total H, consumption increased from 339.8
to 402.0 and 398.4 pmol/g-cat. when 0.5 and 1 wt% Zn were added,
but decreased to 338.7 umol/g-cat. when adding 3wt% Zn. The
increase of H, consumption of 0.5 and 1Zn/Cu-MOR samples
could be attributed to Zn addition because the increased amounts
of H, corresponded to the presence of peak IV. The similarity of both
previous samples may be explained by the absence of Zn nanopar-
ticles. Compared to 3 wt% Zn addition, a decrease of H, consump-
tion was observed, implying the partial cover of Cu with ZnO,
species [35], which is suggested by XPS results in the next section.
1-3. X-ray Photoelectron Spectroscopy

The oxidation states of Cu and Zn were determined using XPS,
as shown in Fig. 3. The spectra of Cu 2p,;, and Zn 2p;), are illus-
trated in Fig. 3(a) and Fig. 3(b), respectively. The fitting of Cu 2p,
spectra exhibits three different peaks at 932.7, 934.2, and 936.3 ¢V,
which correspond to Cu’, isolated Cu’, and Cu®* species bound
to extra-framework oxygen (e.g., Cu-OH', mono and bis(z+oxo)
dicopper and tricopper sites), respectively [36]. The quantitative
data of fitted results are summarized in Table 3. The Cu-MOR
sample exhibits concentrations of Cu’, isolated Cu** and Cu** spe-
cies bound to extra-framework oxygen as 15.8, 62.9, and 21.3%,

Korean J. Chem. Eng.(Vol. 39, No. 4)
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Fig. 3. Deconvolution of photoemission peaks of catalysts for the
Cu 2p;), (a) and Zn 2p;, (b).

respectively. The total concentration of Cu’* species is therefore
84.2%, which highly agrees with the concentration obtained from
the H,-TPR calculation result (81%). In the case of the Zn/Cu-
MOR samples, concentrations of isolated Cu** significantly increase
from 62.9 to 82.5%, while Cu** species bound to extra-framework
oxygen from 21.3 to 16.2% with the increase of Zn to 3 wt%, indi-
cating that Zn incorporation provides highly-dispersed Cu™" spe-
cies. Note that the increase of isolated Cu** species with Zn loading
is in agreement with the significant rise of strong interaction fea-
tures of Cu-Zn in the H,-TPR profile (peak III and IV). This con-

firms that the effect of the strong interaction between Cu and Zn
provides highly-dispersed Cu** species. In addition, 3Zn/Cu-MOR
possesses the highest fraction of Cu** at 98.7%. However, the de-
crease of Cu’* bound to extra-framework oxygen matches with
the reduction of Cu®* in the 12-MR pore (peak II).

The photoemission spectra of Zn 2ps, were fitted into peaks at
1,022.5 and 1,0239¢V, as illustrated in Fig. 3(b). The peak at
1,022.5 eV could not be observed from 0.5 and 1Zn/Cu-MOR sam-
ples, but it was detected with 34.7 and 31.5mol% of the total Zn
from 3Zn/Cu-MOR and 3Zn/MOR samples. Niu et al. [37] re-
ported that the binding energy peaks around 1,022.8 and 1,023.4
eV of Zn-impregnated HZSM-5 were attributed to the ZnO and
Zn(OH)" species, respectively. The higher binding energy of ZnO-
containing ZSM-5 compared with the bulk ZnO was owing to the
higher electronegativity of oxygen in the zeolite framework [26].
Gong et al. [24] studied the ZnO modified ZSM-5 fabricated by
atomic layer deposition (ALD). They demonstrated that the peak
at 1,022.4 eV corresponds to the isolated Zn(OH)" species, which
was the predominant form of the ZnO cluster based on the scheme
of the ALD reaction. The reduction peak was also slightly higher
than that of the reduction peak of nano ZnO. Gabrienko et al. [38]
also prepared Zn*"/BEA and ZnO/BEA by using solid-state exchange
and ALD methods, which showed the XPS spectra at 1,023.3 and
1,022.8 eV. According to the EXAFS results and amount of Bren-
sted acid, they concluded that the peaks at 1,023.3 and 1,022.8 eV
were attributed to Zn** cations in the cation exchange sites and -
O-Zn-OH species. These species were a little bit larger than those
of isolated O-[Zn(OH)]" species attached to the zeolite lattice,
existing as a part of zinc oxide clusters. Therefore, it is reasonable
to assign the peaks at 1,022.5 and 1,023.9 eV of our samples to the
-O-Zn-OH species, which are precursors of very small ZnO clus-
ters and Zn”* bonded with lattice oxygen at the cation exchange
sites, respectively. This demonstrates that -O-Zn-OH species in-
creased with Zn loading, and this strengthened the existence of
ZnO, over layer Cu for 3Zn/Cu-MOR. In addition, the presence
of Zn*" at the exchange sites of a series Zn/Cu-MOR may explain
the increase of isolated Cu®* by the geometric effect that hinders
the agglomeration of Cu clusters.

The Cu/Al molar ratio of Cu-MOR was 0.15 (Table 3), slightly
lower than that obtained from ICP. When Zn was doped, the Cu/
Al molar ratio monotonically increased to 0.19, 0.19, and 0.32 for
0.5, 1, and 3Zn/Cu-MOR, respectively. As the copper concentra-
tion of samples is based on a similar batch of Cu-MOR, con-
firmed by the Cu/Al ratio from ICP, which was relatively close, the

Table 3. Fitting result (%) of photoemission peaks of catalysts for the Cu 2p,, and Zn 2p;,

Cu 2py, (V) Zn 2p;p, (eV) Cu/Al Zn/Al
Catalyst . .
932.7 934.2 936.3 1,022.5 1,023.9 molar ratio molar ratio

Cu-MOR 15.8 62.9 21.3 n.d. nd. 0.15 -
0.5Zn/Cu-MOR 214 62.1 16.5 n.d. 100 0.19 0.06
1Zn/Cu-MOR 15.7 72.5 11.8 nd. 100 0.19 0.07
3Zn/Cu-MOR 1.3 82.5 16.2 347 65.3 0.32 0.36
37Zn/MOR n.d. nd. n.d. 31.5 68.5 - 0.37

n.d. is not detected
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are comparable to the result obtained from ICP, matching the H,-
TPR results that Zn** preferably exchanged in the 8-MR channels
and side pockets. Thus, the result strengthens the effects of Zn on
stabilizing highly-dispersed Cu’* species and altering the location
of Cu** from less-accessible pores to more-accessible pores and the
external surface.

2. Reaction Study

Fig. 4 shows the methanol yield from the stepwise oxidation of
methane for all samples. The methanol yield of Cu-MOR was 14.2+
0.57 pmol/g-cat. for methane loading of 2 h, which is comparable
to the reported values in the range of 10-20 pmol/g-cat. for Cu-
MOR (Si/Al=9-10) [21,39]. In the case of the Zn/Cu-MOR sam-
ples, methanol yields at 2h of methane loading dropped to 11.1+
0.14, 12.0+0.49, and 12.5+0.28 pmol/g-cat. for 0.5Zn/Cu-MOR,
1Zn/Cu-MOR, and 3Zn/Cu-MOR, respectively. The decline of
methanol yield at 2h of methane loading for a series of Zn/Cu-
MOR may be ascribed to the lower Cu’* species bound to extra-
framework oxygen (936.3 eV), which was proven to be the active
site for this reaction by different research groups [40-42]. In situ
XPS spectra in a study of Artiglia et al. clearly demonstrated that
most of these species disappeared with the increase of Cu* during
methane loading [36].

However, if Cu™* species bound to extra-framework oxygen were
the only active sites (21.3%), it would be too low compared with
the other Cu-containing MOR found in the literature [21,41,43].
Furthermore, we discovered that the colors of catalyst beds at 2h
of methane loading were different for each sample, as illustrated in
Fig. 5(a)-(d). Fig. 5(a)-(b) displayed the color of O,-activated Cu-
MOR samples after methane loading at 30 min and 1 h. The color
changed from dark blue into light blue with increasing duration of
methane loading. Then, we increased the time of methane load-
ing until the color of the entire bed was completely changed. The
result showed that 1.5, 2, 325, and 5h of methane loading was
required for 0, 0.5, 1, and 3Zn/Cu-MOR samples, respectively. It is
obvious that the completed methane loading time increased with

low diretion
&
—

Fig. 5. Color change of catalysts (a)-(d); O,-activated Cu-MOR after
contact with methane for 30 min and 1h (a), (b), O,-acti-
vated 3Zn/Cu-MOR after contact with methane for 5h fol-
lowed with O, for 2h (c), O,-activated 3Zn/MOR after
contact with methane for 2 h (d).

the increase of Zn. However, the change of active Cu’* and methane-
interacted Cu" species during methane loading is still unclear [43].

Interestingly, higher methanol yields of Zn/Cu-MOR samples
could be achieved when increasing methane loading time for
1Zn/Cu-MOR and 3Zn/Cu-MOR samples. It can be seen that
1Zn/Cu-MOR sample produced 16.8+0.27 umol/g-cat. of metha-
nol yield at only 3.25 h, which was very close to the 16.7+0.70 Cu-
MOR sample at 5h of methane loading time. Moreover, the meth-
anol yield can be boosted up to 20.1+0.72 pmol/g-cat. from 3Zn/
Cu-MOR sample, which was 20% higher than 16.7+0.70 pmol/g-
cat. for Cu-MOR catalyst at a similar time (5h) of methane load-
ing (methanol yields of Cu-MOR and 3Zn/Cu-MOR at 5h were
performed in duplicate to confirm the reproducibility). 3Zn/MOR
was also tested to strengthen the role of Zn on the enhancement
of methanol yield, presenting that 3Zn/MOR produced methanol
2.1+0.32 and 1.8+0.37 pmol/g-cat. at 2 and 5h. This confirms
that the higher yield of 3Zn/Cu-MOR at 5h was not attributed to
the individual Cu and Zn but the synergy of bimetallic Cu-ZnO.,.
Again, it should be noted that the participation of isolated Cu’*
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Z[CU(HZO)n] 2+ dehydration Z[CU(OH)]+ condensation [Cu2+(ll'0)cuz+]
(@ —_— , ,
Hydrated Cu(II) - (H,0), Copper(II) hydroxide Mono(p-oxo) dicopper
1 proposed mechanism
1
(b) 2Cu?* hydration 2[Cu(H,0),]*
Fr@uework— "0 Hydrated Cu(II)
coordinated Cu(Il)

[Cu?*(u-0)Cu*]
Mono(p-oxo) dicopper

(c

~

(d) [C“(P'O)Zn]“ ::

C IINIOI fractions

(1 ] +
CH, [Cu*(p OCH:,,)CII ] H,0
Methoxy-dicopper

CH _ [CHj---Cu(p-OH)Zn]**

Mono(j1-0x0) copper-zinc proposed Methyl-bimetallic hydroxide

mechanism

Schematic 1. Mechanisms of formation of mono(z-oxo) dicopper (a), hydrolysis of framework-coordinated Cu** to hydrated-Cu’* (b), for-
mation of minor fractions of hy(.‘l.rated—Cu2+ during interaction of the O,-activated Cu-MOR with methane (c), methane activa-

tion on bimetallic mono(z+~oxo) copper-zinc (d).

species (934.2¢eV) in the reaction was clearly observed during
methane loading of the second cycle [36]. The in situ XPS spectra
revealed that a significant fraction of isolated Cu’* species reduced
with the increase of Cu'". Therefore, it is reasonable to propose that
isolated Cu’* species can be a precursor for active Cu species during
exposure to methane.

It is widely accepted that the active £-oxo bridges between Cu’*
species, formed by the condensation of two adjacent [Cu(OH)]*
species, is generated from the dehydration of [Cu(H,0),]*" during
thermal treatment [42,44] as illustrated in Schematic 1(a). Loma-
chenko et al. [43] described the reverse mechanism that some of
the framework-coordinated Cu’* species immediately hydrolyzed
to pseudo-octahedral Cu** aquo complexes (hydrated-Cu’) when
steam is admitted (extraction step) as shown in Schematic 1(b).
Moreover, they also observed minor fractions of hydrated-Cu®*
during interaction of the O,-activated material with methane, sug-
gesting that small quantities of water might have been produced
together with methoxy-dicopper before the generated water slowly
interacted with Cu(I), as expressed in Schematic 1(c). The methoxy
species can be extracted as methanol and the Cu-O-Cu can be
regenerated with the help of water [1]. Copper(II) hydroxide was also
proven to be the active site with less activity compared to the mono
and bis(u-oxo) dicopper [36,45]. This may explain the reason for
the higher methanol yield of 3Zn/Cu-MOR, owing to the hydration
of highly-dispersed Cu** toward active Cu** species ((Cu(OH)]* and
[Cu™(1-0)Cu™]) during methane loading through the proposed
mechanism in Schematic 1(b). Furthermore, [Cu(z-O)Zn]** bime-
tallic center in ZSM-5 zeolite exhibited a higher barrier for methane
activation than [Cu(z-O)Cu]*" monometallic center, as illustrated
in Schematic 1(d) [46]. The CH; radical can further react with the
neighbor OH group, resulting in the product complex. This also
describes the requirement for a longer methane loading time for
3Zn/Cu-MOR. The proposed mechanisms demonstrate the role
of Zn on active Cu species for the stepwise oxidation of methane
to methanol, leading to an increase in methanol yield per cycle.

According to Gabrienko et al. [20], Zn-exchanged mordenite
can activate gas-phase methane to adsorb methyl species, which
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can be converted to methoxy species with O, contact, suggesting
that Zn** could be active sites for partial oxidation of methane into
methanol. Therefore, we also tested our superior catalyst, 3Zn/Cu-
MOR, by further treating the methane-saturated 3Zn/Cu-MOR
(5h) with O, at 200 °C for 2 h. The result showed that the metha-
nol yield was reduced from 20.1+0.72 to 3.2+0.1 pmol/g-cat. This
suggests that copper might promote the over-oxidation of methyl
species, as seen in Fig. 5(c) of which color of the catalyst is back to
dark blue. Fig. 5(d) displays the color of 3Zn/MOR after loading
methane for 2h (white), and the change during contact with meth-
ane could not be observed.

CONCLUSION

XRD and N,-physisorption results confirmed that the addition
of Zn inconsiderably changed the structure of mordenite zeolite,
highlighting the effects of Zn on active Cu species and their loca-
tions for the stepwise oxidation of methane into methanol. The
H,-TPR and XPS measurements demonstrated that the addition
of Zn led to the formation of the strong interaction between Cu
and ZnO,, resulting in highly dispersed Cu®* at more accessible
locations in 12-MR and 8-MR side pocket. This highly dispersed
Cu’* can be attributed to the precursor for active Cu** species due
to the transformation to active Cu** species during methane load-
ing. In addition, the bimetallic Cu-ZnO, center is also able to acti-
vate methane, although it has a slower rate than monometallic Cu.
Therefore, 3Zn/Cu-MOR produced a lower methanol yield than
Cu-MOR at 2 but 20%-higher methanol yield at 5h of methane
loading time. This work demonstrates the advantage of strong Cu-
ZnO, interaction for the stepwise oxidation of methane to metha-
nol by stabilizing highly dispersed Cu** sites.
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