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Thermodynamic limitations of the catalyst design space for
methanol production from methane

Jennifer N. Jocz, Andrew J. Medford, and Carsten Sievers*®

Abstract: Current efforts to overcome the challenges of direct
methane to methanol processes have focused on designing
heterogeneous catalysts that perform methane partial oxidation
using cheap and abundant oxidants such as molecular oxygen and
water. An evaluation of the thermodynamic limitations of methanol
production with the use of these oxidants is required to understand
the maximum possible conversion and selectivity for a given feed
composition and temperature. When O is present, the formation of
the most thermodynamically stable product, carbon dioxide, must be
inhibited. At practical temperatures for moderate scale processes,
water as the sole oxidant results in extremely low steady-state
methane conversion, but higher yields can be achieved with coupled
surface reactions. This work evaluates these thermodynamic
challenges and opportunities for catalysts that can selectively oxidize
methane to methanol with oxygen and water and discusses routes
for achieving high methanol yields.

Introduction

As a component of petroleum, conventional natural gas, shale
gas, and clathrates, methane is the most abundant form of fossil
carbon.™ Currently, large-scale methane conversion is limited to
steam reforming and combustion.”® Direct conversion of
methane to liquid products, such as alcohols, is desirable to
improve transportation efficiency from remote methane sources
to central processing facilities. In addition, liquid products from
methane can be further converted to other value-added
chemicals.™® One commonly explored possibility is the
conversion of methane to methanol. Methanol is a liquid at
ambient conditions and has been proposed as a platform
chemical for the production of olefins or gasoline.' However, the
partial oxidation of methane to methanol is challenging because
the combustion products are more thermodynamically stable,
indicating that catalysts for the process must exhibit a high
kinetic selectivity toward methanol or higher alcohols™ and the
chemical potential of reactive oxygen species should be
minimized to prevent subsequent methanol oxidation.

Studies on the catalytic conversion of methane to methanol have
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focused on various oxidants and chemical looping processes to
identify routes for high methanol selectivity and yield.***" The
choices of oxidant and the overall catalytic process, however,
need to be as economical as possible due to the limited market
price of methanol as a bulk chemical. Molecular oxygen is an
abundantly available oxidant but activating oxygen under mild
conditions and achieving the desired selectivity toward methanol
are major challenges. Inspired by methane monooxygenases,
catalysts comprised of Cu dimers or trimers in ZSM-5 type and
other zeolites have been shown to activate methane.***4
Methanol is released when the resulting surface species are
exposed to steam, but a high-temperature calcination step is
needed to return these materials to the state in which they can
activate methane. Recently, a number of studies showed that
methane can be converted to methanol and in some cases
ethanol in the presence of O, and steam.’®*” Even methanol
formation from chemical looping of methane and steam in the
absence of O, was reported.[*®

The increasing interest in methane conversion to alcohols with
O, or H,O as the oxidant requires consideration of the
thermodynamic limitations of these reactions to establish the
boundaries in which catalysts and catalytic processes can be
developed. This analysis is more challenging than for some
other reactions because different surface reactions can be
coupled and become feasible when combined. A similar strategy
is used in oxidative dehydrogenation reactions, in which the
endothermic dehydrogenation of alkanes is combined with the
oxidation of hydrogen that is formed in the former reaction to
water to make the overall reaction exothermic and
thermodynamically viable.'92!

This work describes the thermodynamic limitations of gas-phase
reactions for methanol production from methane at various
process conditions and provides suggestions for catalytic routes
to achieve efficient methanol synthesis. The thermodynamics of
selectively coupled reactions discussed in this study will help to
design a new generation of catalysts with well-controlled sites
that optimize performance for the steady-state conversion of
methane to alcohols. Ultimately, this work aims to guide the
catalyst and process design for the conversion of methane to
liquid products under mild reaction conditions.

Results and Discussion
The gas-phase equilibrium for reactions of CH,4, O,, and H,O to

various possible products was modeled in Aspen Plus at 1 bar
and 200-700 °C. Figure 1 summarizes the model results for CH,4
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conversion and reaction product selectivity (without any
constraints regarding potential reaction paths) as a function of
H,O and O, feed concentrations and temperature. Similar
results were obtained at constant CH, partial pressure with N
dilution, shown in Figures S1 and S2 in the supporting
information. In general, CH4 conversion is proportional to the O,
content in the feed, whereas the amount of H,O vapor does not
significantly influence CH, conversion below 500 °C. CO; is the
thermodynamically favored major reaction product (selectivity >
0.99) at temperatures equal to or less than 450 °C, while CO,
and CO are the major co-products above 450 °C. The relative
selectivity of CO, and CO at equilibrium is dependent on the
H.0/O; ratio in the feed, as this ratio controls the water-gas shift
(WGS) reaction (reaction 18 in Table 1), which becomes
significant at elevated temperatures.
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Figure 1. CH, conversion (Xcna) and selectivity of CO (Sco), CO2 (Sco), and all
other products (Sowmer is the combined selectivity of CH3OH, C,HsOH, C,He,
C,H4, CH,0, CH3CHO, HCOOH, and CH3COOH) at equilibrium at 1 bar and
200, 450, and 700 °C as a function of H,O and O, feed concentrations (relative
to CHy).

Although the concentrations of other products including alcohols
are very small at equilibrium, their yields are non-zero. Figure 2
shows the magnified CH3;OH selectivity as a function of initial

H.O and O, concentration at 200-600 °C. The CH3;OH selectivity,

while small, is maximized at relatively low O, and high H,O feed
concentrations. This result suggests that minimizing the
concentration of O, in a H,O-rich environment will favor alcohol
formation. More importantly, these results show that kinetic
limitations are absolutely necessary for selectively converting
CH, into alcohols rather than CO,. Experimental studies show
that catalysts with well-defined active sites can sufficiently lower
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the activity for complete oxidation and produce alcohols from
methane in gas phase reactions at steady state.*>*"!
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Figure 2. Magnified CH3OH selectivity as a function of H,O and O, feed
concentration at 1 bar and 200, 400 and 600 °C. Each density plot is
individually scaled.

While it is possible to kinetically suppress the formation of the
thermodynamically most stable product, a process still has to be
thermodynamically feasible, i.e., have negative free energy of
reaction (AGxn < 0). Table 1 shows AG«, values for individual
reactions at 400 °C and 1 bar that convert CH, and H;O or O to
C1 products. AGx, values were calculated from standard state
reference values,? and values at additional temperatures are
tabulated in the supporting information. In general, AGx, values
are less than zero for reactions with O, as the oxidant and
greater than zero for reactions with H,O as the oxidant.
Therefore, CH, conversion with H,O as the oxidant will be
thermodynamically limited, while CH,4 conversion with O, will be
feasible without an additional driving force.

In particular, CH3OH production from CH4 and O (reaction 1 in
Table 1) is indeed thermodynamically feasible (A Gy < 0).
However, reaction 1 is much less thermodynamically favorable
than CO, production from CH4 and O, (reaction 7), and the
conversion of CH3OH and O, to CO; in a subsequent reaction
also has a strong thermodynamic driving force (reaction 17). The
existence of Brgnsted-Evans-Polanyi (BEP) relations suggests
that this strong thermodynamic driving force will translate to a
substantial kinetic preference for combustion.”® Indeed, a
hypothetical two-step kinetic model for CH, conversion to
CH3OH followed by CH3OH conversion to CO, produces a
selectivity-conversion limit that describes many experimental
data in the literature.® This limit illustrates high alcohol
selectivity at very low CH, conversion but low alcohol selectivity
at moderate to high CH, conversion. Experimental data
compiled by Ravi et al.*¥ also illustrates this trade-off between
methane conversion and methanol selectivity, however the
variety of feed compositions and operating conditions among
these results prevent a direct comparison among the different
catalysts. This tendency for complete CH, combustion suggests
that if O3 is to be used as the oxidant for alcohol production from
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CH,, the catalyst and reaction conditions must exhibit a
remarkable kinetic preference toward CH;OH over CO..

Table 1. AG, values for gas-phase reactions of CH, and H,O or O, to
C1 products and related reactions.

Reaction AGpnlagorc, 10ar™ = -AGn 2/ AGiy
1) CH4 + 0.50;, = CH3;0H -96.5 1.18
2) CH4 + H,0 = CH30H + H, 113.8 -1.00
3) CH, + 0.50;, = CO + 2H, -155.7 0.73
4) CH4 + 1.50, = CO + 2H,0 -576.1 0.20
5) CH, + H,O = CO + 3H; 54.6 -2.08
6) CH; + O, = CO;, + 2H, -379.9 0.30
7) CHy + 20, = CO; + 2H,0 -800.3 0.14
8) CH4 + 2H,0 = CO, + 4H, 40.6 -2.80
9) CH4 + 0.50; = H,CO + H; -84.1 1.35

10) CH4 + O, = H,CO + H,O -294.3 0.39

11) CH4 + H20 = H,CO + 2H, 126.1 -0.90

12) CH, + O, = HCOOH + H, -297.8 0.38

13) CHs + 1.50, = HCOOH + -508.0 0.22

H,O

14) CH4 + 2H,0 = HCOOH + 3H; 122.7 -0.93

15) CH, + O, = Cig + 2H,0 -404.9 0.28

16) H, + 0.50, = H,0 -210.2 0.54

17) CH3;OH + 1.50, = CO, + -703.8 0.16

2H,0

18) CO + H, = CO;, + H,O -14.0 -

[a] kd/mol. Values are calculated from standard state references [22].
Additional temperatures available in supporting information.

[b] AGxn 2 for reference reaction CH, + H,O = CH3OH + H,

Possible strategies to achieve this kinetic preference toward
CH3;OH over CO; include separation of sites for different
elementary reactions on the surface of a catalyst, kinetic
inhibition of the activation of O,, and efficient desorption of
methanol prior to subsequent reactions. For example, even
though liquid phase reactions of CHj to liquid products often use
harsh oxidants, the interactions between the solvent and the
catalyst can inhibit over-oxidation of methanol.*™ Furthermore,
the fact that C-H bond scission is typically rate-limiting makes
efficient desorption of methanol a viable strategy. The BEP
relations suggest that the kinetics of methane conversion to
methanol will be controlled primarily by the binding strength of
carbon-bound CHy intermediates,” while the desorption of
methanol will occur via an oxygen-bound methoxy precursor.
Catalysts with decoupled carbon/oxygen binding, such as
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transition-metal compounds®®® or bifunctional alloys,?*?! can
enable independent optimization of hydrogen abstraction
kinetics and methanol desorption energy, although the
difference between the two must be balanced to maintain
favorable CH,-O coupling and diffusion between sites.?

Many researchers have addressed the challenges associated
with selectivity by using chemical looping strategies that activate
the catalyst, activate CH,, and desorb CH3OH, generally with
steam, in separate process steps.'' Although alcohol
selectivity is generally improved in chemical looping processes,
conversion and CH3OH vyield on a per mole CH4 basis are
typically low and difficult to quantify because a large excess of
CHy, is often used to populate a fraction of the active sites, and
CH3OH yields are typically reported relative to the amount of
catalyst or the number of active sites. Semi-continuous chemical
looping processes can have long catalyst cycle times (>20
hours) and are less economically attractive than steady-state
reactions, but few reports exist for one-pot selective oxidation of
CH, to CH3;OH using O; as a low-cost oxidant."**"! A strategy
that has been explored for one-pot synthesis of alcohols is to
include steam in the feed stream to drive the equilibrium away
from combustion (reaction 7) and toward alcohols.2%%527 The
presence of H,O in continuous feed streams is also reported to
provide kinetic inhibition for over-oxidation by occupying active
sites,™ " while chemical looping systems have shown H,O to
be effective for facilitating methanol desorption."® This leads to
the possibility of water as an oxidant for CH4 (reaction 2).

In contrast to reaction 1, CH3OH production from CH4 and H,O
(reaction 2) at mild reaction temperatures is not
thermodynamically feasible ( A Gy, > 0), however, steam
reforming becomes feasible above 700 °C (Figure 1). Even with
perfect selectivity, the maximum methanol yield from CH4 and
H,O at 200-700 °C is below 0.1%. Greater quantities of
methanol from CH, and H,O have only been achieved
experimentally via chemical looping, where large changes in
temperature, pressure, and feed composition allow for varying
the applicable thermodynamics during each stage of the
catalytic cycle."® This approach is less convenient, however,
than a one-pot process.

For an isothermal, isobaric process at steady state, the
thermodynamic limit of CH4 conversion with H,O can be
increased if reaction 2 is coupled with another reaction that
provides a thermodynamic driving force. By designing a catalyst
to selectively sacrifice a fraction of CH,—derived intermediates
towards a more thermodynamically favored product, the overall
AGn of the system can be lowered. The attractiveness of such
an approach depends on the fraction of methane that can be
converted to alcohols. The parameter n in Table 1 provides a
metric for the extent that another reaction (j) has to be coupled
with reaction 2 to bring the combination to the edge of
thermodynamic feasibility (i.e, AG = 0). Equation 1 shows the
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relationship between n and the AGn, values of reaction 2 and
reaction j.

AGrynz + n*AGrynj =0 (1)

Reactions with a negative n value cannot be used to drive the
combined process, while reactions with a positive n value can.
The amount of CH, that must be sacrificed to the
thermodynamically favorable reaction directly scales with n,
such that reactions with a small positive n value are ideal.
Reaction 7 (Table 1) has the lowest positive n value, which
means that combining reactions 2 and 7 requires forming the
lowest amount of a C1 byproduct (in this case CO,) for the
overall AG,, to reach zero. Equation 2 shows the stoichiometry
of the combined reactions 2 and 7 for n = 0.14, which is
equivalent to a methanol selectivity (Scy,0n) Of 87.7% based on
equation 3.

1.14 CH, + 0.72 H,0 + 0.28 0, = CH;OH + H, + 0.14 CO, (2)

1
SCH30H =i (3)

Figure 3 shows the thermodynamic limit for CH4 conversion to
CH3;OH and CO, (by coupling reactions 2 and 7 only) as a
function of O, feed concentration at fixed CH3;OH selectivity
values and H,O feed composition. In this analysis, it is not
relevant whether CO, formation originates from CH,4 combustion
or secondary combustion of CH3OH, since the combination of
reactions 2 and 7 and reactions 2 and 17 are thermodynamically
the same. At 87.7% selectivity, a CH4 conversion of up to 55%
can be reached in equilibrium as O, content increases.
Increasing selectivity and therefore increasing AG, decreases
the maximum possible CH, conversion. If the reactions are
entirely decoupled (i.e., no selective reaction path is provided by
a catalyst) the equilibrium CH, conversion is 100% selective
toward CO, and CH3;OH production is insignificant. Therefore,
the selective co-production of CH3OH and another C1 byproduct
with H,O and O; is an important challenge for catalyst design if
alcohols are to be produced from methane in appreciable
amounts.

Figure 3 also illustrates the trade-off between selectivity and
conversion as a function of the oxygen content. The curves in
Figure 3 exhibit two regimes: a linear response regime where
the O concentration in the feed is less than the reaction
stoichiometry (O is the limiting reagent) and an asymptotic
regime where the O, concentration in the feed is in
stoichiometric excess. At low O, feed concentrations (less than
10% O; relative to CH,), up to 35% CH,4 conversion with 87.7%
CH3OH selectivity can be achieved. While increasing the O
fraction in the feed and operating in the excess Oz-regime will
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continue to increase the thermodynamic CH, conversion at a
fixed selectivity, O; in the feed should be minimized in practice
because catalyst selectivity for CH;OH over CO; will be difficult
to maintain at higher O, concentrations. An excess of O, could
also oxidize CH3OH further down the reactor unless an
advanced reactor design is used to selectively remove methanol.
Therefore, reactions should ideally be operated in the linear
response regime where O; is limited.

400 °C, 1 mol H,0/mol CH,, in feed
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Figure 3. The thermodynamic limit for CH, conversion for selective coupled
CH3OH and CO, production at 1 bar and 400 °C as a function of O, feed
concentration from 0-200 mol% O, (top) and 0-10 mol% O, (bottom). Data
from the model is shown for a feed with 1 mol H,O/mol CH,. A similar analysis
at constant CH, partial pressure is shown in Figure S3 in the supporting
information.

Figure 4 shows the thermodynamic limit for achievable CH;OH
selectivity for selectively coupled CO; production as a function of
0O, feed concentration at fixed CH4 conversion. At a given
conversion, the thermodynamic CHsOH selectivity decreases
with increasing O. content in the feed. Particularly at low
conversion, CH3OH selectivity is highly sensitive to small
changes in O, concentration. This relationship highlights the
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significance of small additions of O, that can be unintentionally

introduced to experiments from air leaks or dissolved in H;O.

400 °C, 1 mol H,O/mol CH, in feed
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Figure 4. The thermodynamic limit for CH, selectivity at constant conversion
for selective coupled CHzOH and CO, production at 1 bar and 400 °C as a
function of O, feed concentration from 0-200 mol% O, (top) and 0-20 mol% O
(bottom). Data from the model is shown for a feed with 1 mol H,O/mol CH,
and for nearly complete (>80%) O, conversion.

Selective combustion of the H, by-product from reaction 2 is an
alternative route for a coupled reaction system that can improve
the thermodynamics of CH3OH production from steam without
sacrificing any carbon to C1 by-products. This approach will be
desirable for decentralized methane upgrading because
transporting H; is as difficult as transporting CH4, so using the
energy released from H, combustion to advance the CH3;OH
synthesis reaction is an efficient way to maximize the yield of
condensable products. CH3OH production with selective H
combustion combines reactions 2 and 16 in Table 1, where a
fraction of the H, produced in reaction 2 (no H; in the feed) is
combusted with O, to form H,O. Figure 5 shows the
thermodynamic limit for CH4 conversion to CH3;OH at different H,
conversions (reactions 2 and 16 only) and fixed H,O content in
the feed as a function of the O, content in the feed. When the
reactions are decoupled, the system collapses to reaction 1, and
CHy, is converted according to reaction 1.
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400 °C, 1 mol H,0/mol CH, in feed
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Figure 5. The thermodynamic limit for CH, conversion for selective coupled
CH3OH production and H, combustion at 1 bar and 400 °C as a function of O,
feed concentration from 0-50 mol% O, (top) and 0-10 mol% O, (bottom). Data
from the model is shown for a feed with 1 mol H,O/mol CH,. A similar analysis
at constant CH, partial pressure is shown in Figure S4 in the supporting
information.

Similar to the conversion curves for the CH3;OH-CO, system in
Figure 3, the curves in Figure 5 contain two regimes: a linear
response regime where O is the limiting reagent and an
asymptotic regime where O, in the feed is in stoichiometric
excess. As with the partial CO, formation system, the H,
combustion route should be operated in the O,-limited regime to
prevent additional oxidation reactions, including over oxidation of
the CH3OH product. At stoichiometrically-limited O, conditions,
up to ~30% CH, conversion can be achieved with less than 10
mol% O, relative to CH, in the feed. Unlike the CH3;OH-CO,
system, the CH3OH-H, combustion system can achieve 100%
carbon selectivity to CH3OH. Figure 5 also shows that operating
at fractional H, conversion (<100%) could achieve greater CH,4
conversion at a given O, feed concentration than operating at
perfect selectivity to reaction 1 (100% H, combustion). This
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condition is because H,O behaves as an additional oxidant to O,
when reactions 2 and 16 are coupled.

The design of catalytic materials that perform preferential H,
oxidation rather than sacrificing a fraction of CH; to CO,
provides a route for improving CH, conversion while achieving
high CH3;OH selectivity, although avoiding CO, altogether may
not be possible in practice. However, selectivities over 90%
have been reported in studies of oxidative dehydrogenation
(ODH) of ethane and propane to ethylene and propylene,
respectively.®>?" This was achieved by employing strategies
including isolation of active sites, sites and reaction conditions
that reduce the concentration of activated surface oxygen
species under steady-state conditions, elimination of surface
defects with a high affinity to adsorb products, and reactors with
ultrashort contact times. Importantly, high olefin selectivities can
be achieved over ODH catalysts with very different compositions,
including metal oxides and oxychlorides.™

One could also consider achieving partial oxidation of CH, to
CH30OH by converting methane under O,-lean conditions and
using the CO, formed from combusting a fraction of the methane
as a soft oxidant instead of H,O as shown in equation 4.
However, this reaction is not thermodynamically favorable at
200-700 °C (AGcp,+co,(400 °C) = 127.8 kJ/mol). The AGx, could
be lowered by coupling the reaction in equation 4 with the WGS
reaction (Table 1). This combination of reactions is at the edge
of thermodynamic feasibility ( AG,xn overan = 0 kJ/mol) when
n=9.12. Equation 5 shows the stoichiometry of the combined
reactions for n=9.12 and because n is so large, CO, appears as
a product instead of a reactant. The stoichiometric CH3OH
selectivity in equation 6 (~11 mol%) is much lower than the
selectivity of the other coupled-reaction scenarios, thus
illustrating that CO; is not a desirable oxidant for partial oxidation
of CH4 to CH3OH. The larger thermodynamic barrier and lower
CH3OH selectivity for these coupled reactions compared to the
other coupled-reaction scenarios show that even at Oj-lean
conditions, successful CHz;OH production depends on a catalyst
that kinetically favor a specific reaction pathway.

CH, + CO, = CH;0H + CO 4

CH, +8.12C0 + 9.12H,0 = CH;0H + 8.12C0, + 9.12H, (5)

Identification of appropriate catalytic surfaces for achieving high
CH3OH selectivity is possible through consideration of important
elementary steps for the coupled CH4 partial oxidation reactions
described earlier. The relative energies of reaction intermediates
on a catalyst surface will control the relative rates of adsorption,
reaction, and desorption and therefore also control the CHz;OH
selectivity. While detailed investigations of surface energetics
are beyond the scope of this work, some insight can be gained
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by considering the gas-phase source of surface species. The
framework of ab initio thermodynamics provides a route to
assess the energetics of surface species by assigning atomic
references relative to gas-phase “reservoirs” with which the
surface species are in equilibrium.?**? These gas-phase
reference energies strongly influence the calculated adsorption
energies for surface species and therefore the selection of
appropriate gas-phase references is essential for accurately
modeling the energetics of surface species on a particular
catalytic surface. The relevant references are ultimately
determined by the kinetic properties and are hence
characteristic to a catalytic surface. Here, we discuss the options
for appropriate gas-phase references and corresponding
catalytic surfaces for CH, to CH;OH.

Coupled reactions 2+7 and 2+16 require CH4, H20, and O; in
the feed. As O, will always be present during these reactions,
the model reference energy for surface oxygen (O*) is:

1 *
EOZ(g) =0 (6)

This indicates that surface oxygen coverage will also depend
directly on the concentration (chemical potential) of oxygen
unless the activation of O is kinetically hindered, which may
occur at low temperatures due to spin inversion. Two
possibilities exist for modelling the reference energies for
surface carbon (C*) and hydrogen (H*). The possibility with high
CH3OH selectivity is:

CH4,(g) =2C+ ZHz(g) (7
1 I |
EHZO(J]) =H" + Zoz(g) (8)

These gas-phase references provide high CH;OH selectivity
through the absence of CO, equilibrated with the surface carbon.
In other words, it is kinetically favorable to release surface
oxygen as water rather than CO,, promoting the release of
surface carbon as methanol. The other possibility for modelling
reference energies with limited CH;OH selectivity is:

1 1 BTN |
" CHyg) + 202(9) =H"+ " COy(y) 9

(10)

CH3OH selectivity is limited in this second case because the
reference energy for C* is related to the CO, byproduct. The
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high-selectivity case has the reference energy for H* come from
H20, while the limited-selectivity case has the reference energy
for H* and C* come from CH,. The model reactions above
suggest that catalysts that favor O-H and C-H
hydrogenation/dehydrogenation reactions over C-O
coupling/decoupling reactions will likely have high CH3;OH
selectivity. Specifically, catalysts with poor CO oxidation activity
and good H, oxidation (and H,O dissociation) activity will be
promising candidates for CH, partial oxidation to CH;OH.

Theoretical studies on syngas conversion to alcohols show
predicted C-H and C-O dissociation activities based on scaling
relationships for the energies of adsorbates and transition states
on various metal surfaces.®*? These relationships predict that
the step sites of Cu, Au, and Ag catalysts will have C-H
dissociation barriers lower than for C-O/C-OH dissociation and
therefore be selective catalysts for partial oxidation of CHa.
However, Au and Ag are also more noble and exhibit
considerably lower overall activity compared to Cu. In contrast,
platinum group metals and nanosized Au will likely be poor CH,
to CH3;OH catalysts as these metals are very active for the
preferential oxidation of CO (PROX) instead of H, oxidation.**4
Although scaling relationships predict Au to have good
selectivity (albeit poor activity) for alcohol synthesis, decreasing
size of nanoparticles can shift the activity to favor CO
oxidation.® At present, the insights gained from scaling
relationships for alcohol synthesis are primarily limited to metals,
but the combination of active metals and oxides such as metal-
exchanged zeolites and mixed metal oxides® can be used to
break away from the activity/selectivity limits observed in these
relationships.”® Separate reaction steps can be optimized on
different active sites for an overall better reaction performance.
The numerous combinations of compositions and structures for
these different active sites greatly expands the catalyst design
space for CH3;OH production. During the development of new
CH, partial oxidation catalysts, a feed of CO, H,, and O, can
serve as a good probe reaction for comparing the relative
oxidation activities of H, versus CO with H, oxidation preferred
for CH3OH production.

Conclusions

Although thermodynamics impose limitations and challenges on
alcohol production from methane, the design of new catalysts
with high oxygen selectivity to methanol or sites that couple
alcohol production from water with combustion of a small
fraction of carbon- or hydrogen containing surface species can
allow alcohols to be produced from methane in practical
quantities at steady-state. In general, a low O, content (< 10
mol%) and a high H>O content (=100 mol%) thermodynamically
favor high CH3OH selectivity, with conversion increasing and
selectivity decreasing as O, content increases. Notably, the
selectivity and conversion of the reaction are highly sensitive to
the O, content at low O concentrations. This relationship
indicates that careful control and measurement of the O, content
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in the feed are critical to achieving high activity, selectivity, and
reproducibility in catalytic conversion of methane to alcohols.

Methods Section

Gas phase equilibrium concentrations were calculated in Aspen
Plus (v9) using NRTL base method for calculating pure
component and binary interaction parameters. The overall
system equilibrium was modeled using an RGibbs reactor, which
determined reaction equilibrium based on Gibbs free energy
minimization. A sensitivity analysis was performed, which varied
temperature from 200-700 °C, feed H,O (0-100% relative to CH,4
feed) and feed O, (0-100% of CH4 feed) at 1 bar, and the
equilibrium reaction concentrations were calculated at all
variable combinations.

AG,..,(T) values for individual reactions at temperatures from
25-700 °C were calculated using equation 11, where G§,(T) is
the molar Gibbs free energy of formation for species i in the
reaction (at temperature T) and v; is its stoichiometric coefficient.

AGxn(T) = X viGp,(T) (11

G¢,(T) was calculated by integrating equation 12 to obtain
equation 13, where S and V are molar entropy and volume,
respectively. Equations 14-16 were used to solve the first
integral in equation 13. The second integral in equation 13 was
obtained by substituting molar volume (V) in equation 12 with
the ideal gas law (V = RT/P). AG}; and S° values, and Cp(T)
coefficients for each species were obtained from NIST.

dG}, = —SdT + VdP (12)
AG3(T,P) = AG = = [yo0. . SMAT +RT [/, T (13)
S(T) = 5° + [yoq 15 x5 dT (14)
Cp(T) = A+ Bt+ Ct?> + Dt® + E/t? (15)
t =T/1000 (16)

Values of AG,.,,,(T) that were calculated using equations 11-16
were verified by comparing the values of equilibrium reaction
constants (K.q) calculated with equation 17 and generated using

the REquil reactor model in Aspen Plus.
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—Aern(T))

Keo(T) = exp( o (17)

Coupled two-reaction equilibriums (e.g., equation 2) were
modeled in Aspen Plus (v9) using the NRTL base method and
the REquil reactor, which calculates reaction equilibrium based
on a stoichiometric approach. A sensitivity analysis was
performed that varies reaction selectivity, temperature from 200-
700 °C, and H,O and O, feed concentrations. The equilibrium
reaction concentrations were calculated at all variable
combinations.
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