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CATALYTIC METHODS FOR THE PRODUCTION OF AN ALCOHOL FROM AN
ALKANE

Related Applications

This application claims priority to U.S. Provisional Patent Application Serial No.
62/255,142, filed November 13, 2015, entitled, “CATALYTIC, LOW TEMPERATURE,
VAPOR PHASE OXIDATION OF METHANE INTO METHANOL,” which is herein

incorporated by reference in its entirety for all purposes.

Field of the Invention

The present invention generally relates to apparatuses, systems, and methods for

oxidation of an alkane into an alcohol.

Background of the Invention

Different strategies have been used to convert an alkane species into alcohol. For
example, a common strategy to convert methane into higher valued fuels is the gas-to-
liquids (GTL) process of steam reforming methane into syngas (CO and H,) and
subsequent reaction into methanol, but GTL requires large scales and billions in capital
investment. This industrial pathway to convert methane into methanol involves two
capital-intensive reactions: steam reforming and methanol synthesis. Steam reforming
converts methane and water into hydrogen and carbon monoxide gases. This “syngas” is
then fed into a methanol synthesis unit where the syngas is converted into methanol or
other hydrocarbons. Several drawbacks exist for this industrial pathway. Firstly, the
technical complexity is high. Two reaction units must be built as well as associated
separations units afterwards. Numerous cryogenic separations and other utilities are
needed to purify the syngas effluent from steam reforming to allow methanol synthesis to
proceed efficiently. Auxiliary operations within the gas-to-liquids plants accounts for
roughly half of the plant cost. Such technical complexity requires extremely large scale
production facilities, thereby incurring high capital costs for gas-to-liquids plants.
Secondly, steam reforming is energy intensive due to the high temperatures required
(greater than 800°C). Lastly, methanol synthesis requires high pressures (50 — 100 bar),
incurring additional cost for compression pumps.

To avoid the large scale production facilities needed to make steam reforming
and methanol synthesis profitable, alternatives have been researched for the direct partial

oxidation of methane. One proposed alternative has been to utilize enzymes. An inherent
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problem with using enzymes industrially is their sensitivity to harsh temperatures and
pH, difficulty of purifying large amounts of homogeneous enzyme, and difficulty in
purification of alcohol products and enzyme from liquid water (solvent).

Inorganic catalysts for methane oxidation have been developed, but all suffer
from at least one of the following deficiencies: expensive catalyst or oxidant, low
selectivity, high temperatures, economic and/or energy inefficiency, or environmentally
harmful reagents needed. Copper exchanged zeolites ZSM-5 and mordenite (MOR) have
been studied for use in oxidizing methane at low temperatures (less than 423 K) using
molecular oxygen. Yet, oxidized methane is strongly bound to the copper active site or
Bronsted acid sites as a surface methoxy species, requiring water to extract methanol
while simultaneously deactivating the active sites. Therefore, conversion of methane to
methanol utilizing inorganic catalysts (e.g., zeolites) has heretofore been done
stoichiometrically — with the production of methanol limited by the number of active
sites for one cycle without the ability to sustain a continuous reaction process. Such a
process would generally proceed as follows. The catalysts would be activated at a higher
temperature. A flow of pure methane at a lower temperature would produce methoxy
species at the active sites of the catalyst. Once the active sites of catalyst material were
occupied by an oxidized methane molecule, an atmosphere of water would be introduced
to extract this methoxy species as methanol. The deactivated catalyst would be dried and
then heated to high temperatures to reactivate the catalyst. The multi-step cycle would
then be repeated in order to extract a second set of stoichiometrically produced methanol.
Such a process results in energy losses and lost time of unutilized catalyst during
regeneration.

Accordingly, methods for catalytic alcohol (e.g., methanol) production are

needed.

Summary of the Invention

The present invention generally relates to apparatuses, systems, and methods for
oxidation of an alkane into an alcohol.

According to one or more embodiments, a method of catalytically forming an
alcohol from an alkane is described. The method may comprise exposing a catalyst to an
atmosphere comprising the alkane, an oxidizing agent, and a protic solvent, wherein
alcohol is formed by conversion of the alkane, the oxidizing agent, and the protic

solvent.
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According to one or more embodiments, a method of catalytically forming
methanol from methane is described. The method may comprise exposing a catalyst to
an atmosphere comprising methane, oxygen, and water, wherein methanol is formed by
conversion of methane, oxygen, and water.

According to one or more embodiments, a method of catalytically forming
methanol from methane is described. The method may comprise exposing a catalyst to
methane, oxygen, and water, wherein methanol is formed by conversion of methane,
oxygen, and water at a steady state production rate of from about 0.5 to about 160 pmol

per hour per gram of catalyst.

Brief Description of the Drawings

FIG. 1 is a graphical representation of methanol production, according to one or
more non-limiting embodiments;

FIG. 2 is a graphical representation of methanol and carbon dioxide production
and selectivity, according to one or more non-limiting embodiments;

FIG. 3 is a graphical representation of a relationship between pressure and a
steady state production rate of methanol, according to one or more non-limiting
embodiments;

FIG. 4 is a graphical representation of methanol production, according to one or
more non-limiting embodiments;

FIG. 5 is a graphical representation of methanol production, according to one or
more non-limiting embodiments;

FIG. 6 is a graphical representation of a relationship between selectivity and
temperature, according to one or more non-limiting embodiments;

FIG. 7 is a graphical representation of a relationship between site time yield and
temperature, according to one or more non-limiting embodiments;

FIG. 8 is a graphical representation of a relationship between methane conversion
percentages and temperature, according to one or more non-limiting embodiments; and

FIG. 9 is a graphical representation of methanol production rate and catalytic
turnover, according to one or more non-limiting embodiments.

Other aspects, embodiments, and features of the invention will become apparent
from the following detailed description when considered in conjunction with the
accompanying drawings. The accompanying figures are schematic and are not intended

to be drawn to scale. For purposes of clarity, not every component is labeled in every
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figure, nor is every component of each embodiment of the invention shown where
illustration is not necessary to allow those of ordinary skill in the art to understand the
invention. All patent applications and patents incorporated herein by reference are
incorporated by reference in their entirety. In case of conflict, the present specification,

including definitions, will control.

Detailed Description

The present disclosure generally relates to apparatuses, systems, and methods for
oxidation of an alkane (e.g., methane) into an alcohol (e.g., methanol).

According to some embodiments, methods of catalytically forming an alcohol
from an alkane are generally described. The method may comprise exposing a catalyst to
an atmosphere comprising the alkane, an oxidizing agent, and a protic solvent, wherein
alcohol is formed by conversion (e.g., direct conversion) of the alkane, the oxidizing
agent, and the protic solvent. In a specific example, methods of catalytically forming
methanol from methane are generally described. The method may comprise exposing a
catalyst to an atmosphere comprising methane, oxygen, and water, wherein methanol is
formed by conversion (e.g., direct conversion) of methane, oxygen, and water.

Without being bound to a particular theory, it is believed that the continuous
and/or catalytic nature of the methods described herein are achieved through proper
choice of catalyst and/or the proper combination of components in the atmosphere
surrounding the catalyst during alcohol production. The inventors unexpectedly
discovered that use of a combination of alkane, oxidizing agent, and protic solvent (e.g.,
methane, oxygen and water) in the presence of a wide range of catalysts lead to
continuous, catalytic production of alcohol (e.g., methanol). More specifically, the
process described herein resulted in a certain number of active sites which were
unexpectedly found to be tolerant to the oxidizing agent and solvent, and could therefore
continuously operate without having to be separately reactivated, ultimately producing
more methanol than the total number of active sites present in the catalyst. Such a
continuous operation may be contrasted with previous stoichiometric methods for
producing methanol with use of an inorganic catalyst would result in one or less than one
molecule per active site in the catalyst, and in which the extraction process would
deactivate sites of the catalyst, requiring the production process to be stopped to

reactivate the catalyst at high temperature.
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A catalytic process is provided which allows for the direct conversion of alkane
(e.g., methane) into alcohol (e.g., methanol) in the gas phase in the presence of a catalyst.
According to some embodiments, processes generally described herein allow for the
production of alcohol to take place according to a catalytic process, in contrast to known
stoichiometric processes. Such catalytic processes may allow for the production of an
amount of alcohol (e.g., methanol) that exceeds the number of active sites in the catalyst
for a given production cycle.

The phrase “catalytic process” is given its ordinary meaning in the art and
generally refers to a continuous process wherein on average, more than one molecule of
product is produced per a single active site of the catalyst. For example, a catalytic
process does not include the regeneration of the catalyst through a separate regeneration
process. The phrase “stoichiometric process” is given its ordinary meaning in the art and
generally refers to a process in which only one molecule of product is produced per a
single active site of the catalyst, wherein the active site is inactive following formation of
the molecule of product. Thus, in contrast to a catalytic process, in order to produce more
than one molecule of product per a single active site of the catalyst, the catalyst must be
regenerated through a separate regeneration process. In some embodiments, in which the
precise number of active sites has not been fully determined, but has been limited to a
particular class, such as moles of a particular metal (for example, copper), the total
number of moles of that metal serve as a ceiling to the number of possible active sites.
According to such embodiments, a process is catalytic where the moles of product
generated exceed the moles of that metal (e.g., copper), without requiring a separate
regeneration process.

According to one or more embodiments, the alkane and the alcohol may be
represented by the general formulae, R'CH; and R'CH,OH, respectively, where R'is
hydrogen or an optionally substituted alkyl group. In some embodiments, R'is
unsubstituted alkyl. In embodiments where methane is converted to methanol, R'is H.

According to some embodiments the atmosphere comprises a protic solvent. The
term solvent is given its ordinary meaning in the art and refers to a substance capable of
desolving a solute (a chemically distinct liquid, solid or gas), resulting in a solution. A
solvent is usually a liquid but can also be a solid or a gas. The term protic solvent is
given its ordinary meaning in the art and generally refers to a solvent that comprises a
labile H*. For example, protic solvents readily donate protons (H") to reagents. In some

embodiments, the protic solvent has a hydrogen atom bound to an oxygen (as in a
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hydroxyl group) or a nitrogen (as in an amine group). Non-limiting examples of protic
solvents include water, alcohols (e.g., ethanol), , formic acid or any inorganic acid, such
as HCI or nitric acid. In some embodiments, the protic solvent is water. In some
embodiments, the protic solvent is ethanol. Alternative or additional protic solvents or a
combination of protic solvents or a combination of protic and aprotic solvents (e.g., a
combination of water and an aprotic solvent, such as, acetonitrile) may be used, in some
embodiments.

According to some embodiments, the atmosphere comprises an oxidizing agent.
The term oxidizing agent is given its ordinary meaning in the art and generally refers to a
reactant that has the ability to oxidize or increase the oxidation state of another reactant.
In the processes described herein, generally the oxidizing agent serves as a source of
oxygen for the reaction to convert the alkane species to the alcohol species. Non-limiting
examples of oxidizing agents include oxygen (O,), ozone (O3) nitric oxide, nitrous oxide,
and hydrogen peroxide. In some embodiments, the oxidizing agent is oxygen (O»).
Alternative or additional oxidizing agents or a combination of oxidizing agents may be
used, in some embodiments.

While reference will often be made to methane, water, oxygen, and methanol, in
describing embodiments of the disclosure, herein, it should be understood that other
alkanes, protic solvents, oxidizing agents, and alcohols, respectively, could be substituted
for those particular species, unless otherwise noted.

Those of ordinary skill in the art will be aware of systems and methods for
exposing a catalyst to an atmosphere comprising an alkane, oxidizing agent and protic
solvent. Generally, the alkane, oxidizing agent and protic solvent are in the gaseous
stage, and the reaction is carried out in an apparatus suitable for gaseous reaction. In
some embodiments, the reaction is carried out in a reactor (e.g., a packed bed reactor) in
which the catalyst is exposed to the alkane, oxidizing agent and protic solvent in a
gaseous stream that is introduced to the reactor. The different components of the
atmosphere may be introduced to the reactor from a single inlet or from multiple inlets.
The gas stream may be introduced to the reactor continuously, for example, when the
reactor is operating in a continuous mode, and a continuous reaction is taking place.
According to some embodiments, the atmosphere may comprise an atmosphere of a
sealed reactor, in which no new matter enters or exits the reactor during operation in a

batch mode.
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According to one or more embodiments, the catalyst is exposed to the alkane, the
oxidizing agent, and the protic solvent simultaneously. By simultaneous it is meant that
the different components are in the proximity of the catalyst at the same time, for
example, as components in a gas mixture. For example, the catalyst is exposed to a
continuous gaseous stream comprising the alkane, the oxidizing agent, and the protic
solvent (e.g., as opposed to a stream comprising first the alkane and the oxidizing agent,
following by a stream at a different point in time comprising the protic solvent).

According to one or more embodiments, the alcohol (e.g., methanol) is formed by
direct conversion of alkane, an oxidizing agent, and a protic solvent (e.g., methane,
oxygen, and water, respectively). As used herein the phrase “direct conversion” refers to
a conversion of reactants to product which takes place in a reactor, into which the
reactants are introduced and from which the product(s) forms under a single set of
process conditions (e.g., over the same or substantially same temperature and pressure,
and in the presence of a single feedstock). For example, a catalyst is exposed to a
gaseous stream comprising all of the reactants under a first set of conditions (e.g.,
temperature, pressure, components of gaseous stream, etc.) and the product is formed
without a change in the first set of conditions. Such direct conversion may be
distinguished from conversion mechanisms in which multiple unit operations are
required to convert the alcohol, for example, conversion mechanisms that comprise both
steam reforming and methanol synthesis.

According to one or more embodiments, prior to the exposing step, the catalyst
may be activated. In some embodiments, the catalyst may be activated under a flow of
oxygen. The concentration of oxygen by volume may vary widely. In some
embodiments, the flow of oxygen (O;) may comprise at least 80%, at least 90%, or at
least 99% oxygen by volume. In some embodiments, the flow of oxygen (O,) during
activiation may be less than 0.01% oxygen by volume.

In embodiments where an activation step takes place, the step of activating the
catalyst may be carried out at a particular temperature or temperature range. The
temperature during activation may be greater than the temperature during the exposing
step. For example, the activation step may be carried out at a temperature of about 450
°C, or between about 450 °C and about 700 °C, or between about 450 °C and about 600
°C, or between about 450 °C and about 550 °C, or between about 500 °C and about 700
°C, or between about 500 °C and about 600 °C.
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The activation step may be performed for a certain length of time. In some
embodiments activation may take place for between about 1 to 10 hours, or between
about 4 to 6 hours.

According to some embodiments, after activation, a flow of inert gas (e.g., He,
Ar, N») may be introduced to the environment surrounding the catalyst to purge any
remaining oxygen. According to some embodiments, the purging may take place for a
period of from about ten minutes to two hours.

Following activation, the temperature of the catalyst may be lowered to a
temperature at which the exposure of the catalyst to the protic solvent, alkane, and
oxidizing agent is carried out.

The step of exposing the catalysts to the alkane species, the oxidizing agent, and
the protic solvent may be carried out at a designated temperature or temperature range.
According to some embodiments the exposing is carried out at a temperature between
about 60 C to about 500 'C, between about 190 ‘C and about 400 ‘C, between about 200
'C and about 400 'C, or between about 200 ‘C and about 260 C.

The methanol production described herein may take place at generally higher
temperatures than previous stoichiometric techniques, in which at temperatures higher
than about 200 °C the methoxy groups are over-oxidized to create CO; rather than
methanol.

According to some embodiments, a flow of methane may optionally be
introduced to the catalyst prior to exposing the catalyst to an atmosphere comprising a
mixture of methane, oxygen, and water. This optional flow of methane may comprise at
least 90% methane, at least 95% methane, or at least 99% methane by volume. In some
embodiments the optional flow of methane may be at least 10%, or at least 40% by
volume. Other concentrations are also possible. The methane may be introduced for a
period of time. In some embodiments the flow of pure methane may be introduced for a
period of about ten minutes to an hour. During this period, a portion of the methane
stream may form methoxy or methanol groups at active sites of the catalyst.
Alternatively, the step of flowing a pure or substantially pure stream of methane to
stoichiometrically form methanol may be bypassed.

After this period of introducing a methane stream, water and oxygen may be
added to the stream to simultaneously expose the catalyst to an atmosphere comprising

water, oxygen, and methane. The methoxy or methanol groups stoichiometrically formed
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during the flow of pure methane are then extracted as methanol, while the flow continues
to generate additional methanol, catalytically.

According to one or more embodiments, the atmosphere surrounding the catalyst
may have a particular pressure during the step of exposing a catalyst to an atmosphere
comprising the alkane, an oxidizing agent, and a protic solvent. For example, the
atmosphere may have a pressure of or substantially near to atmospheric pressure. In
some embodiments, the pressure may be at least about 0.8, 0.9, 1.0, 1.1 or 1.2 ATM. In
some embodiments, the pressure may be less than or equal to about 1.3, 1.2, 1.1, 1.0, or
0.9 ATM. Combinations of the above values are also possible (e.g., a pressure of at least
about 0.8 ATM and less than or equal to about 1.2 ATM. Other pressures are also
possible; for example, in some embodiments the pressure may be at least 0.1 ATM,
while in other embodiments the pressure may be at least or about 5 ATM, 10 ATM, 15
ATM, 50 ATM or 80 ATM.

According to one or more embodiments, the atmosphere may comprise alkane
species, the oxidizing agent, and the protic solvent according to designated proportions.
For example, in embodiments in which the atmosphere comprises water, oxygen, and
methane, these constituents may be present at certain proportions. In some embodiments,
the concentrations of the different components may be chosen to maximize alcohol (e.g.,
methanol) production. Without being bound to a particular theory, it is believed that the
reaction rate for methanol production is zero order with respect to oxygen. Accordingly,
the concentration of oxygen may be chosen to be enough to saturate the active sites of
the catalyst with the understanding that any concentration above that amount is not
contributing to the reaction rate. Without being bound to a particular theory, it is
believed that the reaction rate for methanol production is half order with respect to water.
Accordingly, as the concentration of water increases so does the production rate.
However, raising the partial pressure of water in the atmosphere would at some point
become detrimental as its presence limits the amount of methane that may be present in
the mixture. Methane may make up the balance of the atmosphere. Without being bound
to a particular theory, it is believed that the production rate of methanol is proportional to
the concentration of methane in the atmosphere.

According to some embodiments, during the exposing step, water may be present
at a concentration by volume of from about 1,000 ppm to about 50,000 ppm, from about
10,000 ppm to about 40,000 ppm, or from about 20,000 ppm to about 35,000 ppm (or a
partial pressure of from about 0.1 kPa to about 5 kPa, from about 1 kPa to about 4 kPa,
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or from about 2 kPa to about 3.5 kPa, where pressure is atmospheric) or greater during
the exposing step; oxygen (O2) may be present at a concentration by volume of from
about 5 ppm to about 1000 ppm, from about 10 ppm to about 500 ppm, or from about 20
ppm to about 100 ppm (or at a partial pressure of from about 0.0005 kPa to about 0.1
kPa, from about 0.001 kPa to about 0.05 kPa, or from about 0.002 kPa to about 0.01 kPa,
where pressure is atmospheric) or greater during the exposing step; and the balance may
be methane, where ppm refers to parts per million by volume. In some embodiments
methane may be present at a concentration of at least about 30%, 50%, 80%, or 90% by
volume (or at a partial pressure from at least about 90 kPa where pressure is
atmospheric). In some embodiments incorporating a different protic solvent, oxidizing
agent, and or alkane than water, oxygen, and methane, respectively, similar
concentrations may still apply.

According to one or more embodiments, the production of alcohol is determined
once the reaction has reached a steady state (e.g., the steady state production rate). The
term steady state is given its ordinary meaning in the art and generally refers to
embodiments wherein all of the variables of a reaction and/or system are substantially
constant for a period of time, for example, when the production of methanol, the
variables temperature, the pressure, the ratio of components in the feedstock, etc., are
substantially constant. In such embodiments, the steady state production rate is the rate
in which methanol is produced under the steady state conditions. In other words, the
steady state production rate refers to embodiments wherein for a period of time the
system is under steady state conditions and the production rate of methanol remains
substantially constant (e.g., varies by less than 20%, or less than 10%, or less than 5%, at
any given time over the steady state period average). Those of ordinary skill in the art
will be aware of methods for determining the steady state production rate, for example,
by plotting the rate of methanol production via time and determining the rate once the
plot has levelled (e.g. varies by less than 20%, or 10%, or 5%). For example, as shown in
FIG. 1, which shows non-limiting experimental results of methanol production, steady
state methanol production over Cu-Na-ZSM-5 catalyst is achieved at about 15 hours
(shown on the right side of the figure and labelled “catalytic regime”) where a steady
state production rate methanol is maintained for the duration of operation. In some
embodiments, the steady state production rate of alcohol varies by no more than 1%, or
2%, or 3%, or 5%, or 10%, or 15%, or 20%, over a period of 1 day, or 2 days, or 3 days,
or 4 days, or 5 days.
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According to some embodiments, the method may comprise exposing a catalyst
to alkane (e.g., methane), oxygen, and water, wherein the alcohol (e.g., methanol) is
formed by conversion of alkane (e.g., methane), oxygen, and water at a particular steady
state production rate. In some embodiments there is a steady state production rate of
alcohol (e.g., methanol) of at least 0.1, 0.5, 1, 2.5, 5, 10, 20, 50, 100, 130 or 160 umol
per hour per gram of catalyst. In some embodiments, ranges comprising the above values
are also possible (e.g., a steady state production rate of alcohol (e.g., methanol) of from
about 0.5 to about 2.5, or of from about 100 to about 160, or of from about 0.5 to about
160 pmol per hour per gram of catalyst). Other rates are also possible.

During the period in which the catalyst is exposed to the alkane species, the
oxidizing agent, and the protic solvent, a steady state production rate of alcohol (e.g.,
methanol) may take place. In some embodiments, steady state production rate of alcohol
(e.g., methanol) varies by no more than 1%, or 2%, or 3%, or 5%, or 10%, or 15%, or
20%, over a period of 1 day, or 2 days, or 3 days, or 4 days, or 5 days, or 10 days, or 12
days, or 15 days, or 1 month, or 2 months, or 3 months, or 6 months, or 1 year.

In some embodiments, the catalytic reaction is highly selective for the production
of methanol. For example, in some embodiments, the selectivity of the reaction for
methanol is at least 50%, or at least 60%, or at least 65%, or at least 70%, or at least
75%, or at least 80%, or at least 85%, or at least 90%, or at least 95%. As used herein,
the term selectivity is given its ordinary meaning and generally refers to the the moles of
carbon in alcohol (e.g., methanol) produced divided by the total moles of carbon
produced for all products. .

According to certain embodiments, the catalytic process may result in a particular
turnover frequency, the number of chemical conversions of substrate molecules (i.e.,
alkane species) per second at a catalytic active site. Those of ordinary skill in the art will
be aware of methods to determine an approximate number of active sites for the catalyst.
In some embodiments, the number of active sites, or at least a theoretical ceiling to the
number of active sites, may be determined by determining the number of moles of
copper (or other exchanged metal) in the catalyst. According to certain embodiment, the
turnover frequency may be from about 1x107 s to about 1x10°° s, from about 1x107 s
"to about 107 s, or from about 1x10™ s to about 1x107 s'. Other turnover frequencies
are also possible.

According to certain embodiments, the catalytic process may result in a particular

site time yield. The term “site time yield” is given its ordinary meaning in the art and
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generally refers to the number of molecules of a specified product (e.g., methanol) made
per active site per unit of time. According to certain embodiments, the site time yield
may be at least 1x107, 2x107, 4x107, 6x107, 8x107, 1x107, 0.1, 1, 2, or 3 mol alcohol
(e.g., CH30H) per mol active site per hour. According to certain embodiments, the site
time yield may be less than 5, 3,2, 1, 0.1, 1x107, 8x107, 6x107, 4x107, or 2x10 mol
alcohol (e.g., CH30H) per mol active site per hour. Combinations of the above ranges
are also possible, for example, at least 6x107 and less than 10x10™ mol alcohol (e.g.,
CH30H) per mol active site per hour. Other values are also possible.

According to certain embodiments, the catalytic process may have a particular
specific activity. The term specific activity is given its ordinary meaning in the art and
generally refers to the rate of alcohol production and may be expressed in units of umol
of alcohol (e.g. CH30H) per hour per gram of catalyst. In some embodiments, the
specific activity for alcohol production may be at least 0.3, 0.5, 1.0, 1.5, 2.0, 2.5, 3, 10,
50, 100 150 pmol of alcohol (e.g. CH30H) per hour per gram of catalyst. In some
embodiments, the specific activity for alcohol production may be less than or equal to
175, 150, 100, 50, 10, 3.5, 3, 2.5, or 2.0 umol of alcohol (e.g. CH30H) per hour per gram
of catalyst. Combinations of the above values are also possible, for example the specific
activity for alcohol production may be at least 2 and less than or equal to 4 pmol of
alcohol (e.g. CH30H) per hour per gram of catalyst. Other values are also possible.

According to some embodiments, the number of moles of methanol generated for
the duration of steady state operation may exceed the number of moles of active sites on
the catalyst. According to some embodiments, the number of moles of methanol
generated for the duration of steady state operation may exceed the number of moles of
counter cation (e.g., copper) in the catalyst. According to some embodiments, ratio of
moles of alcohol produced at steady state to the moles of active sites (measured as moles
of copper or other exchanged metal) is at least 1.1, at least 1.4, at least 2, at least 3, at
least 5, at least 10, at least 50, at Ieast 100, at least 150, at least 200, at least 250, or at
least 300. Other values are also possible.

The catalyst used may be selected from a variety of catalysts, including
commercially available catalysts. According to one or more embodiments, the catalyst
may comprise a zeolite. The term zeolite generally refers to a crystalline porous material
having a framework of oxides comprising silicon and, optionally, aluminum and/or one
or more additional elements (e.g., boron, gallium, and/or phosphorous). According to

some embodiments, the zeolite comprises a silicate framework. According to some
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embodiments, the zeolite comprises a aluminosilicate framework. According to some
embodiments, the zeolite comprises a silicoaluminophosphate framework. According to
some embodiments, the zeolite comprises framework comprising a trivalent metal.
According to some embodiments, the zeolite comprises a borosilicate framework.
According to some embodiments, the zeolite comprises a gallosilicate framework.
According to some embodiments, the zeolite comprises a zincosilicate framework.

Examples of zeolites that may be used as a framework of the catalyst include
ZSM-5, mordenite (MOR), ferrierite (FER), beta (BEA), chabazite (CHA), and mobil
composition of matter (MCM). Other commercially or non-commercially available
zeolites may also be implemented.

According to one or more embodiments, a framework of the catalyst may be
charged (e.g., negatively charged). For example, in some embodiments, aluminum in the
zeolite creates a charge imbalance that is compensated for by a counter cation (e.g.,
copper). The framework of the catalyst (e.g., zeolite) is generally anionic. Cations that
balance the charge of the anionic framework are loosely associated with the framework.
The non-framework cations can be exchanged with cations, or counter cations, desired
for a particular application. In some embodiments, the zeolite may be associated with an
exchanged metal (e.g., copper). In some embodiments, the zeolite may be associated
with a counter cation. The counter cation may comprise a metal, or exchanged metal. For
example, the counter cation may comprise copper. In some embodiments, the counter
cation may comprise a combination of sodium and copper. In some embodiments, the
counter cation may comprise a combination of copper and hydrogen. In some
embodiments, the counter cation may comprise a combination of copper and zinc. In
some embodiments, the counter cation may comprise iron. In some embodiments, the
counter cation may comprise cobalt.

According to some embodiments, in which the counter cation comprises copper
and the framework comprises aluminum, the ratio of copper atoms to aluminum atoms
within the catalyst, as calculated using inductively coupled plasma mass spectrometry
(ICP-MS), may be at least 0.1, 0.2, 0.3, 0.4 0.5, 0.6, 0.7, 0.8, or 0.9. The ratio of copper
atoms to aluminum atoms may be less than or equal to 1.0, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3,
or 0.2. Combinations of these ranges are also possible, for example, the ratio of copper
atoms to aluminum atoms may be at least 0.5 and less than or equal to 0.8. Other values

are also possible.
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According to some embodiments, the catalyst may be selected for characteristics
related to its pore structure, which may affect the performance of the process. For
example, according to some embodiments, the catalyst may be microporous, used herein
to refer to a catalyst having an average pore diameter of less than 2 nm. According to
some embodiments, the catalyst may be mesoporous, used herein to refer to a catalyst
having an average pore diameter of from 2 nm to 50 nm. According to some
embodiments, the zeolite structure may contain cages.

According to one or more embodiments, the continuous, catalytic, low
temperature, vapor phase oxidation of methane into methanol over an inorganic catalyst
as disclosed herein may be utilized for the production of scalable designs for single step,
small-scale GTL plants. Small modular GTL plants could be deployed at, for example, at
stranded gas wells where conventional GTL plants would be too expensive to produce
methanol at competitive prices.

According to certain embodiments, the methods generally disclosed herein may
be practiced using relatively inexpensive materials to increase the economic efficiency of
operation. For example, copper, a relatively inexpensive metal, may be utilized in
commercially available catalysts. Meanwhile, cheap and green reactants such as oxygen
and water may be used as components in the atmosphere surrounding the catalyst during
alcohol production. Furthermore, the continuous, vapor phase production of methanol
from methane described herein can be easily scaled to industrial demands.

As used herein, the term “alkyl” is given its ordinary meaning in the art and
refers to the radical of saturated aliphatic groups, including straight-chain alkyl groups,
branched-chain alkyl groups, cycloalkyl (alicyclic) groups, alkyl substituted cycloalkyl
groups, and cycloalkyl substituted alkyl groups. In some cases, the alkyl group may be a
lower alkyl group, i.e., an alkyl group having 1 to 10 carbon atoms (e.g., methyl, ethyl,
propyl, butyl, pentyl, hexyl, heptyl, octyl, nonyl, or decyl). In some embodiments, a
straight chain or branched chain alkyl may have 30 or fewer carbon atoms in its
backbone, and, in some cases, 20 or fewer. In some embodiments, a straight chain or
branched chain alkyl may have 12 or fewer carbon atoms in its backbone (e.g., C1-C12
for straight chain, C3-C12 for branched chain), 6 or fewer, or 4 or fewer. Thus, as used
herein, the term “alkyl” includes straight, branched and cyclic alkyl groups.

The following examples are intended to illustrate certain embodiments of the

present invention, but do not exemplify the full scope of the invention.
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EXAMPLES

First Non-Limiting Example

The discovery of large shale gas reservoirs and advances in extraction techniques
has motivated methane to be used as a transportation fuel. A common strategy to convert
methane into higher valued fuels is the gas-to-liquids (GTL) process of steam reforming
methane into syngas (CO and H») and subsequent reaction into methanol, but GTL
requires large scales and billions in capital investment. To reduce unit operations, cost,
and size of GTL plants, the direct, selective oxidation of methane into methanol has
attracted significant interest. Copper exchanged zeolites ZSM-5 and mordenite (MOR)
are of particular importance due to similarities in their active sites to methane
monooxygenase enzymes. These zeolites oxidize methane at low temperatures (> 423 K)
using molecular oxygen. Yet, methane is strongly bound to the copper active site or
Bronsted acid sites as surface methoxy species, requiring water to extract methanol while
simultaneously deactivating the active sites. Here we report the first continuous,
catalytic, low temperature, vapor phase oxidation of methane into methanol over Cu-
ZSM-5 and Cu-MOR. Stable catalytic activity over Cu-ZSM-5 was observed over
several days using a simple mixture of methane, oxygen, and water between 473 K and
498 K. Other zeolite topologies exhibit catalytic activity, and activity is enhanced with
zeolite structures containing cages. Our results demonstrate the first true biomimetic
activity of copper exchanged zeolites related to methane monooxygenase enzymes as
well as the microenvironment stabilizing the active site. We anticipate our work to be the
genesis of scalable designs for single step, small-scale GTL plants. Techno-economic
simulations predict $1.7 billion USD value by deploying modular GTL plants to stranded
gas wells and then shifting plants to other wells as a function of market demand and well
capacity. Small GTL plants could produce methanol at competitive prices if deployed at
stranded gas wells where conventional GTL plants would be too expensive.

Catalytic activity in Cu-Na-ZSM-5 (Cu/Al = 0.37, Na/Al = 0.26) and Cu-H-
ZSM-5 (Cu/Al =0.31) was observed for several days at 483 K. Initially, Cu-Na-ZSM-5
was activated under O, for 5 hrs at 823 K, cooled to reaction temperature at 483 K, and
then purged under He for 1 hr. After reaction with CH,4 for 30 min, water was introduced
into the vapor phase via a saturator maintained at 298 K. A pulse of methanol evolved
from the Cu-H-ZSM-5 surface, corresponding to 37 umol gca{l of stoichiometric
methanol extracted. The methanol rate then reached steady state at 0.0144 pmol min”

gca{l. The only additional product generated was CO, at a rate of 0.0064 pmol min’! eat
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! The steady-state conversion of the reaction was 0.0013% and methanol selectivity was
71.0%. Most remarkably, the steady-state methanol rate persisted without deactivation.
Maintaining this rate for 4.5 days, a total of 88 umol gca{l of methanol was extracted at
steady state, or 2.4 times the stoichiometric amount. This amount was roughly five times
the highest stoichiometric extraction from Cu-Na-ZSM-5 and twice as high from Cu-
SSZ-13. This implied turnover of surface species on the surface of Cu-Na-ZSM-5. The
same activity was observed to occur over Cu-H-ZSM-5. 82 umol gca{l of stoichiometric
methanol was initially produced followed by a steady state rate of 0.030 pmol min™ gca{l
of methanol. Over 12 days, 491 pmol gca{l of methanol was produced.

To verify if turnover occurred, Cu-Na-ZSM-5 was reacted with 13CH4 to observe
an isotopic shift in methanol coming off the zeolite surface. Cu-Na-ZSM-5 (Cu/Al =
0.37, Na/Al = 0.26) was pretreated under similar conditions described above but was
reacted with 18% 13CH4/He at 498 K for 30 min. Then 12CH4 and water were used to
extract methanol from the zeolite. The methanol and CO; produced initially were Be
labelled, as evidenced by the high ratio of the mass fragments 33.1/31.1 and 45/44.
However, as the reaction rate approached steady state, both ratios 33.1/31.1 and 45/44
approached 0.01, which was consistent with oxidation and extraction of only 2CH,.
After collecting 18.5 pmol gca{l at steady state, the space velocity was reduced. Then the
gas flow was switched to CHy for 30 min. The 33.1/31.1 and 45/44 ratios spiked after
the *CH, pulse and eventually settled to their initial values. -The appearance of
BCH;0H indicated the direct incorporation of gaseous BCH, into the product, thus
showing turnover on the catalyst surface. The same phenomenon was also observed over
Cu-H-ZSM-5.

In an effort to understand the effect of oxygen on catalytic activity, the partial
pressure oxygen was varied. As the concentration of O, decreased, the observed
methanol rate remained constant, showing the rate was 0 order with respect to Os.
However, completely eliminating O, from the reactant stream quenched any catalytic
activity. Using a CuO oxygen trap to reduce the O, content < 0.1 ppm, Cu-Na-ZSM-5
was activated under He for 5 hrs at 823 K, cooled to 483 K, and then underwent catalytic
methane oxidation. While the O, trap was in place, no methanol could be detected in the
gas phase. After the reaction mixture bypassed the oxygen trap, the O, concentration
increased to 25 ppm and catalytic activity evolved after a 300 min induction period. This
showed that O, is adsorbed onto a small number of surface sites acting as the oxidizing

agent for catalytic methane oxidation.
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While O, did not appreciably change the catalytic methane oxidation rate above
25 ppm, the thermal pretreatments of Cu-Na-ZSM-5 did affect the observed catalytic
rate. When Cu-Na-ZSM-5 was heated and soaked under O; for 5 hrs at 8§23 K, the steady
state rate was 0.0144 pmol min’! gca{l methanol. The same rate was achieved when Cu-
Na-ZSM-5 was heated to 823 K under O, and soaked under He at 823 K for 5 hrs.
However, When Cu-Na-ZSM-5 was heated and soaked under He (20 ppm O;) at 823 K
for 5 hrs, the steady-state rate was 0.010 umol min™ gca{l methanol. This implied the
deactivation of an active site with a rate of about 0.005 min™! gca{l methanol at 483 K and
at least two active sites exist for the catalytic oxidation of methane into methanol.

The development of steady-state, catalytic methane oxidation activity was not
only affected by thermal treatments but also by the presence of water in the reaction
stream. Water broke through the Cu-Na-ZSM-5 bed after 25 min, causing a large pulse
of methanol to evolve from the stoichiometric Cu-O-Cu active sites persisting for 600
min before reaching the catalytic methanol production. When Cu-Na-ZSM-5 was heated
under O to 823 K and then soaked 5 hrs under He, only a trace of the Cu-O-Cu sites
remained intact. However, catalytic methanol production only appeared after an
induction period of 240 min. The same induction period was observed when Cu-Na-
ZSM-5 was exposed to saturated water vapor for 240 min before reaction with methane.
As expected, no stoichiometric methanol was extracted after the hydrolysis of the Cu-O-
Cu sites, but methanol activity became observable after 100 min and reached the same
catalytic rate after 240 min. These experiments showed water played a role in the
formation of the catalytic active sites in Cu-Na-ZSM-5.

In addition to the formation of the catalytic active sites in Cu-Na-ZSM-5, water
competitively adsorbed to the active site to prevent methane oxidation activity. The rate
of methanol production exhibited a first order dependence on methane partial pressure.
The catalytic rate also increased linearly as the reaction pressure was increased from 0.1
to 1.6 MPa. As the reaction pressure increased, the partial pressure of water decreased
relative to that of methane and oxygen. Coupled with oxygen being zero order with
respect to the methanol rate, water had an antagonistic effect on the catalytic methane
oxidation rate. This was likely caused by the weak adsorption of methane on Cu™ ions
relative to water molecules.

Catalytic methane oxidation activity was observed to occur in several other
zeolite topologies. The industrial zeolites beta (BEA), mordenite (MOR), ferrierite
(FER), faujasite (Y), and chabazite (CHA) were all exchanged with copper and tested.
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For Cu/Al ~ 0.30, catalytic activity was highest for ZSM-5 compared to BEA, FER, and
MOR, suggesting there may be optimal channel size to form the catalytic active site. For
zeolites with cage structures, SSZ-13 had the highest activity along with SAPO-34 (both
CHA) compared to Y and amorphous MCM-41. This also suggested an intermediate
cage size in the zeolite framework may stabilize the active site.

From the kinetic studies conducted and the effect of zeolite topology, we could
postulate a reaction mechanism for catalytic methane oxidation. Under reaction
conditions, the zeolite is exposed to water at elevated temperature (473 — 498 K), causing
Cu speciation to change. In Cu-SSZ-13, dehydrated Cu™ migrates from the 6-membered
ring to the cages. Migration reduces the strength of interaction between Cu and the
zeolite framework as well as making reduction of Cu®* facile. Similar migration occurs
within zeolites without cages, such as Cu-MOR. Under SCR reaction conditions in Cu-
SSZ-13, hydrated Cu ions migrate to form transient, active Cu dimers below 523 K. The
similarities in reaction conditions between methane oxidation and SCR reactions could
suggest the formation of highly mobile and transient, hydrated Cu monomers or dimers.
These transient species would have water surrounding Cu in its first coordination shell,
requiring temporary desorption of water molecules to allow the interaction of oxygen or
methane. The interaction of oxygen would activate some copper-oxo species active for
methane oxidation. This species could then react with methane to form strongly bound
methanol requiring water for extraction. However, the active copper-oxo species could
also react with water to restore the hydrated Cu precursor, consistent with the inhibitory
effect of water relative to methane as well as the need for high methane partial pressures.
Lastly, the migration and formation of these transient copper species could explain the
induction period observed before the onset of catalytic methane oxidation.

Most remarkably, methane was catalytically oxidized into methanol without the
addition of any oxidizing agent after the initial activation step. Thermodynamics dictates
the following equilibrium constants at 483 K for O, or water as oxidizing agents of

methane:
1
CH, +§02 — CH3;0H, Kyg3 = 1x10%1

CH,+ H,0 > CH;0H + H,, K;g3 =1.4x10713
Under reaction conditions for methane oxidation, the thermodynamic reaction rate of
water splitting was four orders of magnitude lower than the experimentally observed rate
of 0.0144 pmol min™ gca{l. On the other hand, the thermodynamic rate of 25 ppm of

oxygen as the oxidizing agent was 0.08 pmol min™ gca{l methanol. These calculated
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rates agree with experimental evidence showing oxygen, or other oxidizing agent, is
necessary for methane oxidation to occur. A CuO oxygen trap installed before the reactor
reduced the O, content in the reaction stream to < 0.1 ppm. At < 0.1 ppm O,, Cu-Na-
ZSM-5 was activated under He for 5 hrs at 823 K, cooled to 483 K, and then underwent
catalytic methane oxidation as described above. While the O, trap was in place, no
methanol could be detected in the gas phase. After the reaction mixture bypassed the
oxygen trap, the O, concentration increased to 25 ppm and catalytic activity evolved
after a 300 min induction period. The converse experiment showed catalytic activity
could be shut off if the O, was eliminated from the reaction mixture. When Cu-Na-ZSM-
5 was calcined under O, at 823 K for 5 hrs, the steady state rate of 0.0139 umol min™
gca{l methanol at 483 K was observed. When the reactant mixture was directed through
the O, trap, the activity quickly dropped to 0.0058 pmol min” gca{l methanol and
eventually stopped.

Because multiple steady states were achieved during the deactivation of Cu-Na-
ZSM-5 under < 0.1 ppm O», multiple catalytic methane oxidation sites are likely to exist.
Various thermal pretreatments of Cu-Na-ZSM-5 were found to change the steady-state
methane oxidation rate. When Cu-Na-ZSM-5 was heated and soaked under O, for 5 hrs
at 823 K, the steady state rate was 0.0144 umol min™ gca{l methanol. The same rate was
achieved when Cu-Na-ZSM-5 was heated to 823 K under O, and soaked under He at 823
K for 5 hrs. However, When Cu-Na-ZSM-5 was heated and soaked under He (20 ppm
0,) at 823 K for 5 hrs, the steady-state rate was 0.010 umol min’! gca{l methanol. This
implied the deactivation of an active site with a rate of about 0.005 min’! gca{l methanol
at 483 K. The difference in activity between these experiments was also roughly equal to
the intermediate steady-state achieved during the deactivation of Cu-Na-ZSM-5 under
the O, trap (0.0058 min’! gca{l methanol). Both experiments shows that at least two
active sites exist for the catalytic oxidation of methane into methanol.

The order of reactants methane and water added to Cu-Na-ZSM-5 affected the
onset of catalytic activity. Conventionally, stoichiometric methane oxidation and
extraction of methanol from copper-exchanged zeolites has been conducted by activating
the zeolite at high temperature under O2, cooling the zeolite either using liquid water or

vapor phase water diluted in He.

Second Non-Limiting Example
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Using copper exchanged zeolites of various frameworks, we found gaseous
methanol can be produced isothermally from 190°C - 230°C in the presence of methane,
oxygen, and water. Copper exchanged zeolites were prepared by aqueous ion exchange
of 1 gram of commercial ZSM-5, MOR, ferrierite, and beta (Zeolyst International, Si/Al
=11.5, 10, 10 and 12.5 respectively) in 60 mL of 0.01M copper acetate dihydrate or
copper nitrate trihydrate at 25°C. These zeolites could be in the sodium or Bronsted acid
forms before ion exchange, producing Cu-H- or Cu-Na- zeolites (e.g. Cu-Na-ZSM-5 or
Cu-H-ZSM-5). The mixture was stirred for 12 hours and then vacuum filtered. The
precipitate was thoroughly washed with dH,O and dried overnight at 110°C. Elemental
composition was determined using inductively coupled plasma mass spectrometry and
measured between 0.8 — 2.5 wt% copper.

2.0 grams of the prepared copper exchanged zeolite was placed into a packed-bed
flow reactor. The zeolite was treated under flowing oxygen at 550°C for 2-5 hours, and
then cooled to reaction temperature (190°C - 230°C). Cu-ZSM-5 was flushed with
helium to purge trace oxygen. The gas flow was then switched to methane to deposit
surface bound methoxy or methanol groups. Methanol was extracted from the zeolite by
redirecting methane flow through a water saturator kept at 25°C.

Methane Oxidation over Cu-ZSM-5

After Cu-ZSM-5, in the sodium or Bronsted acid forms, is activated under
oxygen at 550°C, an initial pulse of methanol was generated from the zeolite and
eventually settled to a steady-state methanol production rate. For Cu-H-ZSM-5 (Cu/Al =
0.31), 1.81 pumol h! gca{l of methanol was generated, while 0.88 pmol h! gca{l methanol
came from Cu-Na-ZSM-5 (Cu/Al = 0.37). The catalysts were remarkably stable, with
Cu-H-ZSM-5 operating for 12 days on stream with no deactivation, as shown in FIG. 1.
The data shown in FIG. 1 represent: Low temperature methane oxidation over (m) Cu-
Na-ZSM-5 (Cu/Al = 0.37, Na/Al = 0.27) and (&) Cu-H-ZSM-5 (Cu/Al = 0.31). The data
shown in FIG. 1 were produced according to the following conditions: Catalyst
Pretreatment: 5 h under oxygen at 550°C; Reaction Conditions: T =210°C, WHSV =
2400 mL hr' geo, Peu = 98.13 kPa, Pyno = 3.2 kPa, Po, = 25 ppm. Methane oxidation
over (13) Cu-Na-ZSM-5 (Cu/Al = 0.37, Na/Al = 0.27) without methane in the gas stream.
Catalyst Pretreatment: 5 h under oxygen at 550°C; Reaction Conditions: T =210°C,
WHSV = 2400 mL hr' gey ", Pre = 98.13 kPa, Prpo = 3.2 kPa, Poy = 25 ppm.

Only methanol and carbon dioxide are produced from methane oxidation. Over

Cu-Na-ZSM-5 (Cu/Al = 0.37, Na/Al = 0.27), carbon dioxide was initially produced in
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large quantities, but decays over time. The steady-state conversion of methane was
0.0013% with 71% selectivity towards methanol (Figure 2). This shows that Cu-Na-
ZSM-5 is a selective catalyst for the formation of methanol from methane. The results
shown in FIG. 2 were produced under the following conditions: Catalyst pretreatment: 5
h at 550°C under flowing oxygen, cooled to 210°C under oxygen flow and then purged
under He for 0.5 h. Initial methane oxidation: 0.5 h under 2400 mL h! gca{l of methane
at 210°C. Reaction conditions: T = 210°C, WHSV = 2400 mL h™ ge.i”', Peys = 98.1 kPa,
Puoo = 3.2 kPa, P, = 0.0025 kPa (25 ppm). The following symbols are represented in
FIG. 2: (») CH30H partial pressure (kPa); (») CO; partial pressure (kPa); and (¢) CH;0H
selectivity.

The apparent activation energy of Cu-Na-ZSM-5 was calculated to be 54 + 4.8
kJ/mol, where 4.8 denoted the bounds of the 95% confidence interval.

Proof of Necessary Reactants in Methane Oxidation

Stoichiometric oxidation of methane over copper exchanged zeolites requires
oxygen to activate the oxidation active site, methane as the carbon source, and water to
extract the surface bound methoxy group. We have proved the same common reagents
are needed to perform catalytic methane oxidation into methanol over Cu-ZSM-5.

To study the role of oxygen in the methane oxidation reaction, the oxygen partial
pressure was reduced {rom several percent to parts-per-million (ppm) concentration in
the gas stream. The methanol generation rate remained constant around 0.60 pmol h'
gca{l until oxygen was completely removed from the gas stream. Oxygen was reduced to
< 0.1 ppm using an oxygen trap activated under 2% hydrogen gas at 190°C. With this
oxygen trap in place, Cu-Na-ZSM-5 was heated under helium at 550°C for 5 hours and
cooled to reaction temperature for the same reaction procedure outlined above. No
methanol was generated from Cu-Na-ZSM-5 while the reactant gases were directed
through the oxygen trap. However, methanol production was restored when the reactant
gas stream bypassed the oxygen trap, indicating oxygen is necessary for methane
oxidation over copper exchanged zeolites.

The methane was confirmed to be the carbon source for methanol using Be-
isotopically labeled experiments. Over both Cu-Na-ZSM-5, 17% BCH, in helium was
used to deposit surface bound 13C—rnethoxy species after pretreatment under oxygen at
550°C. However, the carbon source was switched to "*CHy during extraction, ensuring
BC-methanol would be produced in the initial pulse of methanol but 2C-methanol must

be produced at steady state. Tracking mass 33.1 (32 was not tracked due to residual
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oxygen and nitrogen impurities in the mass spectrometer) for BC-methanol showed
initial production of 3C-methanol that went to zero as methanol production transitioned
from the stoichiometric to catalytic regimes. A control reaction using only 12CH, for both
the deposition of methoxy species and extraction had zero mass 33.1 in both
stoichiometric and catalytic regimes. After Cu-Na-ZSM-5 reached steady state from its
initial coverage of BC-methanol, steady-state production of 2C-methanol was
maintained for a total of 21 h, corresponding to 18.5 pmol gca{l of catalytic methanol
collected. The weight hour space velocity was then reduced to 300 mL h' gca{l. After
stabilizing steady-state methanol activity, Cu-Na-ZSM-5 was exposed to BCH, and
water for 0.5 h after which '*CHj was reintroduced into the gas stream. A large Be-
carbon dioxide and methanol pulse was observed to form and then reverted back to the
2c products, thereby verifying catalytic turnover over the Cu-ZSM-5 surface and
methane incorporation into methanol.

Similar results were observed for isotopically labeled experiments over Cu-H-
ZSM-5 (Cu/Al = 0.31). Activating Cu-H-ZSM-5 in flowing oxygen at 550°C and after
initial reaction with 17% 13CH4 in helium at 210°C, a pulse of BC-methanol (mass 33)
was extracted from the its surface. This pulse of BC-methanol decayed to zero (all 2c-
methanol) as methanol production transitioned into the catalytic regime. Using 2CH, for
the initial deposition of methoxy species on the Cu-H-ZSM-5 surface resulted in
virtually no BC-methanol production, confirming catalytic turnover over Cu-H-ZSM-5.

A protic solvent such as water was necessary to extract methanol from the
catalyst surface. Without water in the reaction stream, no methanol was observed in the
product stream. The methanol production rate gradually increased as the water partial
pressure increased.

Methane Oxidation over Other Zeolite Topologies

Catalytic, vapor phase, low temperature methane oxidation into methanol also
occurred on other zeolite frameworks, such as Cu-MOR. The apparent activation energy
of Cu-H-MOR (Cu/Al = 0.14) was 149 + 2 kJ/mol, while that of Cu-Na-MOR (Cu/Al =
0.14) was 92 + 3 kJ/mol. Their catalytic rates at 210°C were 0.84 umol ht gca{l and 0.30
pmol h' gca{l. Thus, Cu-MOR also exhibits catalytic activity for methane oxidation into
methanol.

Other zeolites exhibiting catalytic activity are listed below. All of the industrial
zeolites MOR, FER, BEA, (Table 1) and Y exhibit catalytic activity (Table 2). Even

MCM-41, an amorphous silicate, has some activity. Comparing copper content across
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zeolites, BEA (Cu/Al = 0.33) and FER(Cu/Al = 0.12) appear less active than ZSM-5 of

similar Cu content. Zeolites with caged structures, mainly CHA (Table 2), are promising

due to their high activity (3.12 pmol h™" ge, " vs. 0.88 pmol h! gey ! for Cu-ZSM-5) and

site-time yield per Cu atom (6.1 vs. 2.2 mmol h™ mol Cu™). Structures AEI and AFX,

with similarly sized cages to CHA, also have higher activity and site-time yield than that
of ZSM-5 (4.14 and 2.40 pmol h™' g., ' and 9.3 and 4.1 mmol h™ mol Cu™). Lastly,

silicoaluminophosphates like SAPO-34 (CHA topology), are active for catalytic methane

oxidation. At low copper content, its methanol production rate was low (0.84 pmol h'

gca{l), but its site-time yield was extremely high (9.3 mmol h' mol Cu™).

Table 1: Zeolite topologies exhibiting catalytic methane oxidation activity. These zeolites do not have

cage structures

Channel . Methanol Site-Time Yield
Framework Structure Size Si/Al Cu/Al (umol / h / go.p) (mmoV/h/mol Cu)
I 1 T 1 1 1 1
MFI H-ZSM-5 3.3%3.6, 13.9 0.13 0.84 6.0
5.1x5.5
I 1 T 1 1 1 1
.. 4.2x5.4,
FER H-Ferrierite 3.5x4.8 10.6 0.12 0.44 2.7
I 1 T 1 1 1 1
. 6.5x7,
MOR H-Mordenite 2.6x5.7 11.1 0.14 0.84 4.6
I 1 T 1 1 1 1
MFI H-ZSM-5 3.3%5.6, 13.2 0.31 1.79 5.2
5.1x5.5
I 1 T 6 6 6 1 1 1 1
.6x6.7,
BEA H-Beta 5.655.6 13.3 0.33 0.80 2.4
I 1 T 1 1 1 1
. 6.5x7,
MOR H-Mordenite 2.6x5.7 10 0.77 0.9 1.1
I 1 T 1 1 1 1
MCM-41 MCM-41 30 16.1 0.74 0.36 0.6

Table 2: Zeolite topologies exhibiting catalytic methane oxidation activity. These zeolites have cage

structures (minus ZSM-5)

Site-Time
Framew Cage Cage Channel . Cuw/ Methanol Yield
ork Structure Shape Size Size Si/Al Al (nmol/h/g,,) (mmol/h/
mol Cu)
1 1 1 1 1 1
MFI Na-ZSM-5 2.3%3.6, 13.6 0.37 0.88 22
5.1x5.5
1 1 1 1 1 1
CHA Na-SSZ-13 Ellipsoidal 9)'3);9&4 3.8x3.8 13.8 0.50 3.12 6.1
1 1 1 1 1 1
CHA SAPO-34  Ellipsoidal 9}'3’;%4 38x38 0.6 0.02 0.84 7.9
1 1 1 1 1 1
AEI Na-AEI Ellipsoidal 97x11. 3.8x3.8 15 0.30 4.14 9.3
a- 1pso1da 9x12.6 LOXD. . . .
1 1 1 1 1 1
. 8.7x10.
AFX Na-AFX Ellipsoidal 1x15.8 3.4x3.6 15 0.28 240 4.1
1 1 1 1 1 1
FAU Na-Y Spherical 9.6x9.6 7.4x74 4.6 0.45 0.30 0.3
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Catalytic Methane Oxidation as a Function of Thermal Pretreatment and the
Addition of Reactants

Catalytic methane oxidation into methanol can be achieved over copper
exchanged zeolites over a wide range of thermal pretreatments at elevated temperature as
well as the order of addition of reactant gases (methane, oxygen, water). Despite
calcining Cu-Na-ZSM-5 under pure oxygen (black trace), heating under oxygen and
calcining under He (20 ppm oxygen, red trace), or heating and calcining under helium
(20 ppm oxygen, purple trace), catalytic methanol production was achieved at 0.88 or
0.60 pmol h' gca{l. This study shows that any partial pressure of oxygen can be used
during calcination at elevated temperatures (> 400°C).

After calcination, the reactants methane, oxygen, and water can be added to the
reaction mixture in any order. Conventionally, stoichiometric methanol production is
achieved by flowing methane over Cu-ZSM-5 after calcination. It has been demonstrated
herein that catalytic methanol production is observed after the initial pulse of
stoichiometric methanol. Catalytic methanol production develops over Cu-Na-ZSM-5
when first flowing 3.2 kPa water, 25 ppm oxygen, balance helium after calcination and
then adding methane to the gas stream. Lastly, flowing methane and water after
calcination in helium (< 0.1 ppm oxygen) and then adding trace amounts of oxygen
results in catalytic methanol production as well. All of these examples over Cu-Na-ZSM-
5 indicate catalytic methanol production can be achieved over copper exchanged zeolites
irrespective of the sequence of gaseous reactants introduced.

Catalytic Methane Oxidation at Elevated Pressure

Methanol production rates can be increased by running the methane oxidation
reaction at pressures higher than atmospheric. Methanol production rates increased from
0.88 to 1.5 pmol ht gca{l as the total pressure of the reactor was increased from
atmospheric pressure to 1600 kPa (FIG. 3) operating at 210°C, WHSV of 2400 mL h'
gca{l, and 3.2 kPa water and balance methane and oxygen at a methane-to-oxygen partial
pressure ratio of 7255. Operating methane oxidation reactions at even higher total
pressure may further increase methanol production rates.

Direct Synthesis of Copper Containing Zeolites and Silicoaluminophosphates and

its Reactivity in Catalytic Methane Oxidation into Methanol
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We have demonstrated that copper can be directly introduced into the zeolite
during synthesis, as opposed to post synthetic ion exchange described above, and exhibit
catalytic activity for low temperature methane oxidation. Copper is introduced directly
into aluminosilicate and silicoaluminophosphate materials through the addition of copper
sulfate and the chelating agent tetracthylenepentamine (TEPA) during hydrothermal
synthesis. The most well-known examples are the direct synthesis of Cu-SSZ-13 and Cu-
SAPO-34 (both of the chabazite structure) for use in the selective catalytic reduction of
nitrogen oxides.

The direct synthesis of Cu-SAPO-34-D was prepared following the procedure by
Martinez-Franco and coworkers. Cu-SAPO-34-D was then tested for catalytic methane
oxidation following the same experimental setup and reaction conditions described
above. Cu-SAPO-34-D exhibited the same pulse of stoichiometric methanol during
extraction. Methanol production settled to a steady-state rate of 2.58 pmol h' gca{l in the
catalytic regime (Figure 3). This shows copper containing zeolites and
silicoaluminophosphates can be directly synthesized and exhibit catalytic activity for low
temperature methane oxidation into methanol. The data in FIG. 4 were the result of the
following conditions: Methane oxidation over Cu-SAPO-34-D (directly synthesized with
TEPA, Si/Al = 0.38, Cu/Al = 0.15). Catalyst Pretreatment: 5 h under oxygen at 550°C;
Reaction Conditions: WHSV = 2400 mL hr™' gea”', Peps = 98.13 kPa, Prpo = 3.2 kPa, Po,
=25 ppm.

The direct synthesis of Cu-SSZ-13 using TEPA as a chelating agent resulted in an
aluminosilicate material that was highly active for catalytic methane oxidation. Cu-SSZ-
13-D samples with Si/Al = 14-16 and Cu/Al from 0.027 to 0.30 were pretreated under
1% oxygen in helium at 550°C, cooled to 220°C, and then exposed to a gas mixture of
6000 mL h™! gca{l of 88.3 kPa methane, 3.2 kPa water, 0.098 kPa oxygen, and helium
balance. Steady-state methanol production rates were then collected for temperatures
between 220-350°C. Catalytic methanol production rates were observed from 2 to 173
umol h' gca{l between 220-350°C (FIG. 5). At reaction temperatures below 280°C, the
methanol production rate generally increases with Cu content in the zeolite. However,
low Cu content zeolites are less prone to oxidizing methanol into carbon dioxide, as
evidenced in FIG. 6 with the highest methanol selectivity for Cu/Al = 0.027. Thus the
highest methanol production rates can actually be achieved with low Cu content Cu-
SSZ-13-D zeolites at higher reaction temperature. FIG. 7 shows the site-time yield
achieved over Cu-SSZ-13-D was between 0.02 and 2.6 mol methanol (mol Cu)'1 h! at
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350°C for Cu/Al = 0.04. The total conversion of methane, calculated from the sum of
methanol, carbon dioxide, dimethyl ether, and ethane produced, reached as high as 0.1%
over Cu-SSZ-13-D with Cu/Al = 0.08 (FIG. 8).

Methanol production rates over Cu-SSZ-13-D are extremely stable. Operating at
350°C under 6000 mL h™ gca{l of 88.3 kPa methane, 3.2 kPa water, 0.098 kPa oxygen,
and helium balance, 63 umol methanol ht gca{l and 2.5 mol methanol (mol Cu)'1 h! was
produced for 130 h on-stream without any noticeable deactivation (FIG. 9). The
cumulative methanol produced in this time interval was 342 mol methanol (mol Cu)™.
Methanol selectivity was as high as 93% with the other side products as dimethyl ether
and ethane. No appreciable amount of carbon dioxide was observed. Therefore, the one-
pot synthesis of copper-exchanged aluminosilicate and silicoaluminophosphate materials
with TEPA is a promising strategy to make highly active, stable, and selective catalysts
for methane oxidation.

Bimetallic Copper-Metal Exchanged Zeolites for Catalytic Methane Oxidation

Other metals cations, in combination with copper, can be exchanged into zeolites
to produce catalytic methane oxidation activity. Bimetallic exchanged zeolites are
prepared in a similar manner to copper exchanged zeolites. During ion exchange, both
copper acetate and another metal salt (acetate or nitrate) are added, in various ratios, to 1
gram of zeolite in 60 mL of water. The same stirring time, filtration process, and
calcination procedure is followed for copper exchanged zeolites.

A Cu-Zn-SSZ-13 zeolite (CHA topology) has been shown to possess methane
oxidation activity. The Cu-Zn-SSZ-13 zeolite was prepared from a 1:9 Cu:Zn ratio
during ion exchange, resulting in Cu/Al = 0.08 and Zn/Al = 0.21. After calcination in 1%
oxygen/helium at 550°C and exposure to 3.2% water, 1% oxygen at 220°C for 4 h,
catalytic methanol production was observed at a rate of 3.0 pmol h' gca{l. Other
combinations of metal cations, along with copper, are likely active for low temperature
methane oxidation.

Methane Oxidation over Copper Exchanged Zeolites with Various Framework
Metals Atoms

Zeolites can be synthesized with a variety of heteroatoms incorporated into its
predominantly silicon dioxide framework. Elements isoelectronic with aluminum (+3),
such as boron and gallium, have been incorporated into the framework of zeolites.
Additionally, elements isoelectronic with silicon (+4), such as germanium, can also be

substituted into the zeolite framework. A zeolite with any combination of aluminum,
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boron, or gallium with silicon or germanium can be exchanged with copper and show
low temperature, catalytic methane oxidation activity.

Catalytic Methane Oxidation with Other Oxidizing Agents

Methane oxidation over copper-exchanged zeolites has been demonstrated using
molecular oxygen (O») as the oxidizing agent, but other oxidizing agents can be utilized
to achieve methanol production. Steady-state methanol production was achieved using
nitric oxide (NO) as the oxidizing agent over copper exchanged Cu-SSZ-13 (Si/Al = 9.6,
Cu/Al =0.05). After activation under 1% oxygen in helium at 550°C and cooling to
300°C, a steady-state methanol production rate of 1.36 pmol h' gca{l was achieved with
a reaction mixture of 0.25 kPa NO, 3.2 kPa water, 92.9 kPa methane, and helium balance
at 5760 mL h™! gca{l. Other oxidizing agents, such as nitrous oxide and ozone, are likely
active for catalytic methane oxidation activity as well.

Advantages and Improvements over existing methods and materials

With petroleum becoming scarce and expensive, hydrocarbon sources for the fuel
and chemical industries must shift to cheaper feedstocks. Methane, comprising the
majority of natural gas deposits, is an attractive alternative because it is nontoxic, lower
emission, and versatile as a C1 unit for Fischer-Tropsch synthesis. Advances in hydraulic
fracturing techniques has exponentially increase methane extraction from wells, resulting
in low and stable methane prices. Unfortunately, directly forming longer chain fuels
from methane is endothermic due to its high bond enthalpy. Methane oxidation is
exothermic, but its partially oxidized products, such as methanol, have weaker bond
enthalpies and would be fully oxidized into carbon dioxide at the conditions needed for
the initial oxidation.

Industrial Steam Reforming and Methanol Synthesis

The current industrial pathway to convert methane into methanol involves two
capital-intensive reactions: steam reforming and methanol synthesis. Steam reforming
converts methane and water into hydrogen and carbon monoxide gases. This “syngas” is
then fed into a methanol synthesis unit where the syngas is converted into methanol or
other hydrocarbons. Several drawbacks exist for this industrial pathway. Firstly, the
technical complexity is high. Two reaction units must be built as well as associated
separations units afterwards. Numerous cryogenic separations and other utilities are
needed to purify the syngas effluent from steam reforming to allow methanol synthesis to
proceed efficiently. Auxiliary operations within the gas-to-liquids plants accounts for

roughly half of the plant cost. Such technical complexity requires extremely large scale
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production facilities, thereby incurring high capital costs for gas-to-liquids plants.
Secondly, steam reforming is energy intensive due to the high temperatures required (>
800°C). Lastly, methanol synthesis requires high pressures (50 — 100 bar), incurring
additional cost for compression pumps.

Biological Conversion of Methane into Methanol

To avoid the large scale production facilities needed to make steam reforming
and methanol synthesis profitable, numerous alternatives have been researched for the
direct partial oxidation of methane. The gold standard for the oxidation of methane into
methanol is the methane mono-oxygenase enzymes, which can function in aqueous
environments at ambient temperature and pH. However, the inherent problem with using
enzymes industrially is their sensitivity to harsh temperatures and pH, difficulty of
purifying large amounts of homogeneous enzyme, and difficulty in purification of
alcohol products and enzyme from liquid water (solvent).

Inorganic catalysts for methane oxidation have been developed, but all suffer
from at least one of the following deficiencies: expensive catalyst, low selectivity, high
temperatures, or environmentally harmful reagents needed.

Oxidative Coupling to Higher Alkanes

Oxidative coupling of methane involves its partial oxidation into longer chain
alkanes and water using alkaline earth oxides catalysts (Li doped MgO). However, high
temperatures (> 700°C) are required to directly oxidize C-H bonds. Alkyl radicals are
then produced, and at those temperatures undergo numerous side reactions into
polymers, aromatics, or carbon dioxide, thus having very low selectivity and yield of
short-chain alkanes (50% and 14% respectively for Li-MgQO). Metal oxide catalysts at
those temperatures are unstable. This makes oxidative coupling uneconomical even after
decades of research.

Halogenation of Alkanes

Halogenation is the reaction of halogens with methane to form alkyl-halide
intermediates and then dehydration and oxidation into alcohols. This is a heterogeneous
process on catalysts such as BroMoO, on Zn-MCM-48. Overoxidation reduces alcohol
selectivity to 50%, and catalytic activity is low with only 14% conversion. Loss of
halogens during reaction results in strong acids HX (X = Cl, Br), both highly corrosive
and environmentally harmful. Strong acids and residual halogens must be further
separated from the product methanol.

Low Temperature Partial Oxidation of Alkanes
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Low temperature partial oxidation of alkanes is of primary interest to avoid low
selectivity and high energy inputs. The most efficient catalytic system is a homogeneous
platinum catalyst dissolved in concentrated sulfuric acid. Methane conversion and
selectivity into methanol has been reported to be 90% and 70% respectively. Despite
such astonishing yields, this system is unusable at large scales due to its highly acidic
conditions, expensive and unrecoverable catalyst, and separations cost between methanol
and sulfuric acid. A heterogeneous analog to the Periana catalyst was developed, but still
required strongly acidic conditions.

Iron exchanged ZSM-5 zeolites have utilized hydrogen peroxide to oxidize
methane into methanol in the aqueous phase at low temperature (50°C). Product
extraction for Fe-ZSM-5 with copper promoters are quite high, achieving up to 7000
pmol gcat'1 of methanol at 85% selectivity. However, the liquid phase reaction requires
higher methane pressures (> 30 bar) to ensure good mixing of gas and liquid phases.
Lastly, the hydrogen peroxide oxidant is not efficiently used to oxidize methane.
Elevated temperatures around 50°C causes hydrogen peroxide to degrade into water.
Along with spectator iron species within Fe-ZSM-5, hydrogen peroxide is consumed at 6
times the rate of methanol production. Based on the prices of $550/metric ton methanol
and $500/metric ton hydrogen peroxide, this process cannot be economical at large scale.

Contrasted with the above methane oxidation pathways, methane oxidation over
Cu-ZSM-5 and Cu-MOR overcomes all of the usual drawbacks of methane oxidation
pathways. Copper is one of the cheapest metals ($5.30/kg) while ZSM-5 and mordenite
are commercial catalysts. Cu-Na-ZSM-5 gives a selectivity to methanol around 75% at
low reaction temperature (190 - 230°C) while using cheap and green reactants such as
oxygen and water. Lastly, the continuous, vapor phase production of methanol from
methane over copper exchanged zeolites can be easily scaled to industrial demands.

Advantages of the method and materials under study

One of the most significant costs of natural gas processing is the transportation of
the gas from its reserves to a chemical processing facility. 80% of natural gas is located
in stranded sites, far away from chemical processing infrastructure. Two alternatives to
the conversion of methane into liquid fuels is its compression or cryogenic freezing.
However, the low energy density of compressed methane as well has high pressures
requires numerous safety precautions to be taken. Liquid methane has a much higher
energy density than compressed methane, but the high cost of cryogenic freezing as well

as complex equipment needed to transport and reprocessing of the liquid into a usable
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form renders this options uneconomical over long transportation distances. However, we
have demonstrated that methane can be directly converted into methanol, a liquid fuel
easy to transport, in one reaction step over Cu-ZSM-5 and Cu-MOR. Indeed, process
simulations show the conversion of methane into liquid fuels in the most economical
choice for markets very far from large natural gas wells. With global energy demand
sharply rising in the near future (citation), the distance to ship fuels will only increase.

The equipment required for the direct oxidation of methane into methanol is
standard in any moderately sized production facility, and as such, could be quickly
incorporated into an existing chemical plant. As such, the commercial capital needed to
implement this methane oxidation reaction pathway will be minimal.

With the benefits above, we strongly believe that this technology will have a

significant commercial impact on the chemicals and energy industry.

Third Non-Limiting Example

The direct catalytic conversion of methane to liquid oxygenated compounds, such
as methanol or dimethyl ether, at low temperature using molecular oxygen is a grand
challenge in C-H activation that has never been met with synthetic, heterogeneous
catalysts. Herein is reported the first demonstration of direct, catalytic oxidation of
methane into methanol with molecular oxygen over copper-exchanged zeolites at low
reaction temperatures (483-498 K). Reaction kinetics studies show sustained catalytic
activity and high selectivity for a variety of commercially available zeolite topologies
under mild conditions (e.g., 483 K and atmospheric pressure). Transient and steady state
measurements with isotopically labeled molecules confirm catalytic turnover. The
catalytic rates and apparent activation energies are affected by the zeolite topology, with
caged-based zeolites (e.g., Cu-SSZ-13) showing the highest rates. The discovery of
catalytic sites in copper-exchanged zeolites will accelerate the development of strategies
to directly oxidize methane into methanol under mild conditions.

To date, no man-made catalyst can convert methane (CH4) and oxygen (O»)
directly into methanol (CH3OH) at low temperature. For more than 100 years, the
selective oxidation of this simple alkane has remained unsolved. This transformation,
however, is essential to exploit our highly abundant natural gas reserves, particularly
those located in distributed fields or stranded wells that cannot be accessed with large,

capital-intensive reforming facilities. Although oxidative C-H bond activation of CHy is
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thermodynamically and kinetically accessible at low temperatures, the large bond
dissociation energy (435 kJ mol™) of this molecule hinders C-H cleavage reactions via
homolytic or heterolytic pathways. Consequently, few catalysts are capable of preventing
over-oxidation to carbon dioxide (CO,). Several alternative strategies for activating
methane have been reported, including multi-step oxyfunctionalization with Periana
catalysts, borylation, and electrophilic carbene insertion, but all have fallen short of
producing methanol directly and do not use oxygen as the oxidizing agent. In contrast,
methane monooxygenase enzymes are capable of oxidizing CHjy selectively into CH;OH
using O, at room temperature. Such biocatalyts are difficult to scale-up. Iron- and
copper- exchanged zeolites are capable of selectively oxidizing CHj4 into surface-bound
methoxy species by hosting active sites akin to those found in CH4 monooxygenases.
Despite their potential, these materials have only been shown to oxidize CH4 to CH;0H
stepwise and stoichiometrically with molecular oxygen (O,) or catalytically with
hydrogen peroxide, making the process prohibitively expensive. Here, we report the first
instance of catalytic gas phase oxidation of CHy4 into CH30H with O, under mild
conditions. Copper-exchanged zeolite catalysts of various topologies maintain sustained
activity and high CH3OH selectivity at 483 K while transient kinetic experiments with
isotopically labeled molecules confirm catalytic turnover.

The stoichiometric oxidation of CH4 to CH3OH over copper-exchanged zeolites
is believed to occur over mono-(p-oxo) dicupric cores or [Cu303]2+ trimeric sites
generated by flowing anhydrous O, over the zeolite at temperatures above 723 K. These
highly reactive electrophilic metal-oxygen species are adept at attacking the strong C-H
bonds of CHy4, generating surface-bound methoxy groups at temperatures below 473 K.
Methoxy groups are typically extracted as CH;OH by reacting with H>O, which
deactivates the copper sites and necessitates high temperature reactivation under
anhydrous O, to perform the next oxidation cycle. In the present study, stoichiometric
and catalytic CH30H production regimes are observed during the gas phase oxidation of
CHj4 over copper-exchanged zeolites with the MFI topology in the sodium (Cu-Na-ZSM-
5) or proton (Cu-H-ZSM-5) forms at 483 K and atmospheric pressure (Figure 1). Similar
to previous studies, the catalysts were activated under flowing O, at 823 K, cooled to
reaction temperature, purged with helium (He) for 1 h, and contacted with a pure CHy4
stream for 0.5 h. However, unlike previous studies using only H»O for extraction, we
hydrolyzed surface-bound methoxy species by flowing a gas mixture comprised of 3.2

kPa of H,0, 0.0025 kPa of O, and balance CH4. Under these conditions, Cu-Na-ZSM-5
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(Cu/Al = 0.37, Na/Al = 0.26) and Cu-H-ZSM-5 (Cu/Al = 0.31) evolved 37 umol g, "
and 82 pumol gca{l of stoichiometric CH30H, respectively. These values are more than
two times higher than those obtained with Cu-Na-ZSM-5 using only He, O; and H>O as
the extracting gas (9.6 umol gca{l) or those reported by Lobo et. al. (16 umol gca{l) using
3.2 kPa H,O in N; at 473 K and Schoonheydt et. al. (8§ umol gca{l) using a 50% v/v
acetonitrile aqueous solution for 1 h at 298 K to extract the oxidized products.

Remarkably, sustained CHy4 oxidation activity was observed when continuing to
feed the CH4, H,O and O, gas mixture after all stoichiometric CH3;0OH was extracted
(Figure 1). Steady state CH;OH production rates of 0.88+0.02 umol h™" g . and
1.81+0.01 pumol h' gca{l were measured for Cu-Na-ZSM-5 and Cu-H-ZSM-5,
respectively. Over Cu-Na-ZSM-5, CH3;0OH was the main product generated (as
determined by 'H nuclear magnetic resonance) with a selectivity of 70.6+0.4%, while
CO, was the only byproduct generated at a rate of 0.38+0.02 pmol h' gca{l. CO,
selectivity did not increase when higher conversions were simulated by introducing
CH3O0H as a reagent at identical conditions; although, most of CH3;0OH was dehydrated
into dimethyl ether in the presence of acid sites at these conditions (> 60% yield).
Notably, the steady state CH30H production rates persisted without apparent
deactivation, generating a total of 88 umol gca{l over 108 h with Cu-Na-ZSM-5—a value
roughly five times higher than that reported for the stoichiometric oxidation over Cu-Na-
ZSM-5.Similarly, Cu-H-ZSM-5 generated a total of 491 pmol gca{l over 288 h—a value
ca. 1.4 times larger than the total copper content of the zeolite. The excess CH;OH
produced per copper atom in Cu-H-ZSM-5 coupled with the lack of sustained CH;OH
production in the absence of CHjy in the extracting gas mixture over Cu-Na-ZSM-5
(Figure 1) are strong evidence that CHj is oxidized catalytically over H,O-tolerant
copper sites.

Catalytic turnover was verified with transient experiments using isotopically
labeled molecules coupled with on-line mass spectrometry (MS). Be methoxy species
were deposited on the zeolite by flowing BCH, (16.8 kPa *CH, [99 atom% "°C, Sigma-
Aldrich] with balance He) over an activated Cu-Na-ZSM-5 sample for 0.5 h at 483 K
and then flowing a regular 2CH,/H,0/0, gas mixture to extract the methoxy species.
Enriched 13CH3OH (m/z = 33) was detected in the stoichiometric regime, but unlabeled
2CH;0H was observed in the steady state regime, thus suggesting that new, unlabeled
2c methoxy species are formed after the initial Be methoxy species are hydrolyzed.

Next, the reaction was allowed to proceed at steady state at a measured rate of 0.88 pmol
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CH;OH h! gca{l for 21 h (equivalent to the production of 18.5 umol gca{l of ?CH;OH).
At this point, the weight hourly space velocity (WHSV) was reduced from 2400 mL h'
gca{l to 300 mL h™ gca{l and the gas mixture was switched to 13CH4/H20/02 for0.5h
before resuming the flow of the regular, unlabeled gas mixture. This effective pulse of
labeled "*CH, resulted in the production of labeled CH;0H as evidenced by a
detectable pulse of the m/z = 33 signal without significantly altering steady state
production of CH30OH. Similar BC enrichment profiles were observed for CO» during
both isotope switching experiments. Analogous behavior was observed for similar
experiments carried out over Cu-H-ZSM-5. Control experiments using 2CH,4 to populate
the activated catalyst with unlabeled 2c methoxy species did not generate a significant
amount of >CH3OH in the stoichiometric or steady state regimes, thereby ruling out
artifacts or potential effects arising from natural abundance CH, in the unlabeled gas
stream. Kinetic measurements on Cu-Na-ZSM-5 at 483 K show first, half, and zero order
dependencies with respect to CHy4, H>O and O,, respectively. Importantly, replacing CHy4
with CDy in the extracting gas during steady state operation at a WHSV of 240 mL h'
gca{l decreased the CH3;0H production rate from 0.090 to 0.055 umol h! gca{l. This
change corresponds to a kinetic isotope effect (KIE) of 1.6 + 0.1, thus indicating that C-
H abstraction is a kinetically relevant step in the catalytic cycle. Taken together, the data
from the transient *CH, pulse experiments, the reaction rate order dependencies, and the
kinetic isotope effect confirm catalytic turnover.

Gas pretreatments were varied to gain insight into the origin of catalytic and
stoichiometric sites in Cu-Na-ZSM-5. Specifically, Cu-Na-ZSM-5 samples were
subjected to three pretreatments at 873 K prior to regular CH4 oxidation and extraction at
483 K: 1) calcination under O, and then under He (20 ppm O,); ii) calcination under He
(20 ppm Oy); or iii) calcination under He without O, (< 0.1 ppm). In all cases,
stoichiometric CH30H production drastically diminished (98 - 100%) but catalytic
CH30H production was only moderately affected (O - 60%). Treating activated Cu-Na-
ZSM-5 with He above 723 K has been shown to eliminate the mono-(p-oxo) dicupric
cores for stoichiometric CH4 oxidation. The absence of the mono-(u-oxo) dicupric sites
during steady-state methane oxidation was confirmed with UV-visible spectroscopic and
online gas chromatographic measurements over Cu-Na-ZSM-5 (Cu/Al=0.37).1t has
previously been observed that a small fraction of H,O-tolerant sites in copper-exchanged
mordenite (Cu-MOR) that did not require high temperature reactivation for

stoichiometric CH4 oxidation experiments after exposure to H,O. However, in the
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present study, exposing Cu-Na-ZSM-5 to H,O/O,/He at 483 K prior to contacting it with
CHj4 completely eliminated stoichiometric CH30H production but did not affect catalytic
CH30H production. The onset of the catalytic regime was nearly identical for all samples
(240 min on-stream) after exposure to CH4/H,O/O; irrespective of the pretreatment used.
The similarity of catalytic rates and onset of CH30H production for all pretreated Cu-Na-
ZSM-5 samples implies the catalytic sites are different from those responsible for
stoichiometric CHy oxidation, and the catalytic sites are either generated or activated
when copper species are exposed to CHy4, H>O and O, at reaction conditions rather than
during the high temperature pretreatment.

An induction period preceding the onset of catalytic CHy4 oxidation suggests that
copper speciation changes under reaction conditions. The CH3OH production profile for
a regular CH,4 oxidation and extraction experiment using Cu-Na-ZSM-5 pretreated at 823
K first with O, and then with He (20 ppm O,) shows that catalytic production began after
240 min on-stream despite H,O breaking through the catalyst bed after 25 min. A
comparable induction process was observed when Cu-Na-ZSM-5 was pretreated without
0O, and exposed to a CH4/H,0 gas mixture at 483 K. In this case CH3;0H was detected
only ca. 300 min after O, was introduced into the system. Hydrated copper species are
known to weakly associate with the zeolite framework, becoming mobile and easily
oxidized. In copper-exchanged zeolites with the chabazite topology (Cu-SSZ-13),
hydrated Cu™* ions have been shown to migrate under flowing wet O»/N (and trace NO
and NHj3) gas mixtures between 403-523 K during the selective catalytic reduction
(SCR) of NOx to form transient dimeric active sites. The strong similarities between the
reaction temperature and the gaseous atmosphere (H>O/O»)used during both the SCR of
NOy and the oxidation of CH4 could imply that mobile, hydrated copper species also

rearrange into active sites for catalytic CH,4 oxidation as they do for the SCR of NO.

Table 3A: Catalytic CH4 oxidation rates for various zeolite topologies.

. Framew Channel . a . b c Specific STY

Material ork Size (A)® Si/Al,om”  Si/Ale  Cu/Alg Activityd (h™ x 107)°
5.3 X 5.6

H-ZSM-5 MFI 1.5 13.2 0.31 1.79 + 0.02 5.2 + 0.05
5.1 X% 5.5
6.6 x 6.7

H-Beta BEA 12.5 13.3 0.30 0.80 + 0.01 2.4+ 0.04
5.6 X 5.6

MCM-41 MCM-41 30 12 16.1 0.74 0.36 £ 0.02 0.6 +0.03
5.3 X 5.6

H-ZSM-5 MFI 1.5 13.9 0.13 0.84 £ 0.02 6.0 +0.17

5.1 X 5.5
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. 6.5x7,
H-Mordenite MOR 10 1.1 0.14 0.84 £ 0.01 4.6 £ 0.08
2.6 X 5.7
. 4.2Xx5.4
H-Ferrierite FER 10 10.6 0.12 0.44 + 0.01 2.7+ 0.04
3.5 % 4.8
5.3 X 5.6
Na-ZSM-5 MFI 1.5 13.6 0.37 0.88 £ 0.02 2.2 + 0.04
5.1 X% 5.5
Na-Y FAU 7.4 X 7.4 5.1 4.6 0.45 0.30 £ 0.01 0.3 +0.01
Na-SAPO-34 CHA 3.8x3.8 0.3 0.6 0.02 0.84 £ 0.03 7.9+ 0.29
Na-S5Z-13 CHA 3.8x3.8 15 13.8 0.50 3.12 * 0.01 6.1+ 0.03
.3X%5.6
CuO-MFI'  MFI >3%5 oo oo oo o o
5.1 X% 5.5
£ 6.6 x 6.7
CuO,-BEA BEA oo oo P o o
5.6 X 5.6
.3X%5.6
H—ZSM—5f MFI >3%5 1.5 12.9 o o o
5.1 X% 5.5

Catalyst pretreatment: 5 h at 823 K under flowing O,, cooled to 483 K under O, flow and then purged under
He for 0.5 h. Initial CH, oxidation: 0.5 h under 2400 mL h™ g, CH, at 483 K. Reaction conditions: T = 483 K,
WHSV = 2400 mL h™ gea”, Peny = 98.1 kPa, Pyyo = 3.2 kPa, Po, = 0.0025 kPa (25 ppm). * Si/Al,,m denotes the
nominal silicon to aluminum ratio in the zeolite based on commercial figures or ratios of SiO, to ALO; in
synthesis procedures. b Si/Al,,. denotes the ratio of silicon to aluminum atoms ratio within the zeolite
calculated using data from inductively coupled plasma mass spectrometry (ICP-MS) measurements. “ Cu/Al,
denotes the ratio of copper to aluminum atoms within the zeolite calculated using ICP-MS. ¢ Specific activity
= pmolcpzon I gear - © Site time yield (STY) defined as mol CH,OH (mol Cu)” h™ £T = 483 K, WHSV = 2400
mLh” g™, Peny = 931 kPa, Ppy,o = 3.2 kPa, P, = 0.051 kPa. The + symbol denotes 95% confidence intervals.

Table 3B includes data regarding the cage shape and size for relevent frameworks.

Table 3B

. Framew Cage Cage Size
Material ork Shape (A7
Na-Y FAU Spherical 9.6 X 9.6

4X09.
Na-SAPO-34 | CHA Ellipsoidal | 2794
X 12.7
4X09.
NaSSZ13 | CHA Ellipsoidal | %794
X 12.7

Catalytic CH4 oxidation was investigated as a function of the copper content and
Bronsted acidity of the zeolite (see Table 4). A control experiment with H-ZSM-5 (Si/Al
= 11.5) not subjected to copper exchange did not generate CH3;0H, thereby confirming
that trace transition metal impurities in the zeolite are not responsible for catalytic
behavior. Higher Cu/Al ratios in Cu-Na-ZSM-5 and Cu-H-ZSM-5 increased the steady

state specific activity (defined as umolyeon h! gca{l), but decreased the site-time yield
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(STY, defined as molchzon rnolCu'1 h'l), suggesting that the number of active sites does
not increase proportionally with the total amount of copper. The presence of Brgnsted
acid sites increased specific activity and STY for all samples with similar Cu/Al ratios.
Indeed, different apparent activation energies (E,"") were observed between the sodium
and proton forms of Cu-ZSM-5 (Table 4). Density functional theory calculations over
Cu-ZSM-5 have shown that Brgnsted acid sites change the energetics of the formation of
mono-(p-oxo) dicupric cores with NO. While mono- (p-oxo) dicupric cores are likely not
present under reaction conditions for catalytic CHy4 oxidation, Brgnsted acid sites could
impart similar changes in the energetics of formation of the catalytic sites.

The catalytic rates and E,*”

values of CH4 oxidation are heavily influenced by
zeolite topology (see Table 3, Table 4). Cu-MOR, featuring 12-membered ring (MR)
pores intersected by sinusoidal 8-MR pores, exhibited either comparable or lower
activity at 483 K than that of Cu-H-ZSM-5 (Table 4). However, a significantly higher
E,™ of 149 kJ/mol resulted in higher CH30H rates at temperatures above 483 K when
compared to those of Cu-H-ZSM-5. These results suggest the site speciation and reaction
environment within MOR may play a role in stabilizing kinetically relevant transition
states. Other topologies, including ferrierite (FER), beta (BEA), Y (FAU) and caged-
based SSZ-13 and SAPO-34 (CHA) also oxidize CH,4 into CH3;0OH but with different
rates than those of ZSM-5. Zeolites with large pores at high Cu/Al (0.30 — 0.50)
including BEA (12-MR, 6.6 x 6.7 A and 5.6 x 5.6 A) and FAU (7.4 x 7.4 A windows)
showed 50% and 70% lower overall activity when compared to MFI. MCM-41, an
amorphous aluminosilicate with large pores of 30 A, had nearly an order of magnitude
lower STY than ZSM-5, indicating that a crystalline, microporous structure with small
pores is preferable for catalytic CH4 oxidation. At low Cu/Al (0.12 — 0.14), Cu-H-ZSM-5
has the highest specific activity and STY (Table 3), while FER (intersecting 10-MR [4.2
x 5.4 A] and 8-MR [3.5 x 4.8 A]) was half as active as ZSM-5. While Cu-ZSM-5 had the
highest specific activity and STY compared to the small-pore zeolites tested, the cage-
based aluminoslicate SSZ-13 and the silicoaluminophosphate SAPO-34 with the CHA
topology (8-MR windows of 3.8 x 3.8 A, ellipsoidal cages of 9.4 x 9.4 x 12.7 A)
featured higher STY of 6.1 x 10°h! and 7.9 x 10° h™', respectively, than those in Cu-
Na-ZSM-5 or Cu-H-ZSM-5 at similar Cu/Al ratios (Table 3). These studies indicate the
catalytic sites or the kinetically relevant transition states are sensitive to the zeolite
topology, with materials featuring small pores or cage-based structures showing

enhanced performance when compared to those with large pores.
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Taking advantage of the large E,”” for Cu-Na-SSZ-13 (Cu/Al = 0.50, 100 £ 2.1
kJ mol™), the reaction temperature was systematically increased to achieve higher
catalytic rates. The CH30OH production rate increased from 2.2 x 107 to 31.6 x 107
molcyson (mol Cu)'1 h! when increasing the temperature from 463 to 533 K before a
decrease in rates was observed. The large E,*" coupled with the stable CH;0H
production over a wide range of temperature suggest that Cu-SSZ-13 zeolites could be
further engineered to enhance further catalytic rates. In summary, copper-exchanged
zeolites offer a broad and robust platform for the low temperature, catalytic oxidation of
CH, into CH;0H using O,.

The nature of the catalytic active sites for CH4 oxidation into CH3;0H over
copper-exchanged zeolites 1s currently unknown. Diffuse reflectance UV-visible
spectroscopic measurements show peaks forming at 20,800, 26,800, and 30,000 cm’!
during steady-state CH3;OH production, possibly corresponding to copper oxide species

generated during reaction.

Fourth Non-Limiting Example

This example provides supporting information for the procedures and results

discussed in Example Three.

Materials and Methods
Materials

Commercial zeolites. Zeolites MOR (mordenite, CBV21A, Si/Al = 10), ZSM-5
(MFI, CBV2314, Si/Al = 11.5), BEA (beta, CP814E, Si/Al = 12.5), FER (ferrierite,
CP914C, Si/Al = 10), and Y (FAU, CBV100, Si/Al = 5.1) were purchased from Zeolyst
International. MCM-41 (Aluminosilicate AI-MCM-41, Si/Al = 12) was purchased from
ACS Materials. All zeolites were in the ammonium form except for Y and MCM-41,
which were in the sodium form.
Zeolite Synthesis

Synthesis of SSZ-13 (CHA): sodium hydroxide (99.99%, Sigma-Aldrich) was

dissolved in H>O and mixed with N,N,N-trimethyl-1-adamantanamine hydroxide
solution (Ada, 25 wt % in H,O, Sachem) followed by the addition of aluminum
hydroxide (80.3 wt % Al(OH)s, SPI Pharma 0250) to obtain a colorless solution. After
the addition of colloidal silicon dioxide (Si0,) (Ludox® LS-30), the colorless solution

was stirred at room temperature for 2 h. The final composition of the mixture was 0.1
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Na,O: 0.033 ALL,O3: 1.0 Si05: 44 H,O: 0.1 (Ada),O. This mixture was transferred to a
23-mL Teflon-lined stainless steel autoclave (No. 4749, Parr Instruments) and was then
subjected to hydrothermal treatment at 433 K for 4 days in an oven under autogenous
pressure and rotation (60 rpm). After hydrothermal treatment, the product was separated
from the mother liquor by centrifugation, washed several times with distilled H,O, and
dried at 393 K. SSZ-13 samples were calcined under dry air (Dry Size 300, Airgas) with
the following temperature profile: heat 1 K min™ to 423 K and hold for 2 h at 423 K,
then heat 1 K min™ to 623 K and hold for 2 h at 623 K, and lastly heat 1 K min™ to 853
K and hold for 10 h.

Synthesis of SAPO-34 (CHA): Aluminum oxide (Al,O3) (Catapal® B) and
colloidal silicon dioxide (S10;) (Ludox® AS-40) were added to a mixture of phosphoric
acid (85 wt %, Sigma-Aldrich) and H,O. Diethylamine (DEA, 99.5%, Sigma-Aldrich)
was added to the mixture to obtain a gel with the composition of 0.8 P,O3: Al,O3: 0.6
Si0a: 50 H,O: 2 DEA. The mixture was stirred for 0.5 h and then subjected to
hydrothermal treatment at 423 K for 7 days with 60 rpm rotation. After hydrothermal
treatment, the product was separated from the mother liquor by centrifugation, washed
several times with distilled H,0O, and dried at 393 K. SAPO-34 samples were calcined
under dry air (Dry Size 300, Airgas) with the same temperature profile stated for SSZ-13
samples.

Synthesis of pure silica Beta: Si-BEA was synthesized. Aqueous
tetracthylammonium hydroxide (27.169 g, 35 wt% in H,O, Sigma-Aldrich) and
tetracthyl orthosilicate (24.160 g, 99%, Sigma Aldrich) were added to a Teflon
[polytetrafluoroethylene (PTFE)] dish and stirred at 250 rpm at room temperature for 90
min. Deionized H,O (15 mL) was added and the solution was left uncovered on the stir
plate for 12 h to reach a total mass of 33.046 g after evaporation of ethanol and some of
the H,O. Next, hydrofluoric acid (2.627 g, 48wt% in H,O, > 99.99% trace metals basis,
Sigma-Aldrich) was added drop wise and mixed using a PTFE spatula, resulting in a
thick gel. Additional H>O was added to aid homogenization and the sol-gel was allowed
to evaporate to 33.848 g. The final molar composition was 1 S10,:0.56 TEAOH:0.56
HF:7.5 H,0O. The gel was transferred to a 45 mL PTFE-lined stainless steel autoclave and
heated to 413 K for 7-20 days under static conditions. The product was separated from
the mother liquor by filtration, washed with distilled H>O, and dried at 373 K. The
zeolite was calcined under dry air (Dry Size 300, Airgas) with the same temperature

profile stated for SSZ-13 samples.
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Synthesis of pure silica MFI: Si-MFI was synthesized. Aqueous
tetrapropylammonium hydroxide (12.00 g, 1.0 M in H>O, Sigma-Aldrich) and tetraethyl
orthosilicate (5.00 g, 99%, Sigma Aldrich) were added to a Teflon
[polytetrafluoroethylene (PTFE)] dish and stirred at 300 rpm at room temperature for 60
min. The molar composition was 1 Si0,:0.5 TPAOH:22 H,O. The gel was transferred to
a 23 mL PTFE-lined stainless steel autoclave and heated to 453 K for 2 days under static
conditions. The product was separated from the mother liquor by centrifugation, washed
with distilled H,O, and dried at 373 K. The zeolite was calcined under dry air (Dry Size
300, Airgas) with the same temperature profile stated for SSZ-13 samples.

Ion Exchange

Sodium exchange. The following procedure was used to ion-exchange all zeolites:
1 g of zeolite was stirred in 36 mL of 2.44 M sodium acetate (> 99%, Sigma-Aldrich) at
353 K for 4 h. Zeolites were subsequently filtered while hot and rinsed with 120 mL of
deionized H,0. Zeolites were then dried for 4 h at 393 K in a drying oven. The above
procedure was repeated three times.

Copper exchange. The following procedure was used to ion-exchange all zeolites: 1
g of zeolite was stirred in 60 mL of 0.001 - 0.05 M solutions of copper (II) acetate
monohydrate (> 99%, Sigma-Aldrich) at room temperature overnight. The suspension
was then filtered at room temperature and rinsed with 300 mL of deionized H,O. The
zeolite was dried overnight at 393 K in a drying oven and subsequently calcined under
dry air (Dry Size 300, Airgas) at 823 K for 5 h with a heating ramp of 1 K min™.
Incipient Wetness Impregnation

CuO,-BEA. 0.23 g of a 0.23 M solution of copper (II) nitrate trihydrate (> 99%,

Sigma-Aldrich) was added dropwise to 0.30 g of Si-BEA under vigorous stirring,
yielding 1.1 wt% of CuOx on the BEA zeolite. CuO4-BEA was dried overnight at 383 K
and then calcined at 853 K for 10 h under flowing dry air (Dry Size 300, Airgas) with a
heating ramp of 1 K min™. The resultant zeolite had a gray color.

CuO,-MFI. 0.239 g of a 0.241 M solution of copper (II) nitrate was added dropwise
to 0.352 g of Si-MFI under vigorous stirring, yielding 1.1 wt% of CuOy on the MFI
zeolite. CuO4-MFI was dried overnight and calcined in the same way as stated for CuOx-
BEA. The resultant zeolite had a gray color.

Characterization

Elemental analysis. Copper (Cu), sodium (Na), aluminum (Al), and iron (Fe)

contents were determined using inductively coupled plasma mass spectrometry (ICP-
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MS) (Agilent 7900). 2.0 — 10.0 mg of zeolite were placed in a polyethylene microfuge
tube (1.5 mL) and digested in 0.1 mL hydrofluoric acid (48 wt %, trace metals basis,
Sigma-Aldrich) for 3 h. The hydrofluoric acid solution was diluted to a total mass of 10.0
g using 2 wt % aqueous nitric acid (HNOs) (veritas purity, GFS Chemicals). 0.10 g of
this solution was then added to two solutions: 1) 0.10 g of 1 part per million (ppm)
erbium in 2 wt% HNO3 solution; 2) 9.80 g of 2 wt% HNOs. The final concentration of
each element was 10 parts per billion (ppb) erbium and between 10 to 300 ppb for Cu,
Na, Al, and Fe. A five point calibration curve was built using the following ICP standard
solutions: 1,000 ppm Cu in 2 wt% HNOs, 1,000 ppm Al in 2 wt% HNO3, 1,000 ppm Na
in 2 wt% HNO3, and 1,000 ppm Fe in 2 wt% HNOs. All standard solutions were
purchased from Sigma-Aldrich (TraceCERT).

Calculations of molar ratios Si/Al,,; and Cu/Al,,. The unit cell of a zeolite is given
by:

Hi Naj CuZ* (A10,)7 (Si0,)m(H,0)

where subscripts refer to the molar ratios of each component within the unit cell of a
zeolite. Local charge balance was assumed to occur within the zeolite, requiring x = n —
2z —y.

From the unit cell given above, the mass balance of the unit cell is given by the

following equation on a per gram zeolite basis:

g Sio, g [AlO,] g Cu®t gNa* gHT
= —+b — +C - —te -
g zeolite g zeolite g zeolite g zeolite g zeolite
H,0
+ fg—z
g zeolite

where each coefficient represents the weight percent of each species. The weight percent
of Al, Cu, and Na were directly calculated using ICP-MS, allowing b, ¢, and d to be
determined. Converting the weight percentages of Al, Cu, and Na to mole percentages
per gram zeolite, e was then calculated using the local charge balance of cations on the
zeolite framework. The weight percentage of H,O (f) was assumed to be equal to the
weight percentage of H>O in the zeolite framework unit cell (2 — 7 wt %). The mass

balance was then solved for the weight percentage of SiO; (a).

Si amyion 1mol Si 1 mol AlO,

Si/Ali: was calculated b =
tot y Alror b mgig» 1mol SiO, 1mol Al

where m; is the molar mass of element i.

Cu  cmgyoz 1 mol AlO,

Cu/Al; was calculated by

Algor b mcy 1 mol Al
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Powder x-ray diffraction. The crystal structures of zeolite catalysts were
determined from powder x-ray diffraction patterns collected using a Bruker D8
diffractometer using Cu-Ka radiation (A= 1.5418 A, 40 kV, 40 mA). Data were recorded
in the range of 3-50 260 with an angular step size of 0.02° and a counting time of 0.068 s
per step.

Surface area and pore volume quantification. Nitrogen adsorption and desorption
isotherms were measured on a Quantachrome Autosorb 1Q apparatus at liquid nitrogen
temperature (77 K). Prior to the adsorption analysis, all samples were pelletized and
degassed under vacuum for 12 h at 623 K. Micropore volume and total pore volume
were determined from the amount of N, adsorbed at P/Py = 0.01 and P/Py = 0.95,
respectively.

Transmission Electron Microscopy (TEM). Transmission electron microscopy was
performed on a JEOL 2010F equipped with a field emission gun (FEG) operating at 200
kV. Magnifications of obtained images ranged from 50,000x to 100,000x.

Coupled in-situ UV-Vis-NIR Spectroscopy and Online Gas Chromatography. UV -
Vis spectroscopy was performed on a Cary 5000 UV-Vis-NIR spectrometer (Agilent
Technologies) equipped with a DiffusIR diffuse reflectance accessory (PIKE
Technologies) and environmental chamber (HTV, PIKE Technologies) with a quartz
window. Absolute reflectance was measured from 11,000 cm’! to 52,600 cm’! with a
scan rate of 11,700 cm™ min™. All spectra were normalized with respect to background
spectra of hydrated Na-ZSM-5. The gas outlet from the environmental temperature
chamber was connected to a gas chromatograph (Agilent Technologies, model 6890N)
equipped with an S-bond column (Restek Rt-S-bond, 30 m, 0.25 mm ID, #19770) and
flame ionization detector. The oven temperature was isothermal at 373 K for 10 min.

To conduct in-situ CH4 oxidation reactions, the temperature was controlled using a
PIKE PC Controlled Temperature Module. Cu-ZSM-5 (Cu/Al = 0.37) was ground into a
fine powder before loading 10.0 mg into the sample cell. The flow of gases, including He
(ultra high purity, Airgas), O, (ultra high purity, Airgas), 1% O./He (ultra high purity,
Airgas), and CHy (research grade, Airgas) were controlled with independent mass flow
controllers (Brooks Instruments LLC). H,O (typically 3.2 kPa) was introduced into the
gas stream using a saturator maintained at 298 K.

Catalytic CH4 Oxidation Reactions

CH, oxidation reactions were conducted in a continuous, tubular flow reactor

(stainless steel tube, O.D. 12.5 mm, wall thickness = 0.889 mm). The reactor tube was
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mounted inside of a single-zone furnace (850W / 115V, Applied Test Systems Series
3210). Temperature was controlled using a thermocouple (Omega, model TJ36-CASS-
18U) mounted slightly downstream of the catalyst bed connected to a temperature
controller (Digi-Sense model 68900-10). 2.0 g of zeolite particles (pelletized and sieved
into 500-1000 pum particles) were packed between quartz wool plugs and rested on the
thermocouple in the middle of the furnace heating zone. The flow of gases, including He
(ultra high purity, Airgas), O, (ultra high purity, Airgas), 1% Ox in N2 (ultra high purity,
Airgas), and CHy (research grade, Airgas) were controlled with independent mass flow
controllers (Brooks Instruments LLC). H,O (typically 3.2 kPa) was introduced into the
gas stream using saturator maintained at 298 K. O, partial pressure entering the catalyst
bed was monitored with an O» sensor (3000-G-115BTP, Omega Instruments) placed at
the entrance of the furnace. Prior to reaction, the zeolite was usually calcined in situ
under 50 mL min™ flowing O, for 5 h at 823 K and cooled under flowing O, to reaction
temperature (473—-498 K). Details for different pretreatment protocols are explicitly
stated in the Figure captions. Upon reaching reaction temperature, the zeolite was purged
under 50 mL min™ of He for 0.5 h. The gas flow was then changed to 80 mL min™ CH,
for 0.5 h followed by 80 mL min! of CH4, H,O, and O, (typically 98.1 kPa, 3.2 kPa, and
0.0025 kPa respectively). CH30H partial pressures evolved during catalytic CHy4
oxidation were quantified using a gas chromatograph (Agilent Technologies, model
6890N) equipped with an S-bond column (Restek Rt-S-bond, 30 m, 0.25 mm ID,
#19770) and flame ionization detector. The oven temperature was isothermal at 373 K
for 30 min.

Simulated high conversion CH4 oxidation experiments were performed in the same
reactor described above. Catalyst activation was the same as described above. Liquid
reactants CH3OH and H,O were introduced into the gas stream via saturators maintained
at 273 K and 298 K respectively. The reaction mixture of 0.70 kPa CH30OH, 2.25 kPa
H,0, and variable O, partial pressure was attained by combining two gas streams at the
inlet of the reactor: 1) 15 mL min™' He directed through CH3OH contained in a saturator,
and 2) 65 mL min™ total of 1% O, in He and/or He gas streams directed through H,O
contained in a saturator. CH3;0H, dimethyl ether, CO,, and H,O were monitored using a
gas chromatograph (Agilent Technologies, model 6890N) equipped with thermal
conductivity detector and a Carboxen 1006 PLOT column (Sigma-Aldrich, 30 m, 0.32
mm ID, #24241-U). The oven temperature profile was initially 313 K for 2 min, then
ramped 10 K min™ to 393 K, and then isothermal for 15 min.
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Product quantification. Calibration curves for CH;0OH were constructed using a
known vapor pressure of CH30H taken into a CHy stream. CH3OH vapor pressure was
controlled by immersing the saturator containing CH3OH into cooling baths at several
temperatures (e.g. ice water at 273 K, dry ice in ethanol at 201 K, etc). Relative response
factors were calculated using the gas chromatograph between known CH4 and CH;0H
partial pressures. Calibration curves for CO, were constructed by flowing known
mixtures of 1% COxy/helium and helium to a gas chromatograph-mass spectrometer.

The following definitions were used to quantify experimental data:

The large partial pressure of CHy in the gas stream during catalytic CH,4 oxidation
reactions prevented the accurate quantification of CH4 consumption. As such, CHy4
conversion was assumed to be equal to the total molar flow rate of carbon of all observed
products divided by the initial molar flow rate of CHy:

Yili GiFy
Kera = Fenao
where Xcpy is the conversion of CHy, Fj is the molar flow rate of product i, C; is the
number of carbon atoms in product i, £ CiFj is the total molar flow rate of carbon of all
products, and Fpap is the initial molar flow rate of CHy.

As explained above, the amount of CH4 consumed was not quantifiable. Thus,

product selectivity for catalytic CH4 oxidation was defined as:
5 = CiF;
L, GF;
where Sj is the selectivity of product i, C; is the number of carbon atoms in product i, F;
is the molar flow rate of product i, and £ C;Fj is the total molar flow rate of carbon of all
products.
For CH3;OH oxidation experiments, CH3;OH conversion was defined as:
Xcrzon = 1— Ifmﬂ
CH30H,0
where Xcuson 18 the conversion of CH3;0H, Femson 1s the molar flow rate of CH3;0H at
steady state, and Fcmsomp 1s the initial molar flow rate of CH3;0H.
Product selectivity was defined as:
CiF;

FCH30H,0 - FCH30H

S;

where S; is the product selectivity, C; is the carbon number for product i, F; is the molar
flow rate of product i, and Fcyzon.0 — Fenson 18 the molar flow rate of CH30H reacted at

steady state.
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Product yield was defined as:
y o G
Ferson,o
where Y; was the yield for product i, Fj is the steady state molar flow rate of product i, C;
is the number of carbon atoms in product i, and Fcpsono 1S the initial molar flow rate of
CH;0H.
Transient experiments with isotopically labelled molecules. The isotopically

labeled experiments were performed in the reactor setup described in the introduction to

the Catalytic CH4 oxidation reactions subsection. 13C—rnethoxy species were deposited on

the zeolite surface by exposing a freshly activated zeolite to 50 mL min™ of 17%
CHy/He (using BCH, [99 atom % °C, Sigma Aldrich]) for 0.5 h. 13C—rnethoxy species
were extracted with a mixture of "*CH4/H,0/O, (98.1/3.2/0.0025 kPa). *CH, pulses
were introduced by flowing a 3.2 kPa H,0, 0.0025 kPa O,, and balance 13CH4 gas
mixture at a flow rate of 10 mL min™* for 0.5 h before resuming a flow of 3.2 kPa H,O,
0.0025 kPa O,, and 12CH4 balance. CH30H and CO; isotopes were analyzed using a gas
chromatograph (Agilent Technologies, model 7890N) equipped with a quadrupole mass
spectrometer and an S-bond column (Restek Rt-S-bond, 30 m, 0.25 mm ID, #19770).
The oven temperature profile was isothermal at 373 K for 30 min. BCO, was tracked
with m/z = 45. 13CH3OH was monitored using m/z = 33 instead of 32 because of small
O, leaks into the gas chromatograph-mass spectrometer. O, leaks elevated the m/z =32
signal and prevented the detection of trace BCH;0H signals relative to background O,.

However, m/z = 33 did not interfere with O.

Section S1: Product Identification for CH4 Oxidation over Cu-Na-ZSM-5 (Cu/Al =
0.37)

Cu-Na-ZSM-5 was activated under oxygen (O») for 5 h at 823 K, cooled to
reaction temperature at 483 K under flowing O, and then purged under helium (He) for
1 h. After reaction with methane (CHjy) for 0.5 h, an extraction gas of 3.2 kPa of water
(H,0), 0.0025 kPa O, and CH,4 balance was flowed over the Cu-Na-ZSM-5 bed. A
steady state methanol (CH3OH) rate of 0.88 umol ht gca{l was achieved after 10 h on-
stream. A condenser was placed in-line downstream from the catalyst bed. Next, the gas
stream containing CH4/H,O/O, and the oxidation products was passed through the
condenser maintained at 201 K in a dry ice-ethanol bath. After 6 h on-stream, the frozen
products were thawed in D,O, removed from the in-line condenser, and injected into a

quartz nuclear magnetic resonance (NMR) tube (528-PP-7, Wilmad LabGlass) for
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analysis. 'H-NMR performed on the condensate in a 500 MHz spectrometer (Varian
Inova-500) showed CH30H as the only product. Gas phase products of the reactor
effluent were analyzed using a gas chromatograph equipped with a quadrupole mass
spectrometer (Agilent 7890N). The only gas phase product from the reaction was carbon
dioxide (CO,). Assuming CO, and CH3OH were the only reaction products, the steady
state CH4 conversion was 0.0014% and the CH3OH selectivity was 70.6%. The
conditions resulting in the data shown in FIG. 2 is as follows: Catalyst pretreatment: 5 h
at 823 K under flowing O,, cooled to 483 K under O, flow and then purged under He for
0.5 h. Initial CH, oxidation: 0.5 h under 2400 mL h™" g," of CH, at 483 K. Reaction
conditions: T = 483 K, WHSV = 2400 mL h" geo,”', Popy = 98.1 kPa, Proo = 3.2 kPa, Po,
=(.0025 kPa (25 ppm). (=) CH3OH partial pressure (kPa). (<) CO; partial pressure (kPa).
(¥) CH30H selectivity.

Section S2: Simulation of High Conversion CH4 Oxidation via CH3OH Oxidation
over Cu-Na-ZSM-5 (Cu/Al = 0.37)

The over-oxidation of CH3OH into CO, at higher CH,4 conversion levels was
simulated by introducing CH3OH as a reactant. The direct oxidation of CHy4 into CH3;0H
over copper-exchanged ZSM-5 under regular conditions generated a conversion of
0.0014 %. At these conditions, the low Os partial pressure (0.0025 kPa) was sufficient to
convert CHy into CH;0H (4.5 x 10* kPa O, is needed to produce CH3OH at a rate of
0.88 umol h! gca{l), but it was observed that the excess O, further oxidized CH;0H into
CO; at 483 K (30% selectivity to CO»). Therefore, since higher conversion of CHy (e.g.
1%) will require more O; in the reaction mixture, the excess Oz at this scale could also
over-oxidize CH30H into CO, decreasing the overall selectivity of the process.

To evaluate CO, selectivity at higher CH4 conversions, CH3;OH was used as a
reactant to simulate the gas composition the Cu-Na-ZSM-5 (Cu/Al = 0.37) catalyst bed
would encounter at 100% CHy4 conversion. After activating Cu-Na-ZSM-5 for 5 h at 8§23
K under O,, the zeolite bed was cooled to 483 K and purged under He for 1 h. Then a
reaction mixture of 0.70 kPa CH3;OH, variable O, partial pressure, 2.25 kPa H,O and He
was passed over the catalyst bed. Flowing this reaction mixture over Cu-Na-ZSM-5 and
measuring the extent of CO; production can be used as a surrogate to calculate the
maximum CO; selectivity. A 0.70 kPa partial pressure of CH;OH simulated a CHy4
partial pressure of 0.70 kPa being fully converted into CH3;0H. The O, partial pressure
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was varied to represent unreacted or excess O, from a typical CH,4 oxidation experiment.
Helium (He) was used instead of CHj4 in the gas mixture to isolate CH3OH oxidation and
exclude the coadsorption of CH4 on the zeolite surface. The gas mixture composed of
0.70 kPa CH30H, 2.25 kPa H,O, and O, was flowed over the Cu-Na-ZSM-5 catalyst for
5 h at 483 K before the steady state gas composition was analyzed in order to allow for
changes in copper speciation that occur in regular CH4 oxidation experiments (Figure
S10 — S11). As the O, partial pressure was increased from 0.21 kPa to 2.70 kPa, the CO,
yield increased from 6.8% to 24%. The rate order of O, in CH;OH oxidation was ca.
0.50. As expected, lower amounts of O, relative to CH;OH (lower O,/CH3OH partial
pressure ratio) suppress the formation of CO,. However, even having up to 4 times the
partial pressure of O, as CH30H only generated a 24% yield and 25% selectivity of CO»,
which was a lower CO; selectivity than that observed during regular CH4 oxidation
experiments over Cu-Na-ZSM-5 at similar conditions (Figure 2, Poy/Pcpson = 2.5).
Therefore, these results suggest that CH4 oxidation to higher conversions will not result
in a substantial increase in CO; production or a decrease in CH3OH selectivity at 483 K.

CO; selectivity could be further reduced by lowering the temperature of the
simulated gas mixture over Cu-Na-ZSM-5. As the reaction temperature was lowered to
463 K, the CO, yield and selectivity decreased from 24% to 7.4%. These data show that
CH30H selectivity could increase beyond 70% by lowering the reaction temperature (<
483 K) in a high conversion CH4 oxidation process.

CH;30H conversion was greater than 90% for the simulated, high conversion CHy
oxidation experiments where the vast majority of CH;OH was converted into dimethyl
ether (DME) (> 60% yield). DME is produced from the acid-catalyzed dehydration of
CH;OH. Brgnsted acid sites in zeolites are well known to perform this reaction between
473 and 573 K. However, zeolites can still produce DME even with trace Bronsted
acidity, such as that present in sodium-exchanged ZSM-5. CH30H dehydration is
thermodynamically favorable under the CH3;OH oxidation reaction conditions of 483 K,
0.70 kPa CH30H, and 2.25 kPa H;0O. The reaction 2 CH3;0H < (CH3),0O + H,O has a
chemical equilibrium constant (K¢y) of 14.8 under these reaction conditions, and the
equilibrium conversion of CH3;0H to DME would be 92%.

In the simulated, high conversion CHj4 oxidation experiments, the DME yield
decreased from 80% to 62% as the O, partial pressure increased from 0.21 kPa to 2.7
kPa, consistent with CH3;0OH or DME being oxidized into CO,. At a lower temperature of
463 K, the DME yield increased from 62% to 74%.
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DME was not observed in typical CH,4 oxidation experiments over Cu-Na-ZSM-5
due to the low equilibrium conversion of CH3;OH into DME. At steady state, taking the
CH3O0H partial pressure to be 107 kPa and the H,O partial pressure to be 3.2 kPa, the
equilibrium conversion of CH3;0OH into DME at 483 K would be 0.90%. The theoretical
maximum amount of DME that could be produced was below the detection limit of the

gas chromatograph used to quantify steady state rates.

Section S5: *CO, Production during Transient, Isotopically Labelled Experiments
over Cu-Na-ZSM-5 (Cu/Al = 0.37)

Be methoxy species were deposited on the zeolite by flowing BCH, (16.8 kPa
B, [99 atom% 13C, Sigma-Aldrich] with balance He) over activated Cu-Na-ZSM-5
for 0.5 h at 483 K and then using a regular 2CH4/H,0/0, gas mixture to evolve
oxidation products from the zeolite. As shown in Figure S7A, enriched BCO, (m/z = 45)
is quickly produced in the stoichiometric regime, but unlabeled 2C0O, is observed in the
steady state regime, thus suggesting unlabeled 12C surface species are oxidized into
2C0O, once the *C species are depleted. The reaction rate remained at steady state (rate
= 0.88 umolcmzon ™ gea ) for 21 h at a weight hourly space velocity (WHSV) of 2400
mL h! gca{l (equivalent to the production of 18.5 umol gca{l of 12CH3OH). Next, the gas
mixture was switched to CH4/H,0/O, for 0.5 h at a WHSV =300 mL h™ g.," before
resuming the flow of the regular, unlabeled mixture. This BCH, pulse resulted in the
production of Bco, during steady state CH3;OH production. Control experiments using
2CH,4 to populate the activated catalyst with unlabeled 2c methoxy species did not

generate a significant amount of CO; in the stoichiometric or steady state regimes.

Section S6: Isotopically Labelled Experiments over Cu-H-ZSM-5 (Cu/Al = 0.31)
Catalytic turnover was also verified over Cu-H-ZSM-5 (Cu/Al = 0.31). When an
activated Cu-H-ZSM-5 was reacted with >CH, before extraction, a large pulse of
13CH3OH was observed in the stoichiometric regime. However, as CH30H production
approached steady state, CH;0H production declined and resulted in the production of
exclusively 2CH;0H (Figure S8B). However, virtually no BCH;0H was extracted from
the zeolite when 12CH4 was used for the initial reaction. These experiments show that the
source carbon for CH30H produced at steady state must come from gas phase 2CH,,

thereby indicating turnover on the Cu-H-ZSM-5 surface.
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Section S7: Kinetic Order Dependence of Reactants and Transient, Isotopic Pulsing
of CD4 over Cu-Na-ZSM-5 (Cu/Al = 0.37)

The partial pressure of O, was varied over Cu-Na-ZSM-5 (Cu/Al =0.37, Na/Al =
0.26) to deduce the order of O, on catalytic CHy4 oxidation activity. After activating the
zeolite under O, at 823 K for 5 h, Cu-Na-ZSM-5 was cooled to 483 K under O, flow,
purged under He, and reacted under dry 75% CH4/He at 483 K for 0.5 h. Afterwards, 3.2
kPa H,O and O, were then introduced into the reactant stream. The O, partial pressure
was controlled using a 1% O,/N, gas stream co-fed with He while maintaining CH4 and
H,O partial pressures at 72.5 kPa and 3.2 kPa respectively. As the partial pressure of O,
decreased, the observed catalytic CH30OH production rate remained fairly constant,
showing the rate was zero order with respect to O».

The catalytic CH30H production rate demonstrated positive kinetic orders with
respect to CH4 and H>O partial pressures. The rate dependence of CH4 was investigated
by varying CHjy partial pressure from 49 to 98 kPa while maintaining H,O and O, partial
pressures constant at 3.2 kPa and 0.0025 kPa respectively. The catalytic rate of CH;0H
production exhibited a first order dependence on CHy partial pressure, indicating the
dilution of CHy in the reaction feed is undesired. Similarly, H,O increased the production
of CH30H from Cu-Na-ZSM-5. H,0 vapor pressure was controlled between 1.1 to 3.2
kPa using aqueous CaCl, solutions in a saturator maintained at 298 K. The CH4 and O,
partial pressures were kept constant at 98 and 0.0025 kPa respectively. CH;0OH
production decreased as the H,O partial pressure decreased by order of 0.5. As expected,
when no H,O was delivered to the catalyst, no CH30H was detected, indicating that H,O

was necessary for CH30H extraction.

Section S9: In-situ Diffuse Reflectance UV-visible Spectroscopy and Online Gas
Chromatography Measurements over Cu-Na-ZSM-5 (Cu/Al = 0.37)

UV-visible spectroscopic and online gas chromatographic measurements were performed
over Cu-Na-ZSM-5 (Cu/Al=0.37) to gain insight into copper speciation during
pretreatments and steady-state operation. The zeolite was heated at 5 K/min under
flowing O, to 823 K and then calcined under He (20 ppm O) at 823 K for 2 h. A
shoulder at 22,700 cm™ decayed within 1 h of He treatment (Figure S13), indicating the
majority of the mono-(pu-oxo) dicupric cores were eliminated. Cu-Na-ZSM-5 was then

cooled to 483 K under He and then exposed to pure CH4 for 0.5 h. No significant
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changes in the UV-visible spectra were observed (Figure S14), further suggesting the
elimination of most of the mono-(p-oxo) dicupric cores. After flowing 93.2 kPa CH4,
0.051 kPa O, and 3.2 kPa H,O at 483 K, a small amount of stoichiometric CH;0H was
extracted from zeolite before steady-state CH3OH production, consistent with kinetic
experiments (Figure 3, red symbols). During stoichiometric CH30H production, there
were no changes in the 22,700 cm™! region. Lastly, no bands were present at 22,700 cm™!
peak during steady-state CH3OH production, indicating the mono-(y-oxo) dicupric cores

are likely not present during catalytic operation.

Section S10: Catalytic CH4 Oxidation over Cu-ZSM-5 and Cu-MOR Zeolites

Table 4. CH4 oxidation over Cu-exchanged ZSM-5 and MOR zeolites

Co- R Specific STY® E2PPf
Material Framework  Si/Al,om” Si/Akyy.  CufAlgy’ 4 -
Cation Activity (x10° h™) (kJ/mol)
13.1 0.17 0.51 2.7 47 +2
Na*
13.6 0.37 0.88 2.2 54+5
ZSM-5 MFI 11.5
- 13.9 0.13 0.84 6.0 88+ 6
14.1 0.38 1.51 3.8 80+2
Na* 114 0.14 0.30 1.8 92+3
Mordenite MOR 10
H* 11.1 0.14 0.84 4.6 149 +2

Catalyst pretreatment: 5 h at 823 K under flowing O», cooled to 483 K under O, flow
and then purged under He for 0.5 h. Initial CH4 oxidation: 0.5 h under 2400 mL ht gca{l
CH,. Reaction conditions: T = 483 K, WHSV =2400 mL h™" g.o ", Peya = 98.1 kPa, Pino
= 3.2 kPa, Py, = 0.0025 kPa (25 ppm). £+ denotes 95% confidence intervals

* nominal ratio of silicon to aluminum atoms in each zeolite based on commercial
figures.

® ratio of total silicon to aluminum atoms in each zeolite sample. Determined using
inductively coupled plasma mass spectrometry (ICP-MS).

© ratio of total copper to aluminum atoms in each zeolite sample. Determined using ICP-
MS.

d specific activity is defined as umolcmzon ht gca{l.

® Site-time yield (STY) is defined as mol CH3OH (mol Cu)”' h™".

"E,* is defined as apparent activation energy (kJ/mol).
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Section S13: Materials Characterization

Table 5. Elemental composition, pore volume and surface area analysis (BET) of

Cu-exchanged zeolites

Material®  Framework  Si/AI®  Si/Al,* CwAl' Cuwt%® Fe/Al' V.. (em’® g, ")?

Na-ZSM-5 MFI 11.5 13.6 0.37 2.5 0.01 0.14
Na-ZSM-5 MFI 11.5 13.1 0.17 1.2 0.01 0.14
H-ZSM-5 MFI 11.5 13.2 0.31 22 0.01 0.14
H-ZSM-5 MFI 11.5 13.9 0.13 0.9 0.01 0.15
H-ZSM-5 MFI 11.5 12.9 0 0 0.00 0.16
Na-MOR MOR 10 11.4 0.14 1.1 0.01 0.17
H-MOR MOR 10 11.1 0.14 1.1 0.01 0.19
H-MOR MOR 10 10.4 0 0 0.00 0.20
Na-SS§Z-13 CHA 15 13.8 0.50 3.3 0.00 0.24

* zeolite material with parent counter cation form before copper-exchange. Na denotes
sodium form, H denotes proton form.

® nominal ratio of total silicon to aluminum atoms in the zeolite based on commercial
figures or ratios of SiO; to Al,Os3 in synthesis procedures.

¢ calculated ratio of total silicon to aluminum atoms in the zeolite. Quantified using
inductively coupled plasma mass spectrometry (ICP-MS).

4 calculated ratio of total copper to aluminum atoms in copper-exchanged zeolite.
Quantified using ICP-MS.

¢ weight percent of copper in copper-exchanged zeolite.

! calculated ratio of total iron to aluminum atoms in copper-exchanged zeolite.
Quantified using ICP-MS. Fe/Al was quantified to provide an estimate of iron impurities
in copper-exchanged zeolites.

& micropore volume of copper-exchanged zeolites determined by BET analysis.

While several embodiments of the present invention have been described and
illustrated herein, those of ordinary skill in the art will readily envision a variety of other
means and/or structures for performing the functions and/or obtaining the results and/or
one or more of the advantages described herein, and each of such variations and/or

modifications is deemed to be within the scope of the present invention. More generally,
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those skilled in the art will readily appreciate that all parameters, dimensions, materials,
and configurations described herein are meant to be exemplary and that the actual
parameters, dimensions, materials, and/or configurations will depend upon the specific
application or applications for which the teachings of the present invention is/are used.
Those skilled in the art will recognize, or be able to ascertain using no more than routine
experimentation, many equivalents to the specific embodiments of the invention
described herein. It is, therefore, to be understood that the foregoing embodiments are
presented by way of example only and that, within the scope of the appended claims and
equivalents thereto, the invention may be practiced otherwise than as specifically
described and claimed. The present invention is directed to each individual feature,
system, article, material, kit, and/or method described herein. In addition, any
combination of two or more such features, systems, articles, materials, kits, and/or
methods, if such features, systems, articles, materials, kits, and/or methods are not
mutually inconsistent, is included within the scope of the present invention.

The indefinite articles “a” and “an,” as used herein in the specification and in the
claims, unless clearly indicated to the contrary, should be understood to mean “at least
one.”

The phrase “and/or,” as used herein in the specification and in the claims, should
be understood to mean “either or both” of the elements so conjoined, i.e., elements that
are conjunctively present in some cases and disjunctively present in other cases. Other
elements may optionally be present other than the elements specifically identified by the
“and/or” clause, whether related or unrelated to those elements specifically identified
unless clearly indicated to the contrary. Thus, as a non-limiting example, a reference to
“A and/or B,” when used in conjunction with open-ended language such as “comprising”
can refer, in one embodiment, to A without B (optionally including elements other than
B); in another embodiment, to B without A (optionally including elements other than A);
in yet another embodiment, to both A and B (optionally including other elements); etc.

As used herein in the specification and in the claims, “or” should be understood
to have the same meaning as “and/or” as defined above. For example, when separating
items in a list, “or” or “and/or” shall be interpreted as being inclusive, i.e., the inclusion
of at least one, but also including more than one, of a number or list of elements, and,
optionally, additional unlisted items. Only terms clearly indicated to the contrary, such as
“only one of” or “exactly one of,” or, when used in the claims, “consisting of,” will refer

to the inclusion of exactly one element of a number or list of elements. In general, the
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term “or” as used herein shall only be interpreted as indicating exclusive alternatives (i.e.
“one or the other but not both™) when preceded by terms of exclusivity, such as “either,”
“one of,” “only one of,” or “exactly one of.” “Consisting essentially of,” when used in
the claims, shall have its ordinary meaning as used in the field of patent law.

As used herein in the specification and in the claims, the phrase “at least one,” in
reference to a list of one or more elements, should be understood to mean at least one
element selected from any one or more of the elements in the list of elements, but not
necessarily including at least one of each and every element specifically listed within the
list of elements and not excluding any combinations of elements in the list of elements.
This definition also allows that elements may optionally be present other than the
elements specifically identified within the list of elements to which the phrase “at least
one” refers, whether related or unrelated to those elements specifically identified. Thus,
as a non-limiting example, “at least one of A and B” (or, equivalently, “at least one of A
or B,” or, equivalently “at least one of A and/or B”) can refer, in one embodiment, to at
least one, optionally including more than one, A, with no B present (and optionally
including elements other than B); in another embodiment, to at least one, optionally
including more than one, B, with no A present (and optionally including elements other
than A); in yet another embodiment, to at least one, optionally including more than one,
A, and at least one, optionally including more than one, B (and optionally including other
elements); etc.

In the claims, as well as in the specification above, all transitional phrases such as

9 el

“comprising,” “including,

b INTS EEINT3 99 <l

carrying,” “having,” “containing,” “involving,” “holding,”
and the like are to be understood to be open-ended, i.e., to mean including but not limited
to. Only the transitional phrases “consisting of” and “consisting essentially of” shall be
closed or semi-closed transitional phrases, respectively, as set forth in the United States

Patent Office Manual of Patent Examining Procedures, Section 2111.03.
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Claims

What is claimed is:

1. A method of catalytically forming an alcohol from an alkane, comprising:
exposing a catalyst to an atmosphere comprising the alkane, an oxidizing agent,
and a protic solvent, wherein alcohol is formed by conversion of the alkane, the

oxidizing agent, and the protic solvent.

2. A method of catalytically forming methanol from methane, comprising:
exposing a catalyst to an atmosphere comprising methane, oxygen, and water,

wherein methanol is formed by conversion of methane, oxygen, and water.

3. A method of catalytically forming methanol from methane, comprising:
exposing a catalyst to methane, oxygen, and water, wherein methanol is formed
by conversion of methane, oxygen, and water at a steady state production rate of from

about 0.5 to about 160 pmol per hour per gram of catalyst.

4. The method of any preceding claim, wherein the alkane comprises methane and

the alcohol comprises methanol.

5. The method of any preceding claim, wherein the oxidizing agent comprises
oxygen (O2).

6. The method of any preceding claim, wherein the protic solvent comprises water.
7. The method of any preceding claim, wherein the catalyst is exposed to methane,

oxygen, and water simultaneously.

8. The method of any preceding claim, wherein the step of exposing is carried out at
a temperature between about 190 °C and about 400 °C, or between about 200 °C and
about 260 °C.

9. The method of any preceding claim, further comprising activating the catalyst

under a flow of oxygen, prior to the step of exposing.
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10. The method of claim 7, wherein the step of activating is carried out at a

temperature of between about 450 °C and about 700 °C.

11. The method of any preceding claim, further comprising lowering the temperature
of the catalyst to the temperature at which the step of exposing is carried out, following

the step of activating.

12. The method of any preceding claim, wherein the steady state production rate of

methanol is from about 0.5 to about 2.5 pmol per hour per gram of catalyst.

13. The method of any preceding claim, wherein the steady state production rate of
methanol varies by no more than 1%, or 2%, or 3%, or 5%, or 10%, or 15%, or 20%,

over a period of 1 day, or 2 days, or 3 days, or 4 days, or 5 days.

14. The method of any preceding claim, wherein the selectivity of the reaction for
methanol is at least 50%, or at least 60%, or at least 65%, or at least 70%, or at least
75%, or at least 80%, or at least 85%, or at least 90%, or at least 95%.

15. The method of any preceding claim, wherein the catalyst comprises a zeolite.

16. The method of any preceding claim, wherein the zeolite is associated with a

counter cation.

17. The method of any preceding claim, wherein the counter cation comprises a

metal.

18. The method of any preceding claim, wherein the counter cation comprises

copper.

19. The method of any preceding claim, wherein the counter cation comprises a

combination of sodium and copper.
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20. The method of any preceding claim, wherein the counter cation comprises a

combination of copper and hydrogen.

21. The method of any preceding claim, wherein the zeolite comprises a framework
selected from the group consisting of ZSM-5, mordenite (MOR), ferrierite (FER), beta
(BEA), and chabazite (CHA).

22. The method of any preceding claim, wherein the zeolite comprises a

silicoaluminophosphate.

23. The method of any preceding claim, wherein the zeolite comprises a silicate.
24. The method of any preceding claim, wherein the zeolite comprises an
aluminosilicate.

25. The method of any preceding claim, wherein the zeolite is microporous.

26. The method of any preceding claim, wherein the zeolite is mesoporous.

27. The method of any preceding claim, wherein water is present in the atmosphere

at a partial pressure of from about 0.1 kPa to about 5 kPa during the exposing step.

28. The method of any preceding claim, wherein oxygen is present in the atmosphere

at a partial pressure of from about 0.0001 kPa to about 0.1 kPa during the exposing step.

29. The method of claim 27 or 28, wherein the balance of the atmosphere is methane

during the exposing step.

30. The method of any preceding claim, wherein methane is present in the

atmosphere at a partial pressure from at least about 80 kPa during the exposing step.

31. The method of any preceding claim, wherein the number of moles of methane
generated for the duration of steady state operation exceeds the number of moles of

active sites of the catalyst.
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32. The method of any preceding claim, wherein the number of moles of methane
generated for the duration of steady state operation exceeds the number of moles of

counter cation in the catalyst.

33. The method of any of the above claims wherein the alcohol is formed by
conversion of the alkane, the oxidizing agent, and the protic solvent to the alcohol in a
reactor, into which the alkane, the oxidizing agent, and the protic solvent are introduced

and from which the alcohol exits.

34. The method of any of the above claims wherein methanol is formed by
conversion of methane, oxygen, and water to methanol in a reactor, into which the
alkane, the oxidizing agent, and the protic solvent are introduced and from which the

alcohol exits.
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X US 2008/0249197 A1 (Bricker et al.) 9 October 2008 (09.10.2008), entire document, especially | 1, 4/1
abstract, para [0005], [0007], [0012], [0013]
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A Narsimhan et al. "Methane to Acetic Acid over Cu-Exchanged Zeolites: Mechanistic Insights 1-4
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2011 (21.04.2011), entire document
A US 2007/0270512 A1 (Edwards) 22 November 2007 (22.11.2007), entire document 14
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- | methanol," PNAS, 10 November 2009 (10.11.2009), Vol 106, pg 18908-18913, entire document
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cited to establish the publication date of another citation or other
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means
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the priority date claimed

“T” later document published after the international filing date or priority
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the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
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“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art
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This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

X chai
3. Claims Nos.: 5-34
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
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claims.
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