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Obtaining C, and C; Products from Methane Using Pd/C as
Anode in a Solid Fuel Cell-type Electrolyte Reactor

Andrezza S. Ramos,” Monique Carolina L. Santos,” Camila M. Godoi,” Almir Oliveira Neto,"”

and Rodrigo Fernando B. De Souza*®

Methane was converted into C2 and C3 products under mild
conditions using a single stage solid electrolyte reactor, using a
proton exchange membrane fuel cell as a SER-FC and Pd/C as
an electrocatalyst prepared by the reduction method of sodium
borohydride. This electrocatalyst has a cubic pattern of
palladium centered on the face and an average size of
nanoparticles close to 6.4 nm, according to the literature.
Differential mass spectrometry reveals the chemical profile of
species obtained from the oxidation of methane with ionic
currents (li) at m/z=16, 28, 30, 32, 44, 46 and 60. In many cases,
li can be assigned to more than one species; therefore,
complementary ATR-FTIR experiments were performed. The
ATR-FTIR spectra confirmed the presence of C2 and C3
compounds such as ethane, ethanol, acetaldehyde, acetic acid
and propane. Considering the low amount of water in the
reaction medium, these results may be associated with the use
of Pd/C electrocatalysts responsible for the activation of the
water molecule.

The availability of natural gas currently rivals with oil; however,
this hydrocarbon is not as versatile as crude oil." The main
component of natural gas is methane, the most stable hydro-
carbon, with the very high dissociation energy of C—H bond
(435 kJmol™).? Its tetrahedral structure is difficult to polarize;
therefore, it makes this molecule almost inert to mild
conditions.”’ Turning this gas into higher value-added products
is a great goal.

Current approaches to utilization of methane involve mainly
high-temperature processes to produce syngas (H,+ CO), which
further can be transformed into methanol or fuels.”’ The ethane
is a vital building block in the chemical industry with an
expectedly of increasing demand in obtaining C2 or longer
compounds.” The oxidative coupling of methane (OCM) is a
direct and exothermic process and not limited by any
thermodynamic constraints."
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The key of OCM reaction is the formation of methyl radicals.
This radical, in the gas phase, reacts with methane to form
ethane and other products."® However, the OCM reaction is
fulfilled at high temperature (above 600°-800°C); a condition
that allows methane combustion and the reaction that
competes with the generation of CO and H, to occur.”
Otherwise, similar to what happens on OCM reaction in high
temperature, the methane can be activated at mild condition
when the water activation generates “reactive oxygenated
species” (ROS) as a HO® species. This radical causes the methane
C—H bond scission leading to the reactive methyl radical
formation, which in turn reacts with water molecules to
produce methanol and hydrogen.” These routes occur by like
Fenton-reaction,” or photo catalysis® and electrocatalysis.”’ As
cited, the methyl radical that reacts with water molecules does
not produce more complex species than methanol and its
oxidation products. Due to most photochemical and electro-
chemical processes occur in aqueous medium, products with
C2 or C3 are rarely observed.

The electrochemical reactors like solid electrolyte reactors -
fuel cell type (SER-FC) are basically composed by two electrodes
separated by an ion-conducting polymer that can operate in
continuous flow; due to the solid electrolyte, the amount of
water present in the reactional medium is drastically lower than
electrochemical cell medium."” Proton exchange membrane
fuel cell (PEMFC) was initially built to operate with H, and 0,;™"
this device allows that the formed radicals have higher chances
to collide with other molecules containing carbon in the
aqueous medium and, thereby, to occur their carbon chain
growth.

In the last years, some authors have studied the application
fuel cells at low temperatures for partial oxidation of methane
at mild conditions;"? the most bountiful products were the
methanol or formate species, additionally other products such
as isopropanol and acetaldehyde are reported with less
frequency.'® However, there are still little accumulated data on
the subject, as a novel electrocatalysts and material flux.””

The palladium is still frequently employed as anodic
electrode for the activation of small organic molecules in
PEMFC.">™® Winiwarter et al™ showed that Pd could be
promising for the application in this reactor type, because for
this metal (M) there is formation of a thin layer of PdO (M—O)
on electrocatalyst surface, where the oxide can activate the
C—H bond in methane™ and the water molecule;" it is also
utilized for hydrocarbon oxidation," due to its carbophilic
properties. In this work, the application of solid electrolyte
reactors (SER) PEMFC-type in mild conditions was studied to
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promote partial oxidation of methane on Pd/C and to verify the
occurrence of oxidative coupling of this hydrocarbon.

The physical characterization of Pd/C electrocatalyst is
illustrated in Figure 1. It is possible to see the peaks about 20

~40° 47°, 68°, 82° and 87° associated, respectively, to (111),
(200), (220), (311) and (222) planes of face-centered cubic (fcc)
structure, in accord to Pd (JCPDF #89-4897) (Figure 1a). TEM
micrograph image (Fig1b) shows the good dispersion on the

nanoparticles support, and particle diameter; electrocatalysts
present sizes for at 6.5 nm (Figure 1¢) in agreement with the
literature '

Figure 2 presents the j/V curve SER-FC during methane
oxidation in the anodic chamber with a feed mixture of
methane (room temperature) and H,O vapor (85°C) catalyzed
by Pd/C. The Open Circuit Voltage (OCV) for this device
measured is about —0.2V and the current is increasing
nonlinear form with the potential increasing. It means that
there is more than one process in the same potential range
about —0.2 until 0.8V. After 0.3V the current increases,
indicating the reduction in the charge transfer resistance,
similar to values observed by Lee.!*”

SER-FC effluent was online with Differential Mass Spectro-
scopy (DMS) at constant flow rate. The chemical species
obtained from partial oxidation of methane showed m/z at 16,
28, 30, 32, 44, 46, and 60. In Figure 3 are presented the ion
current (1)) for all species, except m/z=28 that does not present
an appreciable variation. Decrease of |, to m/z=16 attributed to
methane, with increasing the potential. This would be consis-
tent in the case of consumption of methane during the reaction
and this behavior is linked to the appearance of |, for other
possible compounds that are formed. The methane concen-
tration was decreased with the increase in potential, similar to
reported by Lee et al."® The signal for m/z=30 presents two
peaks near —0.1V and 0.2 V, with a valley between these two
maxima, may be the sum of the [, corresponding to
formaldehyde and/or ethane, isomers compounds. To the signal
at m/z=32, assigned to methanol, it is observed a current
increment in the range of —0.2V to —0.1 V. Between —0.1V to
0V, the |; strongly decreases, and from this potential, it has a
less intense description. This rapid decrease may be linked to
the consumption of alcohol produced in the SER-FC, for an
electric current generation, as reported by Nandenha® and
Santos'*? in this potential range.
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Figure 1. (a) X-ray diffractograms, (b) TEM micrograph, (c) histogram of the
particle size distribution of the Pd/C catalysts prepared by NaBH, reduction
process.

Figure 2. j/V curve of electrochemical methane oxidation over a Pd/C anode
at room temperature in a SER-FC with v=1mVs™".
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signal appears 50 mV more positive than methanol onset signal
and declines with the decrease of signal m/z=32 (methanol).
The signal at m/z=60 corresponding to as well to acetic acid as
methylformate, becomes more apparent when |; decreases from
—0.2V to 0.1 V. Due to the formation of ester by the abundance
of species with C1, in this condition, the population of m/z=60
decreases after 0.15 V.

The DMS shows the profile of the appearance of species
from partial methane oxidation and possible OCM; however, in
many cases the |; can associate with more than one chemical
specie. Therefore, SER-FC effluent samples were also analyzed
by infrared spectroscopy to confirm the chemical species
obtained, for even though, their intensities are not comparable.
Figure 4 illustrates the ATR-FTIR spectra in the aqueous and
hexane fractions of the samples taken from the effluent reactor.
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Figure 4. ATR-FTIR spectra of the products obtained in various potentials of
SER-FC effluent collected in hexane a), b), ¢) and water d), e).

It is possible to observe the characteristic bands of each species
in function of potential.

Bands in aqueous sample are observed at 1482 cm™' for CH,
d-deform,”¥ 1082 cm™' and 1030 cm™' (Figure 4d) commonly
attributed to methanol"*'® showed a pattern similar to |; at
m/z=32. The signal m/z=30 was attributed to two species: i)
formaldehyde, commonly reported in partial methane oxidation
at mild conditions."'®? |ts evolution can be observed by the
1249 cm™' band (Figure 4d) CH, rock of formaldehyde®" that

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1002/cctc.202000297

Chemistry
Europe

European Chemical
Societies Publishing

Communications

ChemCatChem doi.org/10.1002/cctc.202000297

behaves crescent from —0.2 V to —0.05 V and then, disappears.
In the study by Nandenha et al,"® it was observed that when
the potential approaches 0V, this band is consumed due to the
oxidation of these species. ii) ethane, a C2 species reported in
oxidative coupling work,"** can be identified by the bands
observed in 1468 cm™' corresponding to CH,d-deform of
ethane® in the hexane fractions (Figure 4c). It rises around
0.2 V, decreases to 0.6 V and disappears by 0.8 V.

Another molecule commonly reported for methane partial
oxidation is the formic acid, where the 1102cm™ band
corresponding to C—O stretches"® (Figure 4d) appears in all
potentials with almost constant intensity. The ethanol, m/z=46,
was observed and identified by CO stretches band at
1044 cm™'* appears at —0.1V and was observed low
variation.

The m/z=44 was attributed to CO,, acetaldehyde and
propane, when observing the FTIR spectra, in hexane solvated
samples (Figure 4a) the band at 2883 cm™' corresponding to
propane CH, stretch+ propane CH; stretch®® appears at 0.2V
with decreasing behavior attenuated to 0.6V and is extin-
guished at 0.8V. The band at 1358 cm™' in water sample
(Figure 4d) corresponding to acetaldehyde CH; s-deform,”
appears at —0.15 V increase until 0.1 V and disappears. In water
samples (Figure 4e) at 650 cm ™', it is possible to see §,,,(0CO)
8(0CO) of CO, in solution® the signal appears at —0.1V
increase until 0.1V and the band convolute with other bands.

In a medium where both methanol and formic acid exist,
the formation of methyl formate, m/z=60, is plausible occur
between three first potential up to 0.8 V.It was observed by the
band at 1757 cm™' related to C=0 stretch® which intensity
showed no relevant variation (Figure 4b). Therefore, the charac-
teristic acetic acid band at 1287 cm™' for OH bend™ (Figure 4d)
appears at 0.2V and its intensity increases conform the
potential increases. In order to better visualize the methane
transformation process, scheme 1 shows the reaction pathways
detected in this work.

FTIR spectra confirmed the presence of ethane, ethanol,
acetaldehyde, acetic acid and propane, C2 and C3 compounds
obtained in SER-FC operated with low amount of water in the

CHs+ M-O apstraction

M-OH assisted by MO

or ROS
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Scheme 1. Parallel path mechanism of methane partial oxidation.
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reaction medium, associated with the use of Pd/C. In scheme 1
presents the reaction steps observed in this work. It is usual for
Pd nanoparticles to have some of the PdO phase on the
surface;"®® it achieves the ligand effect responsible for
lowering the initial C—H bond in methane*"**'¥ and water
activation.” The carbophilic properties of Pd catalyst favors the
proximity of the methane and the radicals (scheme 1), as
reported by Boyd etal.® The Pd catalyst can starts the
propagation of methyl radicals®'*¥ using less water in the
system; the methyl radicals are dimerized to ethane and other
present species by the gas-phase coupling reaction as a
described by Lim et al..””’

In conclusion, the application of PEM fuel cell as a solid
electrolyte reactor is promising for methane valorization by
obtaining products with higher added value, such as methanol,
formaldehyde and formic acid. Using Pd as an anode catalyst
enables to activate water and to lead methyl radicals due to the
affinity of Pd with methane.

The operating conditions of the reactor SER-FC allowed the
synthesis of other products such as ethanol, ethane, acetic acid,
among others. Products C2 and C3, was more easily reported at
temperatures much higher in oxidative coupling reactions,
however, due to the reduced amount of water compared to
other systems, methyl radicals are more likely to collide with
carbon-containing molecules, allowing for carbon chain growth.

Finally, further research is necessary to investigate and to
develop a method to quantifying the products obtained by
DMS.
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