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Methane is often flared due to the heavy economic burden of transportation, particularly at rural petroleum
extraction sites. Directly converting methane to methanol is possible through a stepwise process with
copper-exchanged zeolites. Factors affecting this conversion are not yet fully understood. Omega zeolite
(MAZ) can yield 197 pmol per gram-zeolite, the highest reported thus far. Here we show that the synthesis
and resulting morphology of the zeolite play an enormous role in the yield of methanol. High yields are
only achieved when the zeolite has a longer stick-like bundled morphology (2-4 pm by 100 nm). When the

Received 3rd January 2019, zeolite forms small spherulitic aggregates, the methanol yield is severely diminished (60-97 umol-

Accepted 17th April 2019 methanol per gram-zeolite). This difference originates from minute changes in the synthesis procedure,
DOI: 10.1039/c9¢y00013e emphasizing the extreme sensitivity of zeolite properties towards synthesis conditions. This work shows
that selecting a parent zeolite is crucial and is an opportunity for process optimization to achieve high and

rsc.li/catalysis industrially-relevant methanol yields.

Open Access Article. Published on 23 April 2019. Downloaded on 12/4/2025 2:07:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Introduction

The market price of methane doesn't always meet the costs of
its compression and transportation. This is particularly true
at distant crude oil production facilities where methane can
accompany more desired products like crude oil. The fate of
this methane is determined by local environmental regula-
tions and local economics of transportation. In the end, this
leads to large amounts of methane being wasted through
combustion (flaring)."” This process, though wasteful, is bet-
ter for the environment than direct emissions of methane to
the atmosphere, since carbon dioxide has a lower greenhouse
gas effect than methane. Alternatively, methane can be
converted to other chemicals that are more cost effective due
to easier transportation or higher market value.* Such conver-
sions are fundamentally challenging as desired products can
be highly reactive, and the conditions for activating a carbon-
hydrogen bond in methane can also result in overoxidation
(i.e. formation of CO,) of the products.’

Converting methane to methanol is one such process that
has garnered attention academically and industrially.®®
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Methane can be converted to methanol by an energy-
intensive two-step process that first requires steam reforming
and then catalytic conversion of synthesis gas to methanol.
Although this process is industrially established, the costs of
building and operating such a plant are high.'® Alternatively,
direct conversion of methane to methanol has been observed
when a stepwise process is used over materials like copper or
iron-exchanged zeolites;"" however, such direct conversion is
in its developmental infancy. The first Cu-exchanged zeolites
to be reported to convert methane to methanol were Cu-ZSM-
5 and MOR.">"® The initial yields were very low and the vast
majority of the copper did not participate in the conversion.
Over the course of the past 15 years, the methanol yield
has steadily increased as each contribution to this field has
improved our understanding of the extraction process,''®
cation exchange process,'®™® and structure-property relation-
ships.”®?*® However, numerous aspects of this process
remain poorly understood and significant variation can be
found in: methanol yields,">'*®!2%21 proposed active
sites,'>13:16:20:22730 anq observed differences in the oxidation
and reduction of copper,®® oftentimes even with the same
zeolite framework and zeolite composition.

Zeolites are composed of silicon and aluminum atoms
that are tetragonally coordinated (T-sites) to oxygens. These
T-sites are arranged in a variety of ways that allow for over
232 zeolite structures.® They differ from each other in the
pore size and the connectivity of each pore. Due to the differ-
ent charges on the silicon and aluminum, when aluminum is

This journal is © The Royal Society of Chemistry 2019
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in the structure it produces a negative charge. This negative
charge is balanced by a cation (i.e. copper or iron), and in a
reaction such as methane to methanol conversion, this cation
and associated oxygen form the active site. Zeolites are pri-
marily made by hydrothermal synthesis, but for each zeolite
there can be multiple different synthesis conditions; addi-
tionally, zeolites can go through post-synthetic treatment
which adds further to the matrix of possible pathways to ob-
tain a specific zeolite.*® Across the methane to methanol lit-
erature, the source of the tested zeolite varies. Often times,
zeolites such as mordenite and ZSM-5 are commercially
purchased;">***® however, there is no overlap (or very
rarely) in zeolite suppliers,'>'**"** and the precise details of
synthesis conditions or post-treatment are rarely publicly
available. Meanwhile, other groups are synthesized in-house
through hydrothermal synthesis.>**”° It is well-known that
subtleties in the synthesis process*>*° can greatly affect vari-
ous properties of the zeolite, including the morphology,**
intergrowth,*>** and aluminum distribution.****

Mazzite (MAZ) rarely occurs naturally and has been
reported to occur in two locations: Mont Semiol, Loire,
France®® and later in Boron, California, USA.*” Mazzite was
synthetically made through hydrothermal synthesis prior to its
discovery in nature. The synthetic versions are referred to as
omega zeolite*® and ZSM-4.*> However, currently, it isn't read-
ily available commercially, and thus needs to be synthesized
in-house. MAZ only has a narrow range of synthesis
parameters,”>" and often is plagued by trace amounts of com-
peting phases like sodalite, gismondine and MAZ's precursor,
zeolite Y. Copper-exchanged MAZ with a sodalite co-phase has
relatively high conversion of methane to methanol compared
to other well-studied zeolites (i.e. mordenite),>* and the metha-
nol yield can be further increased by synthesizing pure MAZ.>

Through exploring simple changes in synthesis conditions
of MAZ, we show that the methanol yield is greatly
influenced by the morphology of the parent zeolite. Since
most groups tackling the methane to methanol problem work
on differently sourced zeolites, the wide range of methanol
yields and observations may be at least partially explained by
differences in the parent zeolite. More importantly, this fact
makes it clear that the zeolite synthesis is one more opportu-
nity for optimizing and ultimately improving the conversion
of methane to methanol with zeolites.

Experimental

To study how minor changes in the synthesis could affect the
methane to methanol conversion, omega zeolite (MAZ) was
synthesized through the hydrothermal autogenous pressure
synthesis technique. A gel slurry was prepared with a molar
composition of SiO,:Al,03:Na,0:TMACl:water = 15.2:1:
7.1:1.4:460, and the molar composition was kept constant,
but parameters like the rotation speed were altered. The
slurry was placed into a 100 ml steel autoclave with a Teflon
liner. For Cu-MAZ-fast and Cu-MAZ-slow, the only difference
in the synthesis was that the slurries were subjected to two
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different rotational speeds during synthesis: 15 vertical turns
per minute (Cu-MAZ-fast), and 5 vertical turns per minute
(Cu-MAZ-slow).

Due to the narrow range of synthesis conditions, homoge-
neity is important for producing pure omega which is, in
turn, promoted by rotating the autoclave during synthesis.
The samples were kept in the oven at 378 K for 21 days.
Both samples were calcined and ion exchanged in the
same manner, and the details of the -calcination and
exchange procedures can be found in the ESLj Both samples
were then tested for the direct conversion of methane to
methanol in two stepwise procedures: high temperature
activation'>'*%3%52 ynder isobaric conditions, and high tem-
perature activation with elevated methane pressure (6 bar).>”>*

Results

The effect of the rotational speed during synthesis results in
immense differences in the methanol yield for both proce-
dures as shown in Fig. 1. For the conventional procedure,
MAZ-slow yields nearly 1.5x more methanol than MAZ-fast
with MAZ-slow producing 150.9 umol per gram-zeolite, which
is comparable with the highest values for mordenite.>> With
higher methane pressures, the methanol yield can be further
increased for both samples. For MAZ-slow, the improvement
of methanol yield by increasing the pressure is greater than
that for MAZ-fast. With 6 bar methane, MAZ-slow can pro-
duce nearly twice that of MAZ-fast resulting in a yield for
MAZ-slow of 197 umol per gram-zeolite, the highest recorded
yield thus far without the required higher methane pressures
(30 bar) previously reported for Cu-MAZ.>* This difference
between MAZ-slow and MAZ-fast indicates that the condi-
tions of the zeolite synthesis can significantly influence the
performance of a material for the conversion of methane to
methanol.

Despite the large differences in the performance in the
conversion of methane to methanol, traditional characteriza-
tion methods (i.e. BET, XRD, and NMR) show that both sam-
ples are very similar as shown in Fig. 2 and Table 1. The

03 - MAZ-slow

MAZ-fast
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Reaction: 473K 6 bar CH,

Fig. 1 Methanol yield per copper for MAZ-fast and MAZ-slow for dif-
ferent stepwise procedures for the conversion of methane to metha-
nol. MAZ-slow outperforms MAZ-fast in both procedures.
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Fig. 2 (Left) XRD patterns of MAZ-fast and MAZ-slow after calcination at 550 °C. Both synthesis procedures produced pure MAZ. (Right) Al MAS
NMR spectrum of MAZ-slow and MAZ-fast after calcination at 550 °C. Cations were exchanged with ammonium for NMR analysis. No extra-
framework aluminum is detected and the distributions in the two T-sites are similar.

Table 1 Summary of the synthesized MAZs at various stages (i.e. uncalcined, calcined and copper cation exchanged)

Uncalcined Calcined Cation exchanged
Sample name C/N ratio Wt% organics Si/Al BET surface area (m” g") Wt% Cu
MAZ-fast 3.77 5.64 4.32 137.0 4.78
MAZ-slow 3.75 5.40 4.25 135.9 4.64

hydrothermal synthesis of omega zeolite progresses very simi-
larly for both samples with the aluminum and the structure
directing agent (SDA) being incorporated into the zeolite with
equivalent C/N and Si/Al ratios in Table 1. Fig. 2 shows that
pure crystalline omega was formed in both cases with high
crystallinity. Aluminum T-site occupancy is often alluded to
as a reason for performance differences; however, the deter-
mination of aluminum distribution in T-sites is often an
open question due to the difficulty in distinguishing silicon
from aluminum in T-sites by XRD or indistinguishable sites
by *’Al NMR. Fortunately, in omega zeolite, there are two
non-equivalent crystallographic T-sites, both of which are
distinguishable in >’Al MAS NMR spectra.”® In Fig. 2 both
samples yielded identical spectra and indicate no difference
in aluminum distribution between T1 and T2 sites which
therefore is not a reason for the observed differences in the
performance.

To understand differences in the copper speciation, both
samples were examined by FTIR spectroscopy and X-ray ab-
sorption spectroscopy (XAS). By using NO as a probe mole-
cule with FTIR, the copper speciation for activated MAZ-fast
and MAZ-slow was investigated. The resulting spectra in Fig.
S5+ show that a similar multiplicity of copper(u) sites is pres-
ent in both materials. Additionally, in situ XAS at the Cu-K
edge was used to probe the local electronic and geometric
structure of copper during the activation and reaction at one
or six bar methane. Fig. 3 shows that after activation, both
XANES spectra are very similar in shape with a shoulder at
8986 eV which has been previously attributed to the dehydra-
tion of copper.'® There is a slight difference in the maximum
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intensity with MAZ-fast showing a lower relative intensity and
a small copper(1) shoulder at 8983 eV. A difference is also ob-
served in the EXAFS spectra with a small enhancement in the
intensity for the first shell (Cu-O) of MAZ-slow (Fig. S27).
This difference could be attributed to an increase of average
local coordination to oxygen for MAZ-slow, and such a
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Fig. 3 (Top) Cu K-edge spectra of activated MAZ-slow and MAZ-fast.
(bottom) Cu K-edge spectra of in situ stepwise conversion of MAZ-fast.
Spectra were taken after reaction at one and six bar methane.
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Fig. 4 SEM micrographs of MAZ-slow and MAZ-fast.

difference could be a result of differential diffusion of oxygen
into the zeolites during activation. For the second shell, de-
termination of speciation between Cu-O, Cu-Cu, and Cu-
Al(Si) is inconclusive. The EXAFS spectra for both appear sim-
ilar to previously reported spectra for activated MOR sam-
ples'®?® with a copper nuclearity of one to three copper
atoms as opposed to large copper agglomerates.

During interaction with methane, the conversion of
copper(n) to copper(i) is greater for MAZ-slow with Cu(i) ac-
counting for 44% of copper while for MAZ-fast the conversion
to Cu(y) is less with only 26% as Cu(1) after reaction at 1 bar.
As the methane pressure is increased, the copper(n) to
copper(i) conversion increases further. Assuming a two-
electron redox mechanism for the conversion of methane to
methanol, MAZ-slow is near the expected two reduced cop-
pers per methanol formed.*' However for MAZ-fast, more
copper(1) is formed per methanol yield. To further understand
this difference, the reaction products were also examined by
FTIR spectroscopy. Both samples were highly selective; how-
ever, there was relatively more carbon monoxide per methoxy
species formed in MAZ-fast than MAZ-slow (Fig. S67). Carbon
monoxide requires reduction of six copper atoms during its
formation and can contribute to the formation of Cu(y),
though such a difference in selectivity does not fully explain
the vast performance differences.

View Article Online
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One observed difference between the two samples was the
morphology and the crystallite size. The SEM micrographs in
Fig. 4 show MAZ-slow having bundles of interconnected
sticks with lengths of 2-4 ym and 100 nm thickness, and
MAZ-fast having spherulitic aggregates of small rods with
lengths of ~300 nm and 10 nm thickness.

Similar morphologies were also obtained by changing ad-
ditional parameters of the synthesis (i.e. silicon source and
structure directing agent). Morphology is not therefore purely
dependent on the rotation. Long bundled rods were synthe-
sized when Ludox SM-30 was used as the silicon source in
both rotation regimes. Meanwhile, for the silicon source
Ludox AS-30, small spherulitic particles were formed in both
rotation regimes.

In all the cases, when the morphology was small spheru-
litic aggregates, the methanol yield was severely diminished
as shown in Table 2. Conversely, in all the syntheses that pro-
duced long bundled rods, the methanol yields clustered
around 140-150 pumol-methanol per gram zeolite showing
that the morphology plays an important role in the resulting
methanol yield.

Discussion

After the first patents of MAZ,"® there was a spike in interest
industrially and academically for its synthesis and perfor-
mance in various catalytic reactions (i.e. hydrocracking and
isomerization). The two morphologies that we observed in
Fig. 4 have been observed previously under different synthe-
sis conditions,’”*'*”*® and these different syntheses and
morphologies can lead to differences in thermal stability,>®
decomposition mechanism,*® diffusion properties,”” adsorp-
tion capabilities,”” and coking susceptibility.>” Ultimately,
these subtle differences affect a zeolite's overall performance
in different reactions. We observe that the methane to metha-
nol reaction is no exception, and the synthesis and overall
resulting morphology greatly affect the methanol yield.

The vast majority of syntheses lead to a similar morphol-
ogy to that of MAZ-fast. Larger crystallites, specifically hexag-
onal shaped ones, were also reported and patented for their
superior thermal stability relative to the smaller aggregates.’®

Table 2 Additional synthesis for the formation of pure MAZ and the resulting morphologies. These additional MAZ samples were tested for the conver-

sion of methane to methanol

pmol-MeOH pmol-MeOH
Sample name Cu (mg per g-zeolite) Si/Al ratio per g-zeo. per umol-Cu Morphology
Varying the structure direction agent (TMABr and TMAOH)
MAZ_TMABr 45.0 4.3 104 0.15 Small rod aggregates (500-800 nm)
MAZ_TMAOH 50.4 6.6 71.4 0.09 Spherulitic aggregates (200-300 nm)
Varying silicon source (slow rotation)
MAZ_AS_slow” 48.2 4.1 98.3 0.13 Spherulitic aggregates (300-500 nm)
MAZ_SM_slow” 44.4 4.0 144.8 0.21 Long bundled rods (2-3 pm)
Varying silicon source (fast rotation)
MAZ_SM_fast” 42.7 4.6 142.5 0.21 Long bundled rods (2-3 pum)
MAZ_AS_fast® 43.1 4.3 37.6 0.06 Spherulitic aggregates (300-400 nm)

“ Silicon source Ludox AS-30. ? Silicon source Ludox SM-30.

This journal is © The Royal Society of Chemistry 2019
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Morphologies with large crystallites can withstand tempera-
tures as high as 1173 K, but the small spheroids start to de-
compose at 873 K.”® Additional follow-up papers found the
mechanism of decomposition and the crystallization be-
tween these two morphologies to be different as well.>® How-
ever for the methane to methanol stepwise procedure, we
are below such a temperature. Upon examination of the
XRD pattern and aluminum NMR spectra after the reaction,
there are no signs of degradation during the stepwise proce-
dure (Fig. S17).

Additionally, such MAZ morphologies have been studied
for their differing diffusion and adsorption properties.”” Dif-
fusion limitations were generally observed across the tested
catalytic reactions and led to deactivation and coking for
reactions such as cracking of hydrocarbons.” The basic zeo-
lite channel structure is responsible for its diffusion limita-
tions. MAZ has unidirectional 12-membered channels (aper-
ture: 7.5 A) and 8-membered channels (aperture: 3.1 A). The
channels are separated by 4- and 5-membered rings which
are too small for molecules to travel from the 12-membered
channels to the 8-membered channels; therefore, the 12-
membered channels and 8-membered channels operate inde-
pendently from each other. The 8-membered channel is
connected with the 8-membered ring of the gmelinite cage.
In one diffusion study, omega zeolite's morphology affects
greatly the diffusion coefficient.”” Specifically, the larger
particles like we observed for MAZ-slow have much higher
diffusion rates than the small spherulitic aggregates which
resemble the morphology of MAZ-fast.>” Methane to metha-
nol conversion is a stoichiometric rather than a catalytic pro-
cess that requires the activation, reaction, and extraction to
be performed as separate steps. The deleterious effects of
specific morphologies like MAZ-fast can compound for each
step of the methane to methanol procedure, resulting in
unformed active sites, inaccessible active sites, and/or
unextractable methanol and finally low methanol yields.

Conclusions

Synthesis-dependent properties are not unique to omega zeo-
lite and have also been observed for other zeolites that are ac-
tive in the conversion of methane to methanol. Our observa-
tion of more advantageous synthesis conditions and
morphologies for the conversion of methane to methanol can
be applied to other zeolites. The morphology is a direct result
of how the crystals grow and can significantly affect various
properties of the material, such as potential diffusion/adsorp-
tion limitations, pore blocking, and thermal stability.
Cu-MAZ has one of the highest reported methanol yields
for the conversion of methane to methanol on copper-
exchanged zeolites. Different synthesized morphologies result
in differences in the methanol yield despite having similar
Si/Al ratios, BET surface areas, aluminum T-site occupancies,
copper speciation (FTIR and EXAFS), and XRD patterns. This
highlights that the zeolite itself can greatly affect the success
of methane to methanol conversion. For the methane to

2810 | Catal Sci. Technol, 2019, 9, 2806-2811
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methanol community, this work shows that care should be
taken when selecting a parent zeolite for such studies, but
more importantly it highlights the opportunity that the zeo-
lite itself has for optimizing this process.
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