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Direct conversion of methane (CH,4) to methanol (DMTM) is a promising, but very challenging process for
the utilization of abundant CH4 as a low carbon resource. In this context, Cu loaded zeolites, mordenite
(MOR) in particular, were recognized as the most effective system to perform DMTM. In this work,
different Cu salts were used to exchange with MOR, by which the effect of counter ions on the catalytic
performance towards DMTM was investigated. The prepared catalysts were characterized and evaluated

Keywords: systematically. It was found that the counter ions affected the speciation of Cu sites, probably due to their
MEEESEEI capability in extraction of protons from MOR and the influence on the hydrolysis state of the Cu?* in
Zeolite aqueous solution. These behaviors adjusted the association between Cu?* and the exchangeable protons
Mordenite in MOR. As a result, varied DMTM performance was observed. Among the used Cu salts, Cu(CH3C00),
MOR exchanged MOR showed the highest performance, achieving stable CH30H yield of 117 + 28 pmol/g in 5
Cu consecutive cycles, these values are among the highest for Cu loaded MOR zeolites in open publications.
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With the technological maturation of shale gas recovery and the
global demand to low-carbon development, CH, (major compo-
nent of natural gas and shale gas) occurred to be a promising
resource in energy and chemical industries. It was estimated that
the production and consumption of CH4 will increase drastically in
the following decades [1]. However, CH4 has a higher greenhouse
effect than CO, (25 times), therefore, a significant amount of low-
grade CH,4 was flared at the production site [2]. This is simply
because the state-of-the-art technologies for CH4 conversion rely
on highly-centralized process with very large scale, and long-
distance transportation of CH4 in gas phase is either cost-
ineffective or impractical in some cases. Consequently, alternative
approaches for CH,4 conversion is highly desired [3].

Direct methane to methanol (DMTM) was proposed as a
“dreaming” process for methane utilization. This process converts
CH,4 directly to liquid methanol without the production of syngas
as an intermediate. Because of the abundant options of
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downstream methanol conversion, the DMTM process was
regarded as “a paradigm shift in petrochemical technology” [4].

Unfortunately, activation of CH, is not straightforward due to its
inertness [5], and DMTM is particularly difficult because the target
product, CH50H, is more prone to oxidation than CH4 Conse-
quently, the process needs to activate the C-H bond on one hand,
and avoid over-oxidation of CH;0H on the other [4]. In nature,
DMTM can be successfully performed by an enzymatic system
called methane monooxygenase (MMO). The active sites in these
systems were identified as diiron or dicopper centers with oxygen
bridges [6,7]. Inspired by these structures, ion and copper
exchanged zeolites were extensively investigated as nature-
mimicking materials to perform DMTM in a stepwise manner
[8-25]. Among the proposed metal and zeolite combinations, Cu
exchanged mordenite (MOR) showed outstanding performance
[10,11,18,20,23,24]. Upon activation (normally in an oxidative
atmosphere at elevated temperatures), centers such as [Cuy(u-
0),]%*, [Cuy(11-0)]**, [Cus(e-0)3]%*, or even CuOy clusters can be
generated, which are responsible to activate the C-H bond in the
subsequent CH4 reaction step [5,8-15,26-29].

Previous reports have established solid conclusion that
speciation of the Cu sites is of great importance in determining
their DMTM performance. In this context, the Cu exchange process
can considerably affect the loading of metal and thus formation of
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different Cu sites. This has been well-demonstrated by: (1) using
MOR zeolites with different Si/Al ratios [11,18,24]; (2) conduct the
ion exchange at different pH or even in solid phase [15]. Different
Cu salts were also used in previous publications, however,
comparison of the effect of different anions under otherwise
identical conditions was rarely reported. Herein, Cu@MOR
catalysts were prepared by ion exchange of MOR zeolite with
different Cu salts, while all the other preparation conditions were
kept the same. The resulted samples were characterized and their
performance in DMTM was investigated.

The Cu@MOR catalysts were prepared by ion-exchange of
commercialized MOR zeolite with different Cu salts. The obtained
samples were designated as Cu@MOR-A, Cu@MOR-C, Cu@MOR-N,
and Cu@MOR-S when Cu(CH3COO),, CuCl,, Cu(NOs3), and CuSO4
were used, respectively. Detailed preparation methods can be
found in Supporting information.

Fig. 1a shows the XRD patterns of the parent MOR zeolite and
Cu-exchanged samples. All the diffraction peaks can be indexed
exclusively to orthorhombic mordenite. No peak corresponding to
Cu-related species, such as face centered cubic Cu, body centered
cubic Cu,0, or monoclinic CuO was visible, indicating their absence
in form of large particles (>3 nm) [10,11]. Porosity of the sample
was verified by N, physisorption at —196 °C. As can be found from
Fig. 1b, Type I isotherms were obtained for all of the samples,
indicating their microporous nature. The parent MOR zeolite has a
pore volume of 0.248 cm?/g, and loading of Cu did not cause any
significant compromise on porosity. Fig. S1 (Supporting informa-
tion) and Fig. 2 present the SEM images of the samples. The MOR
zeolite exhibited morphology of fused crystallites in pm-scale.
After introduction of Cu, no morphological change can be
observed, evidenced again that the MOR framework remained
intact, and any heterogeneity upon ion exchange can be ruled out.
According to ICP-OES analysis, the Cu loading achieved 3.36, 1.77,
1.58, and 1.24 wt% for CuU@MOR-A, Cu@MOR-C, CuU®MOR-N, and
Cu@MOR-S, respectively. Note that the DMTM catalytic perfor-
mance does not depend only on Cu loading.

The catalytic performance of the samples towards DMTM was
investigated on a fixed bed reactor with the widely used cyclic
manner. Every cycle includes four steps (Fig. S2 in Supporting
information) [8]: (1) Activation of the catalyst in O, flow
(100 mL/min) for 2h at elevated temperature (either 400, 450,
or 500°C); (2) Purge with He (100 mL/min) and cooling down to
200°C; (3) Feed 50 mL/min of pure CH4 at 200°C for 0.5h; (4)
CH3O0H desorption by purging with H,0 saturated He (100 mL/min)
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at 200°C for 0.5h, and then increase the temperature to 400°C
(5°C/min) and hold for 2 h. The produced CH3;0H was collected in a
cold trap and analyzed by gas chromatography.

Firstly, capability of the Cu@MOR in catalyzing DMTM was
demonstrated. All of the catalysts were activated in pure O, at
400°C, and then submitted to the following DMTM steps. At such
conditions, CH30H yields achieved 26, 76, 29 and 48 p.mol/g cat for
Cu@MOR-A, Cu@MOR-C, Cu@MOR-S, and Cu@MOR-N, respective-
ly. These values are comparable with previous publication [9].
Production of CH30OH during steam purging was also monitored by
on-line MS. In Fig. S3 (Supporting information), the m/z=31 signal
intensified after the introduction of steam to the catalyst bed,
indicating the desorption of CH30H from the catalyst, which
continued with the increasing of temperature. At ca. 320-340°C, a
small amount of CO, could be detected due to the unavoidable
over-oxidation of some intermediates. Overall, the CH3;OH
selectivity was estimated to be 85%-90% in all the DMTM cycles
reported in this work, the only by-product is CO,, no dimethyl
ether was detected by GC analysis [30].

For the stepwise DMTM process, catalyst activation is one of the
determining steps to dictate the speciation of Cu sites, which in
turn played a pivotal role in affecting the CH3OH yield [9-11].
Therefore, the optimum activation temperatures for each of the
Cu@MOR catalysts should be established. To this end, three
consecutive DMTM cycles were carried out by using 400, 450, and
500°C as the activation temperatures over each of the catalyst.
From Fig. 3a, it can be found that increasing the activation
temperature from 400 °C to 450 °C led to larger CH3OH yields, up to
95 pmol/g for Cu@MOR-C. This observation is in agreement with
literatures, which can be related to the formation of larger number
of active Cu sites at elevated temperatures [24]. Upon further
increase of activation temperature to 500 °C, decrease of CH;0H
production was obtained except Cu@MOR-A. Consequently, it can
be concluded that an appropriately high temperature for activation
of the Cu@MOR catalysts, 450°C in our cases, is necessary to
achieve high DMTM performance.

After the three consecutive DMTM cycles under different
activation temperatures were finished, one additional cycle with
450 °C activation was carried out. As compared with the first cycle
with 450°C activation, very similar CH3OH production was
obtained for Cu@MOR-C, Cu@MOR-N, and Cu@MOR-S (Fig. 3a,
open symbols). This result indicates the formation and consump-
tion of Cu active sites during DMTM process is reversible. It is
highly possible that the “less active” sites formed at 500°C
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Fig.1. Characterization of the samples. (a) XRD patterns and (b) N, adsorption isotherms (—196 °C). The isotherms of Cu@MOR-A, Cu@MOR-C, Cu@MOR-N and Cu@MOR-S are

vertically shifted by 140, 280, 420 and 560 cm?>/g, respectively.
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Fig. 2. SEM images of (a) Cu@MOR-A, (b) Cu@MOR-C, (¢) Cu@MOR-N and (d) Cu@MOR-S.
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Fig. 3. Catalytic performance of the CuU@MOR catalysts. (a) Effect of activation temperature. (b) Effect of Cu exchange times.

activation was “used up” during the CH,4 contact procedure, and the
Cu species went back to a state that can be re-converted again to
more active form by 450°C activation. According to Alayon et al.
work [28], we attribute the formation and consumption of active
Cu sites to the reversible redox interconversion of Cu(Il) and Cu(I).

Very interestingly, when Cu@MOR-A was re-activated at 450 °C,
significantly higher CH30H production as compared to the 1st
450°C activated cycle was obtained, achieving a promisingly high
value of 131 wmol/g, which is among the highest in the open
literatures [18,25]. Gradual enhancement of CH30H production
during DMTM cycles was previously reported by several authors
[8-11]. This observation can be related to the dynamic speciation of
Cu active sites during the repeated DMTM cycles. For example,
Xamena et al. and Palomino et al. reported that oxidation of Cu
loaded zeolite by O, can be facilitated by previous hydration
[31,32]. This is to say that during the DMTM steps, CH3OH
extraction by steam purging may benefit the oxidative activation of
the Cu sites in the subsequent cycle, leading to more active
catalytic centers and thus higher CH3;0H production. The above
assumption was experimentally demonstrated by Bozbag and co-
workers, their XANES results identified roughly 30% increase of the
active Cu sites in a second DMTM cycle as compared with the first
one [11]. We attribute the observed increase of CH3;0H production
over CuU@MOR-A at identical conditions to similar reasons, namely
during the DMTM cycles, re-distribution and/or re-speciation of Cu
gradually led to the formation of species that can be more readily
oxidized to highly active configurations.

Apart from the activation condition discussed above, Cu loading
also played a decisive role to the DMTM performance of the
Cu@MOR catalysts. As such, three ion exchange procedures were
carried out by using different Cu salts to afford another four
samples: Cu@MOR-A3, CuU@MOR-C3, Cu@MOR-N3 and Cu@MOR-
S3. According to the ICP-OES measurements, loading of Cu was
effectively increased to 4.50, 4.52, 3.95 and 3.58 wt% for Cu@MOR-
A, CuU@MOR-C, Cu@MOR-N, and Cu@MOR-S, respectively. The XRD
patterns (Fig. S4 in Supporting information) excluded formation of

any large CuOy domains. DMTM reaction was performed with an
activation temperature of 450°C, and the results were showed in
Fig. 3b for clearer comparison. Surprisingly, CH30H production
over CU@MOR-C3 and Cu@MOR-N3 decreased as compared with
the corresponding samples with only one ion exchange process,
probably due to pore blockage and/or formation of metal clusters
too small to be detected by XRD. On the other hand, CuU@MOR-A3
showed higher performance with a CH5OH production of
101 pmol/g, higher than the first 450°C activated cycle for
Cu@MOR-A.

The above results indicated that when Cu(CH3COO), was used
as the Cu precursor, high methanol yields can be obtained, and
evolution of the original Cu species to more active structure can be
achieved. Therefore, we came to the conclusion that Cu(CH3COO),
occurs to be the best precursor for the preparation of Cu@MOR
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Fig. 4. DMTM stability of Cu@MOR-A3.
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Fig. 5. Characterization of CuU@MOR-A3 after 5 DMTM cycles. (a) XRD patterns, and (b) SEM image.

catalyst for DMTM. It has been demonstrated that under
atmospheric pressure, the MeOH yield during DMTM over the
Cu exchanged MOR correlated closely to the oxygen bonded Cu?*
clusters, such as [Cuy(u-0)-]%*, [Cus(p-0)]?*, and [Cus(u-0)5]?*
[5,8-15,26-29]. Therefore, the high performance of the Cu
(CH3COO0), derived catalysts can be ascribed to more favorably
formation of such structures. This effect may be attributed to
higher affinity of CH3COO~ towards protons: Firstly, since the
CH3COO™ ion has a higher tendency to associate with H* as
compared with CI-, NO5~, and SO4?~, more exchangeable protons
in the MOR framework can be extracted, leading to higher
flexibility for the loading of Cu?*; Secondly, combination of
CH5COO™ and H" in the solution phase increased the concentration
of OH™, and thus facilitated the formation of [Cu(OH)]", which was
reported to be a more efficient intermediate for the formation of
the Cu sites with higher DMTM activity [18].

Last but not the least, the cycling stability of CU@MOR-A3 was
investigated. Five DMTM cycles were performed, it can be seen
from Fig. 4 that very high and stable CH3OH production of
117 £28 pwmol/g was maintained during the cycles. The sample
after stability test was characterized by XRD and SEM (Fig. 5), no
degradation on phase structure and morphology was noticed.
These results demonstrated the great promise of the Cu@MOR-A3
for further DMTM studies.

In summary, we prepared a series of Cu@MOR catalysts from
different Cu salts by ion exchange with MOR zeolite, and the effect
of counter ions on the catalytic performance in direct conversion of
CH4 to CH30H was investigated. Results from characterization and
reaction evaluation indicated that the speciation of Cu centers was
influenced by the used counter ions. This originates probably from
(1) different capability in extraction of protons from MOR, and (2)
varied hydrolysis state of the Cu?* in aqueous solution. Finally,
Cu@MOR-A3 prepared from Cu(CH3COO), was showed to have
stable CH50H yields of 117 =28 wmol/g in 5 consecutive cycles,
among the highest in open publications.
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