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Abstract: On our route towards a more sustainable future, the use of stranded and underutilized
natural gas to produce chemicals would be a great aid in mitigating climate change, due to the
reduced CO: emissions in comparison to using petroleum. In this study, we investigate the
performance of Cu-exchanged SSZ-13 and SAPO-34 microporous materials in the stepwise, direct
conversion of methane to methanol. With the use of X-ray absorption spectroscopy, infrared (in
combination with CO adsorption) and Raman spectroscopy, we compared the structure-activity
relationships for the two materials. We found that SS5Z-13 performed significantly better than
SAPO-34 at the standard conditions. From CHs-TPR, it is evident that SAPO-34 requires a higher
temperature for CHs oxidation, and by changing the CHs loading temperature from 200 to 300 °C,
the yield (umol/g) of SAPO-34 was increased tenfold. As observed from spectroscopy, both three-
and four-fold coordinated Cu-species were formed after Oz-activation; among them, the active
species for methane activation. The Cu speciation in SAPO-34 is distinct from that in SSZ-13. These
deviations can be attributed to several factors, including the different framework polarities, and the
amount and distribution of ion exchange sites.
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1. Introduction

Methane has become increasingly abundant as a carbon resource in recent years, and can be
found in numerous sources [1]. The utilization of methane for chemicals, however, is rather
complicated, due to the high stability of the molecule. The main method for converting methane in
industry today is with the steam reforming reaction to produce synthesis gas. Synthesis gas can
further be converted into valuable products, such as olefins, alcohols and ethers [2,3]. Nevertheless,
the production of this intermediate gas requires large facilities, due to the economy of scale, and
transportation from remote areas is costly. These restrictions lead to the flaring of large amounts of
associated petroleum gas. Flaring of methane causes more than 300 million tons of CO: to be
released into the atmosphere every year. The World Bank has set in motion a “zero routine flaring
initiative” to eliminate all routine flaring by the end of 2030 [4]. It is therefore of high interest to find
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a direct route for converting methane into liquid products on-site for the utilization of such stranded
gas. Some promising liquids for further utilization are methanol and dimethyl ether (DME).
Methanol may be used directly as a gasoline additive and for electric power generation; it is also an
important starting material in the chemical industry for the production of highly demanded
products, such as plastic, pharmaceuticals and plywood [5]. DME is usually made from methanol
dehydration, and is an important compound for the future. DME has been extensively investigated
the last decades as a more sustainable alternative to regular diesel fuel and LPG (both products from
oil refining). This is because the properties of DME are quite similar to those of diesel and LPG, and
therefore, only a few modifications are necessary to the already existing infrastructure [6,7]. One of
the most promising routes currently being explored by the scientific community is the direct
conversion of methane to methanol (DMTM). Many paths have been proposed and tested. The main
problem, however, is the challenge of overcoming the over-oxidation of methanol to COx [3].

In nature, methane monooxygenase (MMO) enzymes convert methane directly into methanol
under ambient conditions over active Fe or Cu metal sites [8]. Taking inspiration from these
enzymes, metal-exchanged zeolites have been tested extensively for DMTM in a stepwise,
stoichiometric reaction process. It has been demonstrated that a wide variety of zeolites (e.g.,, MOR
[9-13], CHA [14,15], MFI [16,17]) are able to form stable and unique metal-oxo sites. In 2005,
Groothaert et al. reported a stepwise reaction procedure working with Cu-ZSM-5 and Cu-MOR
zeolites activated in Oz for the direct conversion of methane to methanol [16]. The reaction procedure
usually consists of three steps. First, an activation step at elevated temperatures (around 500 °C) is
performed with an oxidant (e.g., N20, O2) to create the metal-oxo sites. Subsequently, the
temperature is lowered, before the methane is reacted over the active sites. Last, methanol is
extracted by sending steam through the reactor isothermally, or by using a polar liquid solvent at
room temperature (RT). The highest productivity achieved at atmospheric pressure thus far is 0.47
molmeon/molcu, for a Cu-MOR zeolite [18,19]. If a dinuclear active site is assumed, the theoretical
limit is 0.5. It has been shown that there are a number of factors that influence the productivity and
yield of methanol in the reaction, with some of the more important being the process parameters as
well as the Cu speciation in the zeolite and the subsequent reducibility [14,19-24].

The high-silica, chabazite zeolite, SSZ-13, has been tested extensively for the reaction. However,
the literature is scarce on the isostructural zeotype material SAPO-34. To the best of our knowledge,
only Wulfers et al. have tested this material in the stepwise DMTM conversion [15]. Since SAPO-34 is
an industrial scale catalyst for the conversion of methanol to olefins (MTO) [25], and is widely
investigated as a Cu-loaded catalyst in NHs-assisted selective catalytic reduction (NHs-SCR) of NOx
[26], it became clear that a more extensive, comparative study on the reactivity of these materials in
the DMTM-conversion would be of high interest.

The CHA framework consists of double six-membered rings (D6R) stacked in an ABC-sequence
and interconnected with four membered rings (4MR). The resulting cages can be considered
catalytic converters, which are interconnected with eight-membered ring (8MR) windows (Figure 1
(a)). CHA is an ideal framework to work with, as the framework only has one crystallographically
unique T-site [27,28]. Four different ion exchange sites have been determined in the CHA
framework. Three of them point towards the centre of the SMR-window, while one is in a more
constrained position pointing into the D6R (Figure 1 (b)) [29].
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Figure 1. Representation of the CHA framework. The coloured areas in (a) marks the three different
ring types (4MR, D6R and 8MR) surrounding the cages. (b) illustrates the four different O-sites in the
framework. Colour code: grey: Si (55Z-13) or alternating Al and P (SAPO-34), red: O, orange: Al
(S5Z-13) or Si (SAPO-34). Adapted from Borfecchia et al. [29].

In SSZ-13, the amount of ion exchange sites (i.e., Brensted acid sites) is determined by the
Al-content. Conversely, the ion exchange sites in SAPO-34 are correlated to the amount of Si in the
framework. In SAPO-34, Si incorporation may follow different substitution mechanisms (SM). There
are two main mechanisms, where one leads to the formation of one Brensted acid site per Si (SM2),
while the other leads to a Si-rich patch (SM3) [30]. The two mechanisms are illustrated in Figure 2.
Due to the different paths, the amount of Si in the framework will most likely not correlate directly
to the amount of ion exchange sites. Whether the Si mostly follows the SM2, SM3, or a combination
of these depends on the synthesis procedure [31].

Q
o?gﬂf:

Figure 2. Scheme of the SM2 and SM3 mechanisms for Si substitution into the SAPO-34 framework.
O is presented in red, Al in purple, Si in yellow, and P in blue.
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Pappas et al. reported a thorough investigation of Cu-exchanged SSZ-13 for the DMTM reaction
[14]. They combined characterization data from several spectroscopic techniques, together with a
detailed study of the process conditions to pinpoint structure-activity relations [14]. A set of
parameters were found to represent the optimal conditions for the conversion of methane (8 h in O:
(500 °C), 6 h in CHa (200 °C), H20-assisted extraction (200 °C)).

In the current work, two Cu-SAPO-34 samples, with low and high Cu loading, were tested for
the direct conversion of methane to methanol. When investigating the DMTM conversion, methanol
and DME should both be regarded as important products, and therefore, the reported methanol
activity in this study is given as the sum of methanol and DME observed in the extraction feed
(MeOH = CH30H + 2x(CHs—O—-CHps)). Due to practical reasons, the standard experiments performed
in this study had a shortened CHs-loading time of 3 hours. All other parameters were kept equal to
the optimal conditions reached by Pappas et al. [14]. These results were then compared to a high
loaded Cu-SS5Z-13 material. Furthermore, IR, Raman and XAS spectroscopies, as well as CHs+-TPR
have been employed to obtain a deeper understanding of the differences between the two
isostructural CHA-zeolites, with respect to the nature of the Cu-sites and the effect of framework
acidity.

2. Results and Discussion

2.1. Physicochemical Characterization

The Cu exchanged samples were prepared from the H-form of the materials. The introduction
of Cu was performed with Liquid Ion Exchange (LIE), as described in the experimental section. In
SAPO-34, it was not feasible to reach a high degree of Cu incorporation, and the highest amount of
Cu obtained was 1.58 wt% (Cu/Si=0.25). This amount was reached after three consecutive exchanges
according to a method reported by Vennestrom et al. [32]. The calcining step between each exchange
should help the migration of Cu ions from the surface into the crystal.

Nomenclature and physicochemical characterization data, such as compositional information,
N2-physisorption data, and water content are reported in Table S1 in the supporting information
(SI). Scanning Electron Microscopy (SEM) (Figure S1) and X-ray Diffraction (XRD) (Figure S2 and S3)
analyses were performed for all the (Cu-)SAPO-34 samples and the results are reported in the SI.
SEM-images and XRD pattern of (Cu-)SSZ-13 have been reported previously [14]. No extra CuO
phase is observed in the materials, indicating that they are free of any large CuO agglomerates and
that the Cu exchange took place properly.

2.2. Direct Methane to Methanol Conversion

The exchanged Cu-SAPO-34 and SSZ-13 materials were investigated for the direct conversion
of methane to methanol. The test procedure is described in the experimental section (Test #1). The
protocol is based on optimal conditions reported in a previous study by Pappas et al. [14] on
Cu-SSZ-13 materials for the same reaction. The results are reported in Figure 3. On the left, the total
yield of methanol (molveor/gzlite) is shown as a function of the Cu-content. The right panel shows
the productivity, where the total amount of methanol is normalized to the Cu-content. Minor
fractions of CO/CO: were observed in the effluent during methane loading and H:0-assisted
extraction.However, the yield of the COx species has not been reported in this study due to high
uncertainties in the obtained COx values. From the results reported in Figure 3, it is evident that the
Cu-loaded SSZ-13 outperforms the Cu-SAPO-34 materials in the reaction. This is in line with
previous results obtained for the DMTM conversion over Cu-55Z-13 and SAPO-34, reported by
Waulfers et al. [29]. Another interesting observation is that a higher loading of Cu in SAPO-34 does
not increase the yield of methanol. Indeed, a slightly higher productivity is seen for the low loaded
sample, as observed in the right panel of Figure 3. These results indicate that it is only a small
fraction of the exchanged Cu in SAPO-34 that contributes as active sites for methane conversion, and
that an increase in Cu-content does not lead to an increased amount of these active sites. A blind test
was performed on both Cu-free SAPO-34 and SSZ-13 under the same reaction conditions, and no
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methanol was detected in the effluent. This confirms that the small amount of methanol observed for
Cu-SAPO-34 in the tests is significant.
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Figure 3. Representation of the performance of 0.08CuSAPO-34 (orange), 0.25CuSAPO-34 (red) and
0.50CuSSZ-13 (blue) at identical reaction conditions (Table 1). The panel on the left shows CH:OH
yield per gram of zeolite. The panel on the right gives the CH3OH yield normalized to the Cu content
(molCH3OH/molCu). The estimated error from DMTM conversion over Cu-SAPO-34 is shown as
black error bars inside the squares.

Due to the structural similarities between the materials, the difference in performance was
unexpected. A deeper investigation with various spectroscopic techniques (IR, Raman and in situ
XAS) was therefore performed, with the aim of elucidating the Cu-speciation of the materials.

2.3. Utilizing Spectroscopy to Investigate the Cu-speciation

2.3.1. Investigating the Cu(II)xOy sites with Raman Spectroscopy

Resonance Raman (rRaman) spectra of activated, sealed capillaries were collected with a blue
laser (488 nm) at RT. The resulting spectra of hydrated and activated 0.25Cu-SAPO-34 (red) and
0.50Cu-SSZ-13 (blue) are shown in Figure 4. It is clear from the figure that a new set of bands arise in
the spectra when the material has been activated at high temperatures in static air. These bands are
correlated to Cu(II)xOy species that are resonantly enhanced by the blue laser. Frequencies and
reasonable assignments are summarized in Table S2. The assignment of the Cu(II)xOy-species in the
Cu-55Z-13 material has been made previously [14]. For SAPO 34, the assignments presented below
are based on previous observations on Cu-S5Z-13, Cu-ZSM-5 and other compounds [14,17]. The
band at 812 cm, together with the shoulders found at 524 and 587 cm™ have been assigned to a
three-fold coordinated dicopper species [Cu(trans-p-1,2-O2)Cul?*, which is based on bands
appearing at similar positions in Cu-loaded S5Z-13 (830, 510 and 580 cm), observed by Pappas et al.
and Ipek et al. [14,33]. It is worth noting that the resonance enhancement of this dicopper-species is
very clear in Cu-SSZ-13, while in Cu-SAPO-34, the features are only observed as minor
contributions. The strongest band in Cu-SAPO-34, at 549 cm-! is assigned to the symmetric vibration
of Cu-O in a side-on superoxo Cu(II) species. The corresponding v(O-O) mode of the same species is
observed at 1006 cm™. These bands are assigned by analogy with the rRaman results by Solomon
and co-workers, reporting signals at 554 and 1043 cm™ for Cu-superoxo species in homogeneous
model compounds [34]. Pappas et al. also found bands indicating the presence of side-on superoxo
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Cu(II) and mono-p-oxo dicopper(Il) ([Cu—~(u-O)-Cu]*) in Cu-SSZ-13 [14]. No bands corresponding
to these species were found to be present in Cu-SAPO-34. The assignment of the observed bands
indicates that there are significant differences between S5Z-13 and SAPO-34 with respect to the
types of Cu(I)xOy complexes formed in the materials, even though they possess the same CHA
framework topology. Pappas et al. have suggested that three-fold coordinated Cu(Il) sites may be
the most favourable geometric sites for methane conversion, which is the most pronounced species
appearing in SSZ-13 (trans-p-oxo dicopper(Il)) [14]. The more pronounced species appearing in
Cu-SAPO-34 is a monomeric site with a four-fold coordination (side-on superoxo Cu(Il)), and these
sites are assumed to be less active for CHs-activation [14].

(a) Cu-SSZ-13

[Cu(trans-p-1,2-0,)Cu]?
[Cu(p-O)Cu)*
[Cu(n'/n*-0,)I*
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Figure 4. Raman spectra of (a) hydrated (dashed blue) and activated (solid blue) 0.50CuSSZ-13, and
(b) hydrated (dashed red) and activated (solid red) 0.25CuSAPO-34. The contributions from different
Cu(Il)Oy moieties are marked. Yellow shading: [Cu(trans-u-1,2-O2)Cu]?, blue shading:
[Cu-(u-O)-Cu]?* and green shading: [Cu(n!/n*Oz2)]*.

2.3.2. IR Spectroscopy Measurements of Adsorbed CO

By dosing CO on the Cu-samples, it is possible to selectively follow the interaction of CO with
distinct Cu(l) sites in the sample. Importantly, by probing at RT, the CO interaction with Brensted
acid sites is not detectable [35,36]. Figure 5 shows the evolution of the mono- and dicarbonyl species
on Cu. Already at small doses of CO, there is a band evolving at 2153 cm-. This band is due to the
vibration of monocarbonyl adducts (Cu(I)-CO) [35-37]. Since the spectra have been normalized to
the framework vibration overtone mode (1868 cm™ (S5Z-13) and 1853 cm™ (SAPO-34)), weighted on
the Cu-content and background subtracted, the intensities of the bands can be directly compared for
the samples with different Cu-loading. Interestingly, it can be observed that the 0.08CuSAPO-34 has
a higher intensity of the band at 2153 cm!, which could be caused by a higher fraction of Cu(I)sites
that are accessible by CO. It may also be the case that some of the Cu-sites in the high-loaded
SAPO-34 and/or SSZ-13 samples are more resistant to self-reduction and therefore remain as Cu(II)
[19].

As the amount of CO increases, the bands at 2176 cm™ and 2148 cm ! develop. These bands are
assigned to the symmetric and antisymmetric stretching vibration of dicarbonyl adducts
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(Cu(I)(CO)2) [35-37]. It is clear that these species are more easily formed in 0.50CuSSZ-13, as seen
from the higher intensity increase of these bands. The larger amount of dicarbonyl adducts indicates
that 0.50CuSSZ-13 has more freely coordinated Cu(I) species, where the Cu has only two or three
oxygen framework neighbours. These findings support what is already observed from Raman
spectroscopy.
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Figure 5. FT-IR spectra of adsorbed CO at RT on 0.08CuSAPO-34 (orange), 0.25CuSAPO-34 (red) and
0.50CuSSZ-13 (blue). The CO pressure was increased from 20 pbar to 20 mbar. The materials were
activated for 1 h at 150 °C, 300 °C and 450 °C. The spectra are background subtracted and normalized
to the framework overtones as well as to the Cu content (umol/g).

2.3.3. IR Spectroscopy Measurements During Heating in O2

Pappas et al. observed evidence that [Cu(I)OH]* sites exists in S5Z-13, and that they act as
precursors to form the active sites for the DMTM conversion [14]. When heating Cu-55Z-13 in an
Oz-atmosphere while collecting IR spectra, a band at 3650 cm! is clearly observed, and the intensity
of this band decreases with the increasing temperature. This band has previously been assigned to
be the fingerprint for Z[Cu(II)OH] vibration [36,38,39], supporting the existence of these species and
suggesting that they are likely to be precursors for other species. We therefore chose to perform the
same treatment on 0.25CuSAPO-34, to see if these species exist in Cu-SAPO-34. However, as can be
observed in Figure 6, it is clear that no such band exists in this sample. The only features that can be
observed in the spectra are two bands at 3622 and 3594 cm, which are related to the v(O-H) mode
of Brensted acid sites [38,40,41].
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Figure 6. Spectra of Oz-activated 0.25CuSAPO-34. The temperature increases gradually from 200 °C
(blue) to 400 °C (red). The dashed lines represent two peaks related to the Brensted acid sites of the

material. No band is observed at 3650 cm™ (fingerprint region of Z[Cu(II)OH] vibrations).

2.3.4. In Situ X-ray Absorption Spectroscopy

To investigate the oxidation state and average coordination of the Cu species, in situ X-ray
absorption spectroscopy (XAS) measurements at the Cu K-edge were performed on the highest
Cu-loaded SAPO-34 (0.25CuSAPO-34). The obtained spectra were compared with XAS spectra of
0.50CuSSZ-13 collected under similar conditions, see Figure 7. The spectra were collected after
pre-treatment in He at 500 °C (dashed lines) and then after further exposure to Oz for 2-3 h (solid

lines).
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Figure 7. XANES (a) and FT-EXAFS (b) spectra of 0.25CuSAPO-34 (red) and 0.50CuSSZ-13 (blue)
after He-activation at 500 °C (light coloured, dotted lines) and after consecutive Oz-activation for 1 h
(dark coloured, solid lines). The inset in (a) is an enhancement of the dipole-forbidden 1s — 3d
transition in the pre-edge region.

He activation of the materials results in a peak at 8983 eV, corresponding to the characteristic 1s
— 4p transitions of Cu(I) ions [14,38,42—-44]. The spectrum of the He-activated material shows a
highly developed Cu(l) state in Cu-SAPO-34, indicating that the Cu in the material undergoes
“self-reduction” to a large extent [14,38]. The higher intensity of the peak at 8983 eV could indicate
that the degree of self-reduction of Cu-SAPO-34 is even higher than for Cu-55Z-13, however, it could
also be due to a different coordination of Cu(l)-states in the two materials. Under the latter
assumption, one would expect a higher fraction of linear or quasi-linear Cu(I) species in
Cu-SAPO-34, while Cu(l) ions with higher coordination and/or lower O-Cu-O bond angles would be
expected after He-activation in Cu-SSZ-13 [45]. Moreover, it has also previously been suggested that
SAPO-34 has a higher reducibility than SS5Z-13, as seen by H2-TPR experiments by Gao et al. [46]. A
higher reducibility of SAPO-34 also supports the higher intensity observed for monocarbonyl
adducts adsorbed on the low loaded SAPO-34 material compared to SSZ-13.

After the material is contacted with Oz, a high fraction of Cu(l) is oxidized to Cu(Il), as seen by
the decrease of the peak at 8983 eV. The change to Cu(ll) is further supported by the increase of the
dipole-forbidden 1s — 3d transition of Cu(lI) ions, appearing in the pre-edge region at 8977 eV (inset
in Figure 7 (a)) [38,39,41,47]. In Cu-SAPO-34, it can be observed that some of the Cu remains as Cu(l)
after exposure to Oz. This can be seen from the remaining peak at 8983 eV. It is also evident that the
average coordination number of both samples is higher in the Oz-activated state compared to the
He-activated state, evidenced by a higher white line (WL) intensity [14,38]. The overall shape of the
XANES and EXAFS spectra after Oz-activation of the two compounds is very similar, suggesting
similar Cu environment. Nonetheless, some difference is observed in the WL, which appears to be
slightly higher and with a somewhat different shape for Cu-SSZ-13 than for Cu-SAPO-34. This
observation is further supported by the higher intensity of the first shell of the EXAFS spectra
(Figure 7). This EXAFS feature is linked with Cu-O single scattering (ss) paths involving framework
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(Otw) and possibly extra framework (Oef) oxygen atoms in the first coordination shell of Cu ions [14].
As evidenced from the dipole-forbidden 1s — 3d transition in the pre-edge region, there is more
Cu(Il) present in SSZ-13 than in SAPO-34 after Oz-activation. More Cu in a higher oxidation state is
usually linked with a higher coordination number to O atomic neighbours in the first shell, which
consequently explains the observed difference in the shape and intensity of the XANES WL as well
as the higher first shell intensity of the FT-EXAFS spectra for SSZ-13 and SAPO-34 recorded after
Oz-activation.

2.4. Comparing the CHa consumption

Based on the Raman and IR spectroscopies, we suggest that more highly coordinated
Cu-species are hosted in SAPO-34. If this is combined with the knowledge that SAPO-34 has a more
restricted placement of Si in the framework, which leads to fewer acid sites in close proximity, it can
be suggested that more of the Cu in SAPO-34 exists as monomeric isolated Cu-sites, compared to
S57-13. Recently, van Bokhoven and coworkers performed CHs-TPR on various zeolites, as well as
monitored, with XANES, the Cu(I) formation in MOR zeolites with different Cu-loadings and were
able to show that more isolated Cu-sites need a higher temperature to be reduced [20,21]. Based on
these observations, we similarly performed CHs+TPR on the SAPO-34 and SS5Z-13 samples
investigated in this work. The consumption of CHs is shown in Figure 8, while the total oxidation to
CO: is reported in Figure S4. It is clear from the results that the CHs-consumption starts at a
substantially lower temperature in 0.50CuSSZ-13 (ca. 200 °C) than in 0.08CuSAPO-34 and
0.25CuSAPO-34 (ca. 280 and 300 °C, respectively).

0.08CuSAPO-34(15)
—— 0.25CuSAPO-34(15)
——0.50CuSSZ-13(15)

Normalized 1/CH, Signal (a.u)

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

Figure 8. Inversed CHi consumption of 0.50CuSSZ-13 (blue), 0.08CuSAPO-34 (orange) and
0.25CuSAPO-34 (red) measured by an online MS during flow of CHs while heating from 100 to 650
°C (ramp: 5 °C/min). The materials were activated at 500 °C in Oz for 8 h prior to the CH+TPR
experiment. The graphs have been normalized to the sample weight.

2.5. Optimization of the Test Parameters

Based on the differences in CHs-oxidation temperature observed in the TPR profiles, we
changed the test parameters by increasing the CHs-loading temperature from 200 to 300 °C for the
two SAPO-34 materials (Test #2 reported in Table 1). The performances thus obtained are plotted in
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Figure 9 together with the previous results for clarity. Interestingly, after increasing the CHs-loading
temperature, we observe a tenfold increase in the CHiOH-yield over 0.08CuSAPO-34 and
0.25CuSAPO-34, while the CHsOH-yield from 0.50CuSSZ-13 decreases significantly, indicating a
loss in selectivity, as also suggested from CO: production observed with CHs-TPR experiments
(Figure 54). When normalizing the yield to the Cu-content, 0.08CuSAPO-34 reaches even a higher
productivity than that observed for 0.50CuSSZ-13 at a 200 °C CHs-loading temperature. The parent
materials, H-SAPO-34 and H-SSZ-13, were also tested with a 300 °C CHs-loading temperature. Both
parent samples had a productivity of less than 2 pumol/g, proving that the productivity of the
materials derive from the Oz-activated Cu-species.

Table 1. Test conditions applied for the DMTM conversion.
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Figure 9. Comparison of the standard test conditions (Test #1-represented by squares) to the high
temperature CHs-loading test conditions (Test #2-represented by green circled triangles). The panel
on the left shows CH3OH yield per gram of zeolite. The panel on the right gives the CHsOH yield
normalized to the Cu content (molctson/molcu). Colours: 0.08CuSAPO-34 (orange), 0.25CuSAPO-34
(red) and 0.50CuSSZ-13 (blue). The estimated error from DMTM conversion over the Cu-SAPO-34
materials in Test #1 is shown as black error bars inside the squares.



Catalysts 2020, 10, 191 12 of 17
3. Materials and Methods

3.1. Material Synthesis

The synthesis and ion exchange procedure for the SS5Z-13 zeolite (Si/Al=15) is reported in a
previous article [14], while the synthesis procedures performed on (Cu-)SAPO-34 ((Al+P)/Si=15) is
described below.

The parent SAPO-34 was synthesized according the synthesis route reported by Mertens [48].
The final gel had a molar ratio of 0.3 5iO2/1 Al2Os/1 P20Os/1 TEAOH/35 H20. First, orthophosphoric
acid, (85 %, Merck), tetraethyl ammonium hydroxide (TEAOH, 35 %, Sigma-Aldrich) and deionised
water were mixed. The mixture was then heated to 30 °C, after which silica (ludox-AS-40, 40 % SiOs,
DuPont) and alumina (Pural SB, 76% Al:Os, SASOL) were added under continuous stirring, before
aging at 30 °C for 2 h. Thereafter, the aged gel was transferred into Teflon lined autoclaves, and
heated to 165 °C, and kept there for 72 h with rotation. The heating rate was 5 °C/h. Last, the reaction
was stopped by quenching, and the obtained powder was washed well with deionised water before
drying over night at 95 °C. The proton form of SAPO-34 was obtained by calcining the material in
static air at 600 °C for 15 h. The heating rate was 2 °C/min, starting from room temperature (RT).
Liquid ion exchange (LIE) was performed to incorporate Cu. For the low loaded material
(Cu/Si=0.08), a 0.02 M CuAcz-solution was prepared and stirred with the material (60 ml solution/g
of zeolite) at RT for 24 h. The pH of the solution was kept in the 5.5-6 range. After stirring, the
material was washed and centrifuged three times. The high loaded material was prepared in the
same way, but the process was repeated three times, with a calcining step between each round (600
°C, 15 h, 2 °C/min). The CuAc: solution used in the first round was 0.02 M. For the second and third
round, a CuAcz-solution resulting in a Cu/Si ratio of 0.5 was used (0.008 M).

3.2. Characterization

Powder X-ray diffraction patterns of the materials, before and after Cu-incorporation were
obtained on a Bruker D8 Discover Diffractometer with a Cu Ka radiation (A=1.5406 A).

Thermogravimetric analysis was used to find the dry weight of the Cu-exchanged materials.
For all measurements, a small platinum crucible, filled with a small amount of sample (around 25
mg), was placed inside a Stanton Redcroft furnace. The samples were heated to 300 °C with a heating
rate of 2 °C/min. The material was kept at 300 °C for 30 min and then slowly cooled to RT.

Specific surface area and pore volume were measured by N2-adsorption experiments,
performed at -196 °C on approximately 40 mg of sample, by estimating the BET isotherm. The data
were collected on a BelSorp MINI instrument. The materials were first pre-treated in vacuum (1 h at
80 °C, and 2 h at 300 °C). The p/po range used for the BET surface area was 0.0-0.1.

Scanning electron microscopy (SEM) was used to investigate the crystal morphology. The
images were collected on a Hitachi SU8230 in deceleration mode. Energy dispersive X-ray (EDX)
was used to obtain the elemental composition of the materials (e.g., Cu/Si and (Al+P)/Si). A small
amount of powder was pressed (5 tons) into a self-supporting wafer, and placed on a carbon tape on
top of a carbon holder, prior to the EDX-measurements.

CO-adsorption at RT was characterized by IR spectroscopy on 0.08CuSAPO-34,
0.25CuSAPO-34 and 0.50CuSSZ-13, in order to investigate the interaction of CO adsorbed on the
Cus-sites. Each material was pressed into a self-supporting wafer (11.3 mg/cm?) and placed inside a
gold envelope. The material was pre-treated in a vacuum for 1 h at 150 °C, 1 h at 300 °C and 1 h at
450 °C. After cooling, small amounts of CO were dosed repeatedly into the cell at RT, until reaching
about a CO equilibrium pressure of 20 mbar. A spectrum was recorded after each dosing.

Raman spectroscopy measurements were used to investigate Cu—O and O-O vibrations in the
Cu exchanged SAPO-34 and SSZ-13 materials. The samples were investigated at RT, both
as-synthesized (hydrated), as well as in sealed capillaries after activation in static air atmosphere.
For measuring the activated samples, boron-silicate glass capillaries (0.5 mm diameter and 0.01 mm
wall thickness) containing the studied materials were heated to 550 °C, with a 3 °C/min ramp and
kept overnight (14 h) at the same temperature. The capillaries were then sealed with a flame gun
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while hot, and then slowly cooled to RT. The spectra were collected with a blue laser (488 nm) and
recorded with a Horiba LabRamanHR microscope, equipped with a Coherent Sapphire laser. The
signal was dispersed over a 1800 lines/mm grating on a thermoelectrically cooled CCD detector. The
excitation beam was focused on the sample with a 50x objective lens.

In situ X-ray absorption spectroscopy (XAS) experiments were performed at the BM23 beamline
of the European Synchrotron Radiation Facility (ESRF) in Grenoble. The measurements were
performed in a Microtomo reactor cell designed by the ESRF Sample Environment group [49],
integrated in a dedicated gas flow setup. Before starting the measurements, the samples were
transformed into self-supporting pellets (ca. 85 mg/cm?) This leads to edge jumps in the 0.4-0.9
region and total absorption pux=2.5. The in situ procedure applied was as described previously by
Pappas et al. [14], where the samples were heated in He from RT to 500 °C with a heating ramp of 5
°C/min and a flow rate of 100 ml/min. After activation, an Oz flow (100 ml/min) was introduced for
180 min. With the use of a liquid N2-cooled flat Si(111) double-crystal monochromator, the Cu
K-edge spectra were collected in transmission mode. Ionization chambers filled with Ar and He
were used to detect the incident (Io) and transmitted (Ii2) X-ray intensities. The third ionization
chamber (I2) was used to collect the XANES spectrum of a Cu metal foil simultaneously with the
samples.[50] After the samples had been stabilised at constant temperature in static conditions, high
quality EXAFS scans were collected. These were acquired in the 8800-9955 eV range with an energy
step of 5 eV in the pre-edge region, 0.3 eV in the XANES region and a constant k step of Ak = 0.035
A~ in the EXAFS region. With an integration time of 1 s/point, the resulting acquisition of the whole
spectrum was 17 min/scan. For analysis, all XAS spectra were normalized to unity edge jump, and
thereafter aligned in energy by applying the Athena software from the Demeter package [51]. To
characterize the static states, three/four consecutive XAS scans were collected, and after checking for
signal reproducibility, the scans were averaged to the corresponding ux(E) curves. The x(k) EXAFS
functions were extracted using the Athena program, and by transforming the k? x(k) functions in the
range of 2.4-13.0 A, the Fourier-Transform (FT) EXAFS spectra were obtained.

CHs-TPR experiments were performed using a U-shaped fixed bed reactor. The effluent was
monitored with an online Pfeiffer MS. About 100 mg of material was used for the measurements.
The flows of CHs (100%), He (100%) and O: (100%) were controlled by needle valve/rotameter
controllers and fed stepwise to the reactor with the use of stop- and 4-way valves. The total gas flow
was always 15 ml/min. The reaction protocol consisted of heating the material at 500 °C in Oz (8 h),
before the reactor was cooled to 100 °C, and flushed with He for 1 h. Then CHs was introduced,
while the temperature was ramped (5 °C/min) to 650 °C.

3.3. Performance Tests

The direct conversion of methane to methanol over the materials was tested with a
purpose-designed setup. Before exposing the material to the test conditions, the samples were
crushed and sieved with a sieve fraction of 250-425 pum. 100 mg of the sample was transferred to a
straight quartz tube (i.d.=6 mm) containing a porous plug. The reactor was connected to the gas lines
inside a tubular oven. The reaction temperature was monitored by inserting a thermocouple placed
inside a quartz sheath at the top of the reactor bed. The flow of CHa (100 %), He (100 %), Oz (100 %)
and a Ne/He mixture (10 % Ne in He) was controlled by MFCs and fed stepwise to the reactor with
the use of stop- and 4-way valves. To obtain approximately 10 % water in the Ne/He-stream passing
through the reactor, the mixture was bubbled through a saturator immersed in an oil bath heated to
45 °C (water vapour pressure = 9.6 kPa).

The standard reaction procedure (test #1) consisted of dehydrating the material at 150 °C in He
(15 ml/min), before a flow of pure O: was introduced, and the temperature increased to 500 °C with a
heating rate of 5 °C/min. The material was kept at 500 °C in O: (15 ml/min) for 8 h. Then, the
temperature was decreased (5 °C/min) to 200 °C, and CH4 (15 ml/min) was purged for 3 h. Finally, a
10 % H20-saturated Ne/He stream (14.9 ml/min) was introduced to extract the selectively oxidized
products out of the pores. The detected products were methanol, dimethyl ether (counted as two
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methanol molecules) and some COx species. The reaction conditions are summarized in Table 1
below.

The effluent from Test #1 (Table 1) were analysed with a Hewlett Packard 6890/6972 GC-MS.
This was equipped with a Supel-Q PLOT capillary column and the carrier gas was He. Analysis was
conducted isothermally at 125 °C and the analysis time was 3.5 min. Samples were injected every 4
minutes and repeated 30 times during extraction. Combined, the chromatography and mass
selective detector allow separation and accurate analysis of all relevant components in the effluent.
For Test #2 (Table 1), an online Pfeiffer MS was used to analyse the effluent.

4. Conclusions

To summarize, it has been observed that there are large differences in the Cu speciation of the
two CHA topology materials - SAPO-34 and SSZ-13 - as observed from XAS, Raman and IR
spectroscopies. These differences are due to several important factors. The polarity of the
framework, induced by the different framework components, is likely to have a large impact on the
location and coordination of the Cu-species. In addition, the multiple Si substitution mechanisms in
SAPO-34 affect the amount and distribution of ion exchange sites, leading to fewer Cu-sites in close
proximity in SAPO-34 than in S5Z-13. With CHs-TPR experiments, we supported the hypothesis that
SAPO-34 has more isolated Cu-sites, by observing that a higher temperature was needed to oxidize
CHa. By changing the CHs-loading temperature from 200 to 300 °C we observed more than a tenfold
increase in methanol yield from 1 to 12 pmol/g for 0.08CuSAPO-34. These results show that the
framework polarity and acid site proximity play an important role for the Cu-speciation.
Furthermore, it is evident that the redox properties of the materials are strongly influenced by the
Cu-speciation. These results indicate that CH+TPR can function as a possible descriptor for the
reducibility of the Cu-sites in zeolites, and we suggest that CHs-TPR will be an important tool in
future work for tuning metal-loaded zeolites under different reaction conditions and finding the best
suited process for direct conversion of methane to methanol.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: SEM
images, Figure S2: PXRD patterns of SAPO-34, Figure S3: PXRD patterns of Cu-SAPO-34, Figure S4: CO:
production from CH:-TPR. Table S1: physicochemical characterization, Table S2: Raman spectroscopy
assignments.
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