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The interest in methane direct conversion into methanol has increased in the last years. A copper-
mordenite looping process, based on the separation of methanol formation (200 �C) and copper re-
activation (450 �C), has been studied. Methane partial pressure (studied in the range 5–100 kPa) had a
positive effect on methanol productivity (10.7 lmol/g zeolite at 100 kPa CH4). It was found that the
adsorption time had some impact on the productivity; a minimum value of 60 min was needed to reach
the equilibrium. Using the experimental results, the equilibrium and kinetics of methane chemisorption
were modelled. The proposed model is based on the formation of two adsorbed species: methoxy and
CO2-precursors.
Many methane emissions and feedstocks are diluted and contain oxygen. Thus, methane adsorption

has also been studied at aerobic conditions, to apply the looping conversion of methane into methanol
to these sources. High oxygen concentrations were considered (2.5–16 mol%), resulting in a decrease
in methanol productivity and the over-oxidation of most adsorbed CO2-precursors during the adsorption
step. The model was updated for considering the over-oxidation to CO2.
� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nowadays, a sharp decrease in the emissions of global warming
gases has become the main technological challenge. Among these
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gases, methane has a key role, because of having a global warming
potential 28 times higher than that of CO2 (Jackson et al., 2019;
Pratt and Tate, 2018). Many methane emissions cannot be avoided,
such as, those of waste and wastewater treatment plants, aban-
doned coal mines, etc. (Karakurt et al., 2012; Saunois et al.,
2016). When methane is extracted as side product in oil fields, it
is usually flared on the spot, especially on remote locations,
because transportation costs are too high (Tomkins et al., 2017;
Kulkarni et al., 2018). The combustion to CO2 reduces the environ-
mental impact of these emissions, but its energetic potential is
wasted. This fact results in a yearly loss of ca. 140 billion
cubic meters of methane (Latimer et al., 2018). Furthermore, emis-
sions with high volumetric flow rates, low methane concentration
and contamination with oxygen from air (very common in sectors
as agriculture, water management and coal mining), are not appro-
priate for direct flaring (Su et al., 2005; Hoglund-Isaksson et al.,
2012).

Some authors have proposed the catalytic combustion of
methane as the best option to reduce the global warming potential
of methane and, simultaneously, exploit the energy of these low
concentration emissions (Fernández et al., 2016; Marín et al.,
2019; Marín et al., 2020). However, due to the constant increase
of worldwide energy demand, the transformation of these diluted
methane emissions into a liquid fuel, such as, methanol is a more
interesting alternative (Hammond et al., 2012; Sun et al., 2020).
The transportation, storage and handling costs of methanol are
much lower than that of methane and its energy density is higher
(Hammond et al., 2012; Zakaria and Kamarudin, 2016). Methanol is
one of the most attractive and versatile molecules in the chemical
industry and its production is expected to keep increasing. Apart
from its use as gasoline additive, methanol is used in many pro-
cesses as raw material and solvent (Khirsariya and Mewada, 2013).

The commercial process of methane conversion into methanol
is based on the formation of a synthesis gas via steam reforming,
followed by catalytic conversion into methanol. This process is
not suitable for many methane sources and emissions, like diluted
emissions containing oxygen (Han et al., 2016; Olivos-Suarez et al.,
2016; Chaemwinyoo et al., 2022). Thereupon, a technology capable
of converting methane into methanol in only one step and at softer
conditions is highly desirable to exploit methane emissions with
untapped potential (Palkovits et al., 2010; Mahyuddin et al., 2019).

The main problem of this process is the stability of the C-H bond
of methane. Its high bond energy (415 kJ/mol) makes it necessary
the search for a strategy to avoid the overoxidation of partially oxi-
dized products to CO2 (Liu and Du, 2018; Jocz et al., 2019). It is
known that in nature methanotrophic bacteria can oxidize
methane to methanol with high selectivity at room temperature
by the iron and copper on their soluble and particulate methane
monoxygenase enzymes (Al-Shihri et al., 2020). The use of zeolites
is one of the most interesting options for replicating this natural
process. Zeolites are stable well-known materials that can stabilize
oxygen-bridging centres of some metals and mimic the active cen-
tres of methanotrophic bacteria enzymes (Burnett et al., 2019).
Previous promising results have been obtained using copper-
exchanged mordenites (MOR). The structure of MOR zeolites is
made of main 12MR pores (7.0x6.5 Å) connected by narrower
8MR channels (5.7x2.6 Å). The smaller 8MR channels provide a
perfect framework for the exchange of copper and formation of
active centres, while the larger 12MR channels facilitate reactant
and product transport (Grundner et al., 2015; Pappas et al., 2018;
Mahyuddin et al., 2018). Copper-ion-exchanged mordenite has
been known to have various copper active sites, which feature
monomeric, dimeric, and trimeric copper species (Jeong et al.,
2021). The l-oxo dicopper active sites, [Cu2(l-O)]2+, have been
widely reported as an active species in the conversion of methane
to methanol (Knorpp et al., 2018). These copper oxides hosted on
2

the zeolite structure can cleave the C-H bound of methane with
activation energies of 60 kJ/mol (Mahyuddin et al., 2018).

The copper-zeolite active sites are highly hydrophilic and not
stable in trace amounts of water. For this reason, they require high
activation temperatures (>350 �C, typically 450 �C) in the presence
of oxygen (or air) and the complete removal of water from the zeo-
lite structure (Knorpp et al., 2018). Then, the reaction with
methane is conducted at 200 �C (a lower temperature would
decrease the amount of activated methane) (Zheng et al., 2020).
The interaction of methane with the active centres generates
methoxy intermediates, which are strongly linked to the active
centres and require protic solvents for the removal of the methanol
product (Sheppard et al., 2016). Hence, a third step where a water
stream is introduced at 150 �C is required (Sushkevich et al., 2020;
Sheppard et al., 2014). In order to reactivate the active centres and
remove all the water from the zeolite structure, a new activation
step is needed (Sheppard et al., 2014; Knorpp et al., 2018). In this
kind of stepwise operation, for each active centre a maximum of
one methane molecule can be converted per reaction cycle. This
means that the active sites are operating stoichiometrically instead
of catalytically. However, it is also known that copper-zeolites can
also operate catalytically at steady state in the simultaneous pres-
ence of water and methane but requiring higher temperatures to
promote methane conversion (Sun et al., 2021).

In previous works, the activation and desorption steps were
optimized to maximize methanol yield (Álvarez et al., 2020;
Álvarez et al., 2021). It was also observed that only some active
sites can transform methane into methanol. The aim of the present
work is to perform a modelling analysis of the looping process at
anaerobic and aerobic conditions. The presence of oxygen and
low methane concentration opens the door to valorisation of
non-exploited methane sources and emissions. To the best of our
knowledge, this is the first study dealing with this issue, despite
the practical interest for the harnessing of these methane sources.
2. Materials and methods

2.1. Catalyst preparation

The support used to prepare the catalyst is a commercial Na-
Mordenite (Na-MOR) zeolite with a Si/Al ratio of 13 from Zeolyst
International. The technique used for its preparation is aqueous
ion exchange with a 0.01 M copper (II) acetate solution
(Grundner et al., 2015; Grundner et al., 2016). The pH is kept at
5.7 to avoid the precipitation of copper hydroxides, maximizing
the copper content on the zeolite. One gram of zeolite is added
per 78 ml of solution and the mixture is stirred overnight at room
temperature. Then, the solid is filtered, washed and mixed with a
new fresh copper acetate solution; this procedure is repeated three
times. After the last ion exchange the solid is dried at 110⁰C, pel-
letized and sieved to a particle size between 0.355 and 1 mm. In
order to activate the catalyst, it is loaded into a stainless steel reac-
tor and heated up to 450⁰C (1⁰C/min rate) in air flow (Alayon et al.,
2012). This procedure leads to a copper loading of 4.5 wt%, mea-
sured by ICP–MS, which is consistent for different batches of cata-
lyst. The characterization of the catalyst was performed and
explained in previous publications (Álvarez et al., 2020).
2.2. Experimental device and procedure

2.2.1. Experimental device
The experiments were performed in a 600 mm length stainless

steel fixed-bed reactor (ID = 6.8 mm). The copper-mordenite (3 g,
particle size of 0.335–1 mm) was placed inside the reactor
(110 mm bed length), which was heated by an electrical oven.
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Temperature was measured inside the reactor (closed to the solid
bed). The gases were supplied as cylinders (Air Liquide) and the
requested flowrate and concentration were obtained using mass
flow controllers (Bronkhost). The liquid (water) was introduced
using a syringe pump. Heating tape was used to maintain pipes
at 150⁰C and prevent condensations. The reactor effluent was sent
to a cold trap, where condensable species were recovered. Pressure
was maintained at 100 kPa for all the tests. Two analytical tech-
niques were used: an on-line quadrupole mass spectrometer
(MS, Pfeiffer Omnistar) and a gas chromatograph (GC, Shimadzu
GC-2010 equipped with CP-Sil 8CB column and FID).
2.2.2. Experimental procedure
The looping process for copper-doped zeolites consists of three

cyclic steps: solid activation, methane chemisorption and metha-
nol desorption. The following methodology has been optimised
in previous publications (Álvarez et al., 2020; Álvarez et al., 2021).

First, the copper-mordenite was activated at high temperature
(450⁰C) in a stream of air for 4 h. The use of air, instead of pure oxy-
gen, was found to be beneficial for the production of methanol, as
explained elsewhere (Álvarez et al., 2021).

Then, the methane chemisorption step was performed at 200⁰C,
the optimum temperature for this chemical looping process (Zheng
et al., 2020), using a total gas flow rate of 0.12 NL/min and different
methane concentrations. In this context, two scenarios were con-
sidered: methane diluted in nitrogen (5–100 mol% methane) and
methane diluted in poor air (0–16 mol% oxygen). It should be
noted that most literature studies performed the adsorption with
pure methane or methane-inert mixtures. In the scope of a previ-
ous work (Álvarez et al., 2021), it was demonstrated that this step
can also be accomplished in the presence of oxygen, which is more
practical for the upgrading of methane emissions.

During the chemisorption step, the on-line MS was used to
monitor the different compounds involved in the reaction:
methane, methanol and CO2. The total amount of chemisorbed
methane was quantified by temperature programmed oxidation
(TPO) tests, done after the adsorption step. Since methane is
strongly linked to the active sites, isothermal desorption cannot
be used to quantify the zeolite capacity. The increase of tempera-
ture (10 �C/min ramp until 450 �C) during the TPO test favours
the complete oxidation of methane to CO2, which was measured
on-line by the mass spectrometer (the signal attributed to CO2

was calibrated using bicarbonate standards). The accuracy of this
analysis was checked by repeating the procedure at the same con-
ditions to calculate the confidence interval and relative error: for a
chemisorption with 100 mol% methane, the total CO2 released in
the TPO was 2798 ± 76 lmol g Cu�1 (relative error of 3%).

Finally, the methanol desorption step was carried out just after
the adsorption one. The release of methanol to the gas phase was
forced using a water/nitrogen gas stream (0.16 NL/min, 5.2 mol%
water). Desorbed methanol and water were condensed in the cold
trap and collected; these liquid samples were quantified by GC–
FID. The accuracy of this sample and analytical procedure was also
checked. Thus, for a chemisorption with 100 mol% methane,
methanol productivity was 237 ± 9 lmol g Cu�1 (relative error of
4%).
3. Results and discussion

3.1. Reaction scheme at anaerobic conditions

The looping methane partial oxidation consists of three cyclic
steps: solid activation, methane chemisorption and methanol des-
orption. Fig. 1 shown the results of the reaction for experiments at
anaerobic conditions with different methane partial pressure.
3

Methanol productivity (qCH3OH) was determined by the analysis of
methanol in the liquid samples collected from the cold trap during
the desorption step. In all the reaction experiments, even in those
with the highest productions, no by-products were detected in the
liquid samples; methanol was the only product detected and quan-
tified by GC–MS and GC–FID.

During methane chemisorption, the reactor effluent was moni-
tored using the on-line MS. No methanol or CO2 was detected at
anaerobic conditions. The productivity of CO2 (qCO2

) was calculated
as the difference between the total amount of chemisorbed
methane (measured by a TPO carried out after the chemisorption
step, as explained in section 2.2.2) and methanol productivity
(measured in the liquid sample taken during the desorption step).
Hence, the CO2 productivity accounts for the methane molecules
that, at the end of the chemisorption step, are adsorbed as CO2 pre-
cursors, like surface formiate intermediates.

The experiments show that methane partial pressure has a pos-
itive influence on both methanol and CO2 productivities (Fig. 1a).
Selectivity to methanol (ratio of methanol productivity to the total
methane adsorption) also increases as methane partial pressure
increases (Fig. 1b). Thus, methanol selectivity can be raised up to
9% for 100 kPa CH4.

The temperature-programmed-oxidation tests, carried out after
methane chemisorption, revealed the presence of two CO2 peaks at
different temperatures (Álvarez et al., 2021). This finding is attrib-
uted to active sites of different strength or with different chemi-
sorbed species (e.g., methoxy or CO2 precursors).

Copper dimeric species has been identified as responsible of
methane activation. They can be stabilized in a mordenite pore
and provide two electrons to convert methane to methanol
(Jeong et al., 2021). The formation of methanol by a single mono-
l-oxo dicopper (II) site, [Cu2O]2+, has been described extensively
in the bibliography. Spectroscopic studies have provided evidence
that methanol formation over Cu zeolites involves the formation of
methoxy (or adsorbed methanol) surface intermediates (reaction
(1a)) (Brezicki et al., 2021). These methoxy species formed during
the adsorption step are removed from the zeolite in the desorption
step with the help of water (reaction (1b)).

Adsorption :

CH4 þ CuII
2O

� �2þ ! CuIOCH3 þ Hþ þ CuI
� �þ ð1aÞ

Desorption :

CuIOCH3 þ H2O ! CuIOH þ CH3OH
ð1bÞ

The formation of CO2 may proceed via the formation of surface
formiate intermediates over the copper zeolites. These intermedi-
ates have been detected using spectroscopic techniques during
the methane activation reaction and have been claimed to be pre-
cursors to CO2 (Sushkevich and van Bokhoven, 2018; Sushkevich
et al., 2020). Recently, it has been suggested that l-1,2-peroxo
dicopper (II) species are responsible of CO2 formation (Brezicki
et al., 2021):

CH4 þ 2 CuII
2O2

� �2þ ! CO2 þ 2H2Oþ 4 CuI
� �þ ð2Þ
3.2. Modelling of the reaction equilibrium

The adsorption time of the experiments of Fig. 1 was 240 min,
which was found to be high enough (as demonstrated latter sec-
tion 3.3) to ensure the chemisorption reactions reached the equi-
librium. The increase of methanol and CO2 productivities with
the methane partial pressure suggests that the chemisorption reac-
tions are reversible. Otherwise, the productivities would be inde-
pendent of methane partial pressure and dependent only on the



Fig. 1. Influence of methane partial pressure during the adsorption step (adsorption time = 240 min): a) productivity to methanol (h) and CO2 (4), b) selectivity to methanol.
Symbols: experiments. Lines: model predictions.

Fig. 2. Productivity of CO2 as a function of the length of the adsorption step.
Methane partial pressure: 20 kPa (}) and 100 kPa (4). Symbols: experiments.
Lines: model predictions.
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amount of corresponding Cu active species for the reactions. The
latter was the same at the beginning of all the tests since the solid
was reactivated in the same way. Also, control tests were carried
out to ensure that the behaviour is the same in all the successive
cycles.

Therefore, the productivities of methanol and CO2 of Fig. 1a cor-
respond to the chemisorption equilibrium capacities of methoxy
(reaction 1) and CO2 precursor (reaction (2)) species on the copper
mordenite, respectively qCH3OH and qCO2�pr . The chemisorption equi-
librium of these species has been modelled using the Langmuir iso-
therm, which assumes the molecules can only be adsorbed in a
certain number of sites energetically homogeneous and without
interaction between adsorbed species (Seabra et al., 2019;
Vilarrasa-García et al., 2017). Table 1 summarizes the models for
the chemisorption of methoxy (reaction 1) and CO2 precursors (re-
action (2)), where qit are the total solid capacities (lmol g zeo-
lite�1) and Ki are the equilibrium constants (kPa�1).

The model parameters have been fitted by least-square regres-
sion using the experiments of Fig. 1a. Model predictions are
depicted as solid lines. As can be observed, the models show a good
agreement to the experimental data (R2 = 0.99). The total
chemisorption capacities of the solid (qit) are a measurement of
total amount of active sites available for the two reactions at the
beginning of the chemisorption. In case the reactions were shifted
toward products, the productivity would match the chemisorption
capacity. The equilibrium constants (Ki) are related to the interac-
tion strength between the chemisorbed species and the solid at
200 �C. The ratio K2=K1 is 4.9, which means that the chemisorbed
strength of the CO2 precursors is higher than that of the methoxy
species. In this case, methanol equilibrium selectivity can only be
raised by increasing methanol partial pressure, so that the reaction
equilibrium is shifted for both reactions. This was observed in the
experiments of Fig. 1b. The maximum methanol selectivity is 12%,
as determined from total chemisorption capacities of the solid.

3.3. Modelling of the reaction kinetics

To measure the rate of the chemisorption process, additional
tests have been done using different contacting times with the
methane stream. Fig. 2 shows the experimental results for 20
Table 1
Reaction equilibrium models and fitted parameters.

Model Parameters

qCH3OH ¼ q1tK1pCH4
1þK1pCH4

q1t = 16 ± 4 lmol g zeolite�1

K1 = 0.021 ± 0.011 kPa�1

qCO2�pr ¼
q2tK2pCH4
1þK2pCH4

q2t = 119 ± 17 lmol g zeolite�1

K2 = 0.103 ± 0.093 kPa�1

4

and 100 kPa methane partial pressures. As shown, on increasing
the adsorption time, the chemisorption capacity increased. Above
ca. 60 min of adsorption time, the capacity was constant, which
means the reaction equilibrium was reached. Hence, the adsorp-
tion time of 240 min considered in the experiments of Fig. 1 was
high enough.

Fig. 3 compares the productivities as a function of methane par-
tial pressure and adsorption time (for the case of 20 and 240 min).
These tests have shown that the chemisorption time has an impor-
tant impact on the productivities. For 20 min, the solid has not
reacted completely, particularly for the formation of the methoxy
species that seems to be a slower reaction. The use of a chemisorp-
tion time of 240 min ensured equilibrium conditions and maxi-
mized methanol productivity for each methane gas partial
pressure.

The reaction mechanism of methanol formation (reaction 1) on
dimeric copper species in Cu-mordenite is made of many steps
(Jeong et al., 2021): methane activation, C-H bond cleavage, meth-
oxy generation, methanol desorption, and water adsorption. The
last two ones take place in the presence of water during the des-
orption step of the looping process. The energy profiles of the opti-
mized structures calculated by DFT suggests that the rate-
determining-step of the reaction mechanism is methane activation
(Jeong et al., 2021). Hence, the reaction rate of methanol formation
has been modelled according to a kinetic equation of first order on
methane partial pressure and the concentration of vacant dimeric
copper species, q1 (see Table 2). The latter has been determined
as the difference between the total chemisorption capacity and
methoxy concentration (q1 ¼ q1t � qCH3OH). As found in section
3.2, this reaction is reversible, which has been accounted for using
the equilibrium constant fitted previously (Table 1).



Fig. 3. Influence of methane partial pressure and adsorption time on: a) CO2 productivity and b) methanol productivity. Symbols: experiments. Lines: model predictions.

Table 2
Reaction kinetic models and fitted parameters.

Model Parameters

dqCH3OH

dt ¼ k1 pCH4
q1 �

qCH3OH

K1

� �
;

qCH3OH

��
t¼0 ¼ 0

q1 ¼ q1t � qCH3OH

k1 = 0.024 kPa�1h�1

dqCO2�pr

dt ¼ k2 pCH4
q2 �

qCO2�pr

K2

� �
;

qCO2�pr

��
t¼0 ¼ 0

q2 ¼ q2t � qCO2�pr

k2 = 0.085 kPa�1h�1
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In a similar way, the overoxidation of methane to CO2 has been
described to proceed according to a similar mechanism (Jeong
et al., 2021): methane activation, C-H bond cleavage, generation
of methoxy, formaldehyde and formiate, and carbon dioxide for-
mation and desorption. Considering methane activation also as
rate-limiting step, the kinetic equation for the formation of CO2

precursors of Table 2 is proposed.
The kinetic parameters of the proposed models have been

obtained by least-square fitting using the experiments of Figs. 2
and 3. MATLAB lsqcurvefit and ode45 functions have been used
to fit and solve the differential equations, respectively. The model
predictions have been depicted in the corresponding figures with
good agreement to the experimental data.

3.4. Assessment of mass transfer on reaction kinetics

The Cu-mordenite catalyst used in the present work is a micro-
porous material formed by two types of channels: main 12MR (7.
0 � 6.5 Å) and perpendicular 8MR pockets (5.7 � 2.6 Å). The size
of these channels is slightly larger than the kinetic diameter of
the molecules involved in the reaction (methane = 3.8 Å,
methanol = 4.3 Å). Therefore, the possibility of mass transfer resis-
tance influencing the chemisorption kinetics has been evaluated.

The effective pore diffusion coefficient at 473 K has been esti-
mated as 2.7�10�8 m2/s, based on a Knudsen mechanism and using
the textural properties of Cu-mordenite (pore size of 2.6 Å, pore vol-
ume of 0.173 cm3/g and BET surface area of 355 m2/g). Considering
an average solid particle size (0.668mm) and the adsorption kinetic
parameters fitted in section 3.3, the Thielemodulus for intraparticle
diffusion was estimated as 0.02 and 0.11, respectively, for the
adsorption of methane as methoxy (reaction 1) and CO2-precursor
(reaction (2)) species. The corresponding intraparticle diffusion
effectiveness factors were 1 and 0.99, respectively. Consequently,
it can be considered that mass transfer limitations were negligible.

3.5. Reaction at aerobic conditions

Many methane feedstocks can be poor and diluted with air,
such as, coal bed and ventilation air methane, fugitive emissions
5

of natural gas systems, or biogas generated in landfills and
wastewater treatment plants. In these cases, the separation and
concentration of methane before upgrading to methanol is advised
(Chaemwinyoo et al., 2022; Marín et al., 2020). However, this con-
centration step can be challenging and costly, so direct upgrading
at oxidant conditions can be an alternative. The partial oxidation
of methane to methanol on Cu-exchanged zeolites at high oxygen
concentrations (ca. 10–16 mol% O2) was experimentally demon-
strated using the looping process in the scope of a previous work
(Álvarez et al., 2021). In the light of the previous sections, devoted
to the modelling of the reaction at anaerobic conditions, in the pre-
sent section, the models are extended to the case of aerobic
conditions.

The productivity of methanol at aerobic conditions is depicted
in Fig. 4. It can be observed that the presence of oxygen produced
a decreased in the methanol productivity (Fig. 4a), which is more
evident at high methane partial pressures (e.g. 40 kPa), rather than
low partial pressures (e.g. 5 and 10 kPa). Thus, high methane par-
tial pressure, and hence high concentration of adsorbed methoxy
species, seems to favour methane overoxidation. The tests done
for different oxygen partial pressures revealed no dependence on
oxygen concentration (Fig. 4b). These findings suggest that the
overoxidation may take place by reaction of adsorbed methoxy
species and molecular oxygen, as reported in the bibliography
(Dinh et al., 2019):

CuIOCH3 þ Hþ þ 3=2 O2 ! CO2 þ 2 H2Oþ CuI
� �þ ð3Þ

The experiments were carried out at 473 K, which is not enough
high to trigger the Cu+/Cu2+ redox cycle and re-activate the cata-
lyst. Temperatures of, at least, 573 K are needed (Sun et al., 2021).

Fig. 5 shows the productivity of the CO2 precursors (qCO2�pr) that
remained adsorbed on the zeolite at the end of the methane
adsorption step. It should be noted that this qCO2�pr was determined
by TPO, right after the adsorption step. Hence, it does not account
for the CO2 generated by over-oxidation with molecular oxygen,
and desorbed to the gas phase, during the adsorption step. This
CO2 was experimentally observed by the on-line analysis of the
reactor effluent by MS (increase in signal m/z = 44 attributed to
CO2).

The presence of molecular oxygen at high concentration during
methane chemisorption leaded to a drastic decrease in the concen-
tration surface CO2 precursors (Fig. 5). At the end of an anaerobic
adsorption step, these species remained adsorbed on the copper-
zeolite. They were quantified by the TPO carried out after this step.
However, at aerobic conditions, the availability of molecular oxy-
gen from the gas phase was able to trigger the complete oxidation
of many adsorbed precursors to CO2, reducing the amount mea-
sured by TPO. The experiments of Fig. 5 indicate that the concen-



Fig. 4. Influence methane (a) and oxygen (b) partial pressures on methanol productivity at aerobic conditions (adsorption time = 20 min).

Fig. 5. Influence methane (a) and oxygen (b) partial pressures on the chemisorption of CO2 precursors at aerobic conditions (adsorption time = 20 min). Symbols:
experiments. Line: model prediction.
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tration of CO2 precursors increased, on increasing methane partial
pressure, and remained almost unaffected by oxygen partial
pressure.

The kinetic model of Table 2 has been completed to account for
the over-oxidation to CO2 of the adsorbed methoxy and CO2 pre-
cursor species, as summarized in Table 3. In agreement with the
bibliography (Dinh et al., 2019), these reactions have been consid-
ered of first order with respect to the corresponding adsorbed spe-
cies and order zero with respect to oxygen, as suggested by the
experiments of Figs. 4 and 5.

The kinetic constants have been determined by least-square fit-
ting using MATLAB lsqcurvefit and ode45 functions. The model
predictions were depicted in Figs. 4 and 5 to assess the quality of
the fitting. Overall, the model predicts the trends suggested by
the experimental data.
3.6. Application of the process

The studied three-step looping process to convert methane into
methanol has shown a low methanol productivity with formation
of important amounts of CO2. For this reason, this process cannot
Table 3
Reaction kinetic models at aerobic conditions and fitted parameters.

Model Parameters

dqCH3OH

dt ¼ k1 pCH4
q1 �

qCH3OH

K1

� �
� k3qCH3OH

qCH3OH

��
t¼0 ¼ 0

k3 = 0.0415 kPa�1h�1

dqCO2�pr

dt ¼ k2 pCH4
q2 �

qCO2�pr

K2

� �
� k4qCO2�pr

qCO2�pr

��
t¼0 ¼ 0

k4 = 0.085 kPa�1h�1

6

compete with the traditional methanol production process based
on methane steam reforming followed by methanol synthesis.

In this work, the looping process has been proposed as an alter-
native process for the upgrading of methane emissions (with low
concentration and possible presence of oxygen), which are not
suitable for the methane steam reforming process. The main use
of these emissions is typically for thermal purposes and this har-
nessing can be combined with the production of methanol using
the looping process. Thus, the methane emission can be preheated
to 200 �C, introduced in a bed loaded with Cu-mordenite, where
part of methane is chemisorbed, and the effluent can be sent to a
lean turbine to generate electricity from the remaining methane.
The methanol product would be recovered from the Cu-
mordenite with a steam-desorption step.
4. Conclusions

The partial oxidation of methane to methanol on Cu-mordenite
has been studied experimentally in a fixed bed reactor, operated
according to a three-step looping process. The methane adsorption
step of the process has been studied at anaerobic and aerobic (with
high O2 concentration) conditions.

The experiments revealed that methane chemisorption is a
reversible reaction, leading to the formation of methoxy and
CO2-precursors surface species. Adsorption equilibrium models
were proposed and fitted for these reactions, using the
experiments with a high adsorption time. Conversely, the tests
done at different adsorption time were used to fit a kinetic model
of first order with respect to methane and the solid active centre.

The process was also studied in the presence of molecular oxy-
gen at high concentration (2.5–16 mol%). This caused a reduction
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in methanol productivity, which was particularly noticeable at
high methane partial pressures. The presence of molecular oxygen
was also responsible of a drastic decrease in the amount of surface
CO2-precursor species, which completed the over-oxidation to CO2

during the adsorption step. The kinetic models were updated to
consider the over-oxidation caused by molecular oxygen.
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