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Abstract: Liquid-phase selective oxidation of methane into methane oxygenates, including methanol
and formic acid, with molecular oxygen was investigated using Fe-zeolites and Pd/activated carbon
in the presence of molecular hydrogen as a reducing agent. Various Fe-zeolites such as Fe-ZSM-5,
Fe-mordenite, Fe-f3, Fe-Y, and Fe-ferrierite were prepared by ion-exchange and compared for this
reaction. Among them, Fe-ZSM-5 was selected for further study because this catalyst showed high
activity in the selective oxidation of methane with relatively less leaching. Further, the effect of
reaction temperature, pH, and the amount of catalyst was examined, and detailed investigations
revealed that the leached Fe species, which were facilitated in the presence of acid, were mainly
responsible for methane oxidation under the given reaction conditions.

Keywords: partial oxidation of methane; liquid-phase oxidation; hydrogen peroxide; formic acid;
methane oxygenates

1. Introduction

Methane, a major component of natural gas, is considered as a clean energy resource because it
emits the lowest amount of CO; per unit of energy produced during combustion of hydrocarbons.
Recent commercial production of shale gas has raised expectations for the wide utilization of methane as
a chemical feedstock. Owing to its abundance and cleanliness, methane is expected to replace coal and
oil in the energy and chemical sector until sustainable resources are economically viable [1]. Although
methane has been utilized as a chemical feedstock via syn gas (a mixture of CO and Hy), this indirect
process has been applied to only limited cases because it is an energy-intensive process. On the other
hand, the direct conversion of methane is extremely onerous because its high C-H bond dissociation
energy (439 kJ/mol) makes it difficult to selectively convert into value-added chemicals [2,3].

The partial oxidation of methane has been mainly investigated either in the gas phase at relatively
high temperatures or in the liquid phase at low temperatures. The gas-phase partial oxidation of
methane has been reported over metal ion-exchanged zeolites [4-6] using O, [7,8], N,O [9,10], and
H,O [11,12]. The liquid-phase partial oxidation of methane has been demonstrated over several
catalyst systems including Pt [13-16], Pd [17,18], Rh [19,20], Os [21], Hg [22], Cu [23], V [24], Fe [25,26],
Eu [27], and Co [28,29] using different oxidants such as SO3 [17,23], K;S,0s [30], and H,O, [24-26].
In the case of liquid-phase systems, strong acids such as sulfuric acid and trifluoroacetic acid have
been frequently used to convert methane into stable intermediates such as methyl bisulfate and methyl
trifluoroacetate. However, the corrosive nature of the acids, and requirement of expensive oxidants and
an excessive amount of water in the additional hydrolysis step for methanol synthesis from methanol
derivatives, are problematic. Therefore, investigations into the partial oxidation of methane in the
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aqueous phase are actively underway. Hutchings and co-workers have conducted methane oxidation
over Au-Pd nanoparticle colloids by depositing them on TiO, or ZSM-5 [31,32]. Tsubaki et al. have
also reported an Au-Pd catalyst supported on carbon materials to convert methane into methane
oxygenates with in situ generated H,O, [33]. Recently, Xiao et al. reported high methane conversions
using a catalyst system in which the concentration of H,O, in Au-Pd@zeolite could be enriched by
surface modification [34].

In our previous study, we reported the aqueous-phase partial oxidation of methane using
homogeneous Fe catalysts and Pd/C, where H,O, was generated in situ from Hy and O, [35]. In this
study, Fe-zeolites were prepared via an ion-exchange method to immobilize the homogeneous Fe
catalysts into the zeolite matrix, and were applied to the liquid-phase partial oxidation of methane.

2. Results

2.1. Catalyst Characterization

The metal content and Brunauer Emmett Teller (BET) surface area of the Fe-zeolites are listed in
Table S1. It is noteworthy that the Fe content in each Fe-zeolite was different even though the same
mother liquor with the same Fe concentration was used during catalyst preparation. The Fe content
for each Fe-zeolite decreased in the following order: Fe-mordenite > Fe-3 > Fe-ZSM-5 > Fe-Y >>
Fe-ferrierite. The Fe content was not dependent on the Al content or Al/Si ratio. The BET surface
area of each Fe-zeolite decreased slightly as compared with that of each zeolite itself. To identify the
change in the bulk crystalline structure of each Fe-zeolite during its preparation, X-ray diffraction
(XRD) patterns of the parent zeolites and Fe-zeolites were obtained and compared. There was no
noticeable change in the XRD patterns (Figure S1), which implied that the bulk crystalline structure
was well preserved and there was no bulk iron oxide in Fe-zeolites.

The UV-Vis spectra of the Fe-zeolites were obtained to probe each constituent Fe species. Figure 1
shows that a main peak appeared in the wavelength range of 250-300 nm for all Fe-zeolites and a
shoulder peak could be observed at above 350 nm for some Fe-zeolites with high Fe content. It is
generally accepted that each Fe species in the Fe-zeolite has its own characteristic peak in the UV-Vis
spectra [36,37]: (a) Fe species with tetrahedral coordination (200-240 nm) such as framework Fe species
in Fe-silicalite, (b) square-pyramidal and distorted octahedra such as isolated Fe ions on alumina
surface (250-300 nm), (c) Fe3* ions in small oligonuclear clusters (300-450 nm), and (d) bulk Fe oxide
particles on zeolite (above 450 nm). Furthermore, the Fe species present in all Fe-zeolites are mainly
isolated Fe ions located on an ion-exchangeable site in the zeolite. The presence of iron oligonuclear
clusters was confirmed in Fe-mordenite, Fe-ZSM-5, and Fe-f3, which have relatively high Fe contents
compared to the other zeolites.
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Fe-Y
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Figure 1. UV-Vis spectra of various Fe-zeolite catalysts prepared via an ion-exchange method.
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2.2. Catalytic Performance

The liquid-phase partial oxidation of methane was carried out with Fe-zeolites and Pd/activated
carbon (AC) as the catalyst in the presence of Hy and O,. The pH of the aqueous solution was
controlled to 1.3 using H,SO4. As shown in Table 1, the catalytic performance was strongly dependent
on the Fe-zeolite. Fe-Y and Fe-3 showed much higher catalytic activity in terms of total product
yield compared to the other Fe-zeolites. As each Fe-zeolite had different Fe content, the turnover
number (TON) was also calculated (Table 1). The TON decreased in the following order: Fe-Y >
Fe-B > Fe-ZSM-5 > Fe-mordenite > Fe-ferrierite. The selectivity to methane oxygenates generally
decreased with increasing total product yield, which is reasonable because the partial oxidation of
methane is a consecutive reaction from methane to CO, through methyl hydroperoxide, methanol, and
formic acid [25]. Even though Fe-Y and Fe-f3 showed high catalytic activity, the inductively coupled
plasma (ICP) analysis of the liquid remaining after the reaction revealed that large fractions of Fe and
Al present in Fe-Y and Fe-f3 had leached out during the reaction (Table S2). This implied that these
catalysts were unsuitable for the heterogenization of the homogeneous catalyst system. Considering
both the catalytic performance and the stability, Fe-ZSM-5 was selected for a further study.

Table 1. Catalytic activity of various Fe-zeolites and 1 wt. % Pd/AC for partial oxidation of methane
with H, and O5,. 2

Product (umol)

Yy

CH3;OH HCOOH CH3;00H CO, Product %)
Fe-ZSM-5 9 22 52 0 16 90 82 11
Fe-mordenite 7 14 57 0 22 93 76 7.0
Fe-B 2 15 144 1 131 291 55 28
Fe-Y 7 10 139 5 167 321 48 51
Fe-ferrierite 4 5 4 0 0 9 100 4.6

2 Reaction conditions: 50 mg of Fe-zeolite in Table S1 and 50 mg of 1 wt. % Pd/AC; reaction temperature = 30 °C;
reaction time = 30 min; Vjjquig = 30 mL; [H2S04] = 15 mM; Vgas = 90 mL; Pcyy = 15 bar; Py = 3 bar; Paj = 10 bar.
b Selectivity to methane oxygenates was calculated as [moles of products excluding CO,]/[moles of total products]
% 100 (%). € Turnover number (TON) was calculated as [moles of total products]/[moles of Fe introduced].

The effect of some reaction variables such as reaction temperature, pH, amount of Pd/AC, and Fe
content in Fe-ZSM-5 on the catalytic performance was investigated. The total product yield increased
with increasing reaction temperature in the temperature range of 0-50 °C (Figure 2a, Table S3). It is
worth mentioning that the concentration of hydrogen peroxide after a reaction generally decreased
with increasing temperature. Therefore, it was concluded that the formation of hydrogen peroxide was
favored at low temperatures while methane oxidation was favorable at high temperatures. As hydrogen
peroxide formed from H; and O, was used to oxidize methane, the total product yield did not increase
exponentially with reaction temperature, as observed in most chemical reactions. The selectivity to
methane oxygenates decreased with increasing reaction temperature because these transformations
were consecutive and methane oxygenates were more active than methane itself under the same
reaction conditions. The effect of pH on catalytic performance was also investigated using 0.766 wt.
% Fe-ZSM-5. The total product yield increased upon decreasing the pH from 3.3 to 0.7 (Figure 2b,
Table S4). This was closely related to the fact that the final concentration of H,O, after the reaction
increased with decreasing pH (Table S4). The hydrogen peroxide formed from H; and O, acted as
an oxidant for methane during the reaction. It has been reported that low pH is more favorable to
produce H,O; from H; and O, and to prevent its decomposition [38]. Finally, the effect of the amount
of 1 wt. % Pd/AC and Fe content in Fe-ZSM-5 was evaluated. Since Pd/AC is responsible for HyO,
generation from Hj and Oy, it is generally expected that the total yield of methane oxygenates would
increase with the amount of Pd/AC. This trend was confirmed, as shown in Figure 2¢ (Table S5).
The residual concentration of HyO, appeared to decrease with the increasing amount of Pd/AC, which
could be attributed to HO, decomposition over Pd metal [38]. The total product yield increased but
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the selectivity to methane oxygenates decreased with Fe content in Fe-ZSM-5 (Figure 2d and Table S6).
This is reasonable because the Fe species are responsible for the oxidation of methane and methane
oxygenates, which are more reactive than methane under the same reaction conditions.
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Figure 2. Performance of Fe-ZSM-5 catalysts such as 1.07 wt. % Fe-ZSM-5 (a), 0.766 wt. % Fe-ZSM-5
(b, ), and Fe-ZSM-5 with various Fe content (d) for partial oxidation of methane in the presence of H,
and O; and 1 wt. % Pd/AC. Reaction conditions: 50 mg of Fe-ZSM-5 and 50 mg of 1 wt. % Pd/AC
were used in all cases except for (c). Different amounts of Pd/AC were used for the case (c); reaction
time = 30 min. Viyjquiq =30 mL, Vgas = 90 mL, Pcpy = 15 bar, Py = 3 bar, Pajr = 10 bar. The reaction
temperature was fixed at 30 °C in all cases except for (a). The concentration of H,SO4 was 15 mM in all

cases except for (b).

3. Discussion

A heterogeneous catalyst is preferred over a homogeneous catalyst from a practical point of
view as long as both catalysts exhibit similar catalytic performance. Based on the report [35] that a
homogenous Fe catalyst was able to oxidize methane in water at low temperatures with H,O, generated
in situ from Hy and O,, we applied heterogeneous Fe-zeolites instead of a homogeneous Fe catalyst in
this study. As this reaction is conducted in acidified water, each Fe-zeolite shows different catalytic
activity and stability. Generally, a better catalytic activity implies worse catalyst stability (Table 1 and
Table S2). Further study with Fe-ZSM-5 confirmed that the effect of some reaction variables such as
reaction temperature, pH, and amount of catalyst was similar to that observed when the homogeneous
Fe catalyst was used, as reported previously [35]. The ICP analysis of the liquid after the heterogeneous
reaction conducted under different conditions supported the observation that the catalytic activity is
closely related to the amount of leached Fe species. The fraction of leached metals such as Fe and Al
increased slightly with increasing reaction temperature (Table S7) and concentration of sulfuric acid
(Table S8). The amount of leached Fe species increased with the increasing Fe content in Fe- ZSM-5
(Table S9). However, it should be noted that the fraction of leached Fe species is independent of the Fe
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content in Fe-ZSM-5 (Table S9). It is also worth mentioning that no leaching was observed from Pd/AC
in all cases and only occurred when a high concentration of H,SO, was used to decrease the pH to 0.7
(Table S8).

To compare the activity of homogeneous and heterogeneous catalysts for the partial oxidation
of methane, this reaction was carried out using FeSO4 and 1 wt. % Pd/AC under the same reaction
conditions as those employed for the heterogeneous catalyst. Similar to the previous results [35], the
total product yield increased but the selectivity to the methane oxygenates decreased with increasing
concentration of FeSO, (Table S10). Figure 3 shows that the total product yield was proportional to
the amount of homogeneous Fe species in the reaction system. This result confirmed that using the
heterogeneous Fe-ZSM-5 catalyst results in total product yields that are similar to those obtained with
the homogeneous catalyst whose concentration is equal to that of Fe species leached from Fe-ZSM-5.
Therefore, it was concluded that the real active species for Fe-ZSM-5 catalyst in this reaction was the
leached Fe species.

200
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@ FeSO,
= 150
£ o o
<
v 100
= °
=
£
50 o®
o
0o ® ‘ ‘ ‘ ‘
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Figure 3. Total product yield as a function of the amount of Fe species in the homogeneous Fe catalyst
system or in the liquid for the heterogeneous catalyst system with Fe-ZSM-5. All data were taken from
Tables S6, S9 and S10.

The Fe-ZSM-5 catalyst has been reported to oxidize methane with H,O, in water [25]. On the
other hand, FeSOy itself is not active for partial oxidation of methane with H,O, in water as reported
in our previous work [35]. This implies that these two catalysts have different reaction mechanisms
for the aqueous-phase oxidation of methane. As shown in Table S11, there was no noticeable
difference in the product distribution during methane oxidation with H,O, over Fe-ZSM-5 carried
out under different pH. The H,O, conversion was lower in the presence of H,SO4 than in its absence.
This implies that the presence of HySOy is beneficial for the efficient utilization of HyO, during methane
oxidation. The contribution of leached Fe species to the oxidation of methane was examined separately.
This homogeneous Fe species was confirmed to be ineffective for both methane oxidation with HyO,
and HyO, decomposition (entry 3 in Table S11). An additional experiment was performed to compare
the direct addition of H,O, with in situ generation of H;O,. The gas composition was controlled to
produce 0.28 M H,0; if all H, was completely converted into H,O,. This in sifu system (entry 4 in
Table S11) provided lesser amounts of products as compared to the direct H,O, addition system (entry
3 in Table S11). The addition of HySO; is necessary for the efficient generation of H,O, from Hj and
O; but is problematic owing to the leaching problem. Note that there was no leaching in the absence
of HySOy (Table S4) and only a very small amount of methanol was produced. This implies that in
the case of using Fe-zeolites as catalysts, the in situ generation of HyO, should be carried out in the
absence of an acid to oxidize methane without leaching.
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4. Materials and Methods

4.1. Catalyst Preparation

All Fe-zeolites were prepared via an ion-exchange method using iron(II) sulfate heptahydrate
as a precursor. In this method, 2.97 g of each zeolite, such as NH4-ZSM-5 (Zeolyst, CBV3024E,
SgeT = 405 mz/g), NHy-mordenite (Zeolyst, CBV21A, Sggr = 500 mz/g), NHjy-B (Zeolyst, CP814E,
SgeT = 710 m?/g), NHy4-Y (Zeolyst, CBV712, Sgpr = 730 m?/g), and NHy-ferrierite (Zeolyst, CP914C,
Sger = 400 m?/ g), was added into 300 mL of deionized water containing nitric acid to adjust the pH to
3. After heating the solution to 80 °C, 0.4292 g of FeSO4-7H,O (Sigma Aldrich, St. Louis, MO, USA)
was added into the solution and stirred for 2 h. The sample was filtered, washed with deionized water,
and dried in an oven at 110 °C overnight. The dried sample was calcined in static air at 550 °C for 3 h
before use.

The 1 wt. % Pd/AC catalyst was prepared by a wet impregnation method using Palladium(II)
chloride as a precursor. In this method, 85 mg of Pd(II)Cl, (Sigma Aldrich) was added into 50 mL of
deionized water with a few drops of HCl solution (Samchun Pure Chemical, Pyeongtaek, Korea). Next,
4.95 g of AC (Sigma Aldrich) was added into the solution. After mixing the solution for 3 h at 60 °C,
water was evaporated using a rotary evaporator. The catalyst was dried in an oven at 110 °C overnight
and reduced with H; at 300 °C before use. The average particle size of Pd in Pd/AC was determined to
be 2.5 nm based on the TEM image (Figure S2).

4.2. Catalytic Activity Test

The liquid-phase partial oxidation of methane was conducted in an autoclave with a total volume
of 125 mL. The reaction temperature was maintained by two circulators (one for heating and another for
cooling). A glass liner was inserted inside the autoclave to avoid the side reactions and contamination.
Typically, 50 mg of Fe-zeolite and 50 mg of 1 wt. % Pd/AC, unless stated explicitly, were added into
30 mL of an aqueous solution containing sulfuric acid (Sigma Aldrich) to adjust the pH. The reactor
was sealed and charged with 15 bar of methane after purging with methane five times. It was then
charged with 3 bar of hydrogen and 10 bar of air. The solution was mixed vigorously at 1200 rpm with
a magnetic stirrer.

4.3. Analytical Method

After the reaction, the gas-phase product was analyzed using a gas chromatograph (GC, YL
instrument 6100GC) with a flame ionization detector (FID). The GC was equipped with a methanizer
unit for analysis of CO, (or CO). The reaction solution was filtered with a membrane filter (PVDF 0.22 pum,
Merck, Darmstadt, Germany) and liquid-phase products were analyzed by 'H-NMR spectroscopy
(INM-ECZ 600R, JEOL, Tokyo, Japan). The NMR spectra were obtained at room temperature and
quantified with a 0.1% trimethylsilylpropanoic acid (TMSP) sodium salt/D,0O standard (Euriso-top,
Saclay, France). The amount of H,O, remaining after each reaction was quantified by the titration
method using Ce(SO4), and ferroin indicator.

The BET surface area of each catalyst was analyzed using the ASAP2020 (Micromeritics) surface
area analyzer. The UV-Vis spectra were obtained using V-650 spectrophotometer (Jasco, Tokyo, Japan).
The X-ray diffraction patterns of various Fe-zeolite catalysts were analyzed using the D/max-2200/PC
(Rigaku, Tokyo, Japan) diffractometer. The metal content of the catalysts and amount of leached metal
in the liquid were quantified by inductively coupled plasma-optical emission spectroscopy using
OPTIMA 5300DV (PerkinElmer, Waltham, MA, USA). The TEM image of Pd/AC was obtained using
Tecnai G2 F30 S-TWIN (FEI, Hillsboro, OR, USA).

5. Conclusions

To replace homogeneous Fe catalysts, Fe-zeolites were evaluated for the liquid-phase partial
oxidation of methane with H,O, generated in situ over Pd/AC from H; and O,. Although Fe-Y and
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Fe-f3 showed high catalytic activity, they suffered from a serious leaching problem. On the other hand,
Fe-ZSM-5 was more stable than Fe-Y and Fe-3 against leaching and exhibited relatively high catalytic
activity. The catalytic activity of Fe-ZSM-5 with in situ generated H,O, increased with increasing
reaction temperature, concentration of H,SO4, amount of Pd/AC catalyst, and Fe content in Fe-ZSM-5.
Further, ICP analysis of the liquid revealed that the catalytic activity was mainly dependent on the
amount of the Fe species leached from Fe-ZSM-5. The dissolution of metals from Fe-ZSM-5 was
facilitated in the presence of an acid. No leaching was observed in the absence of HySO4. However,
only a very amount of methanol was formed in this case because of the poor efficiency of the formation
of HyO,, which is essential for methane oxidation over Fe-ZSM-5. The development of a heterogeneous
catalyst that can produce H,O, from H; and O; in the absence of an acid is key to oxidizing methane
using Fe-ZSM-5 without leaching.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/3/299/s1,
Table S1: Metal contents and BET surface area of Fe-zeolites, Table S2: Metal contents in Fe-zeolites before the
reaction and in the liquid after the reaction, Table S3: Catalytic performance of 1.07 wt. % Fe-ZSM-5 and 1 wt.
% Pd/AC at different reaction temperatures in the partial oxidation of methane, Table S4: Effect of pH on the
performance of 0.766 wt. % Fe-ZSM-5 and 1 wt. % Pd/AC catalysts in the partial oxidation of methane, Table
S5: Effect of 1 wt. % Pd/AC on the catalytic performance of 0.766 wt. % Fe-ZSM-5 and 1 wt. % Pd/AC in the
partial oxidation of methane, Table S6: Effect of Fe content in Fe-ZSM-5 on the performance of Fe-ZSM-5 and 1 wt.
% Pd/AC catalysts in the partial oxidation of methane; Table S7: Metal content in the liquid and the fraction of
leached metal after the reaction with 1.07 wt. % Fe-ZSM-5 and 1 wt. % Pd/AC at different temperatures, Table S8:
Metal content in the liquid and the fraction of leached metal after a reaction with 0.766 wt. % Fe-ZSM-5 and 1 wt.
% Pd/AC at different pH, Table S9: Metal content in the liquid and the fraction of leached metal after a reaction
with Fe-ZSM-5 containing different Fe contents and 1 wt. % Pd/AC catalysts, Table S10: Catalytic performance of
different concentrations of 1 wt. % Pd/AC and FeSOy in the partial oxidation of methane, Table S11: Catalytic
performance for partial oxidation of methane under different conditions, Figure S1: XRD patterns of (a) H-ZSM-5
and Fe-ZSM-5, (b) H-mordenite and Fe-mordenite, (c) H-p and Fe-$, (d) H-Y and Fe-Y, and (e) H-ferrierite and
Fe-ferrierite, Figure S2: TEM image (a) and particle size distribution of Pd metal (b) of 1 wt. % Pd/AC.
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