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ABSTRACT: The selective oxidation of methane to form
methanol and acetic acid has been studied using AuPd nano-
particles supported on the zeolite H-ZSM-5 in water at 240 °C
using molecular oxygen as the terminal oxidant in the absence of
any added coreductant. The addition of Pd to Au/ZSM-5
significantly increases the selectivity to acetic acid to levels
approaching almost complete selectivity within the oxygenated
products. However, we observe that the reaction conditions
employed lead to the corrosion of the stainless-steel components
of the autoclave reactor and also leaching of iron from the ZSM-5
zeolite, and hence the AuPd nanoparticles, on reaction, become
coated or partially coated with an oxidic Fe shell. The presence of
the oxidized iron coating hinders nanoparticle agglomeration
preventing deactivation of the AuPd/ZSM-5 catalyst but does not adversely affect the observed catalysis.
KEYWORDS: methane oxidation, AuPd nanoparticles, zeolite, acetic acid, heterogeneous catalysis

■ INTRODUCTION
Methane, the primary component of natural gas, shale gas, and
biogas, represents Earth’s most plentiful carbon resource.
Traditionally, this resource has been utilized via direct
combustion for heat, electricity, and transportation, leading to
significant CO2 emissions.1 However, climate change and the
push for carbon neutrality necessitate a paradigm shift in
methane utilization.2 Partial methane oxidation (PMO) to
generate valuable oxygenated products has emerged as a highly
sought-after catalytic reaction. Compared to alternative
methane conversion methods like syngas-mediated methanol
synthesis,3,4 oxidative coupling of methane (OCM),5 and
methane dehydrogenation to aromatics (MDA),6,7 PMO may
offer potential for superior atomic utilization efficiency, lower
energy consumption, and reduced CO2 emissions. The inherent
inertness of methane, characterized by its strong C−H bond
(435 kJ/mol), can be addressed by the use of harsh reaction
conditions or potent oxidants. Illustrative examples include
homogeneous PMO reactions catalyzed by Pd8 or Hg9,10

complexes, as well as Au cations.11 These systems often employ
aggressive oxidants, such as sulfur trioxide and highly
concentrated sulfuric acid.
Nature provides a captivating example of PMO under mild

conditions with the enzymatic methane monooxygenase
(MMO) system, which utilizes molecular oxygen to convert
methane to methanol.12−15 Inspired by this biological process,

researchers are actively pursuing the development of biomimetic
solid catalysts for PMO at lower temperatures and with milder
oxidants, such as N2O, O2, and H2O2. Iron-based (Fe)
catalysts16−18 exhibit high selectivity for methanol when using
N2O as an oxidant, while Cu-zeolite catalysts19−21 excel with O2.
The active centers responsible for this activity are believed to be
Fe-α-oxygen species and [Cu−O−Cu] clusters, respectively,
functioning effectively in gas-phase PMO to methanol even at
low temperatures, including room temperature. However, these
reactions often necessitate product release through water
extraction due to the continued attachment of methanol
precursors to the catalyst. In this way, Cu-zeolite catalysts can
utilize H2O as the source of oxygen in PMO products.22

Although initially considered stoichiometric processes, recent
breakthroughs have reported closed catalytic cycles for PMO
over Cu-zeolites, enabling continuous operation with H2O and
O2 feeds.
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Aqueous PMO offers exciting possibilities with various
oxidants and catalysts. Supported Fe or FeCu catalysts using
H2O2 as the oxidant exhibit high selectivity toward formic acid
or acetic acid.25−28 Interestingly, studies on Au−Pd catalysts
with H2O2 and isotopically labeled oxygen (18O2) revealed that
only 30% of the oxygen in methanol product originated from
H2O2, suggesting that H2O2 activates methane for subsequent
oxidation bymolecular oxygen.29,30 Furthermore, these catalysts
can achieve PMO with in situ-generated H2O2 from H2 and
O2.

31 For Rh-ZSM-5 zeolites, utilizing O2 with CO as a
coreactant leads to high production of methanol and acetic
acid.32,33 Notably, these catalysts lack PMO activity solely with
O2. Recent breakthroughs include catalysts exhibiting PMO
activity with O2 alone. For instance, a hydrogen-reduced Pd-
containing phosphomolybdate catalyst achieves nearly 100%
selectivity toward methanol under these conditions.34 Addi-
tionally, edge-rich MoS2 catalysts showcase remarkable room-
temperature PMO activity to C1 oxygenates using just O2.

35 Our
recent work explored aqueous PMO with Au nanoparticles
supported on the ZSM-5 zeolite (Au-ZSM-5) using only
molecular oxygen (O2) and no coreductant.36 This system
gave methanol and acetic acid as primary products within a
temperature range of 120−240 °C. While Au nanoparticles
served as the active sites, the acid sites in ZSM-5 played a crucial
role in stabilizing the active sites and boosting the catalytic
performance.37 We proposed parallel pathways for methanol
and acetic acid formation involving parallel C1 oxidation and C−
C coupling pathways through a network of surface-mediated
processes. Furthermore, incorporating carbon additives signifi-
cantly enhanced catalytic performance and methanol selectivity.
This phenomenon is attributed to surface interactions between
oxidized carbon species and the Au-ZSM-5 catalyst.38 This
discovery highlights the potential for coreactant oxidation to
influence PMO reactions, leading to diverse reaction pathways
and performances. Most recently, we found that during the
reaction under the aggressive reaction conditions, the Au
nanoparticles in the Au/ZSM-5 catalyst become coated with an
iron oxide overlayer caused by iron being leached from the
autoclave reactor, but this iron oxide overlayer did not have any
adverse effects on the observed catalysis.39

In our earlier studies, we have shown that the addition of Pd to
Au to form an alloy can greatly enhance the catalytic activity for
selective oxidation.40 In view of this, we have investigated PMO
with AuPd alloy nanoparticles supported on H-ZSM-5 and
demonstrate that the addition of Pd to Au significantly enhances
the selectivity to acetic acid when methane is reacted with
oxygen in water at 240 °C. However, traditional reactor
materials for high pressure PMO reactions, such as stainless-
steel, are not completely resistant to corrosion under the
reaction conditions used. This can lead to leaching of corrosion
products, potentially acting as unintended PMO reaction
additives. For example, Fe-leaching from reactor components
could significantly impact PMO performance, particularly in
industrial settings, where using PTFE liners or entirely
corrosion-resistant parts might not be practical. However, the
influence of reactor corrosion and metal leaching on the PMO
has received limited research attention to date.
In this paper, we investigate how Fe species, originating from

either the reactor or the ZSM-5 support, influence the catalytic
activity of AuPd/ZSM-5 for methane oxidation to acetic acid.
We observe a modest increase in oxygenates, mainly acetic acid,
when the oxidation was carried out in a stainless-steel reactor
compared to a glass-lined reactor. The stainless-steel reactor and

ZSM-5 support are both found to leach Fe species during the
reaction, leading to an oxidic Fe species coating the AuPd alloy
on the AuPd/ZSM-5 catalyst after the reaction.

■ EXPERIMENTAL SECTION
Note on Safe Operation of Experiments. When

conducting catalytic oxidation, it is important to ensure that
reaction conditions are such that the experiments are not
conducted in the explosion region. For methane oxidation,
Cooper and Wiezevich41 have shown that experiments
conducted with ≤14% O2 even at elevated temperature and
pressure are outside the explosive region and this is the case in
the work reported here.

Materials and Reagents. H-ZSM-5 zeolites (SiO2/Al2O3 =
25) were obtained from Nankai University Catalyst Co. Ltd.
Gold chloride trihydrate (HAuCl4·3H2O, ≥49.0% Au basis) was
purchased from Sigma. Palladium chloride (PdCl2, ≥59.0% Pd
basis), aqueous ammonia (25−28%), iron nitrate nonahydrate
(Fe(NO3)3·9H2O, 99.8%), iron chloride (FeCl3, ≥97.0%), and
iron oxide (Fe2O3, 99.8%, particle size of <1 μm) were obtained
from Sinopharm Chemical Reagent Co., Ltd. Fine iron powder
(Fe, ≥98.0%, particle size of <38 μm) was obtained from
Aladdin. Methane (99.999%) was obtained from Dalian Special
Gases Co., Ltd. Nitrogen (99.999%) and oxygen (99.999%)
were obtained from Wuhan Huaxing Industrial Gas Co., Ltd.
13CH4 (13C, 99%, 99.9% chemical purity) was purchased from
Cambridge Isotope Laboratories, Inc. The 13CO (13C, 99%) was
purchased from Cambridge Isotope Laboratories. All materials
and reagents were used directly without purification.

Catalyst Preparation. Prior to metal deposition, the as-
received zeolitic material (NH4-ZSM-5) was first exposed to an
oxidative heat treatment (550 °C at 3 °C/min for 6 h).
Typically, 2.0 g of the NH4-ZSM-5 zeolite was put in a ceramic
boat and calcined under an air atmosphere using a tubular
furnace. The temperature was programed from ambient
temperature up to 550 °C with a ramp of 3 °C/min, and after
being kept at 550 °C for 6 h, the sample was cooled to ambient
temperature naturally.

AuPd/ZSM-5 Catalyst. 0.5 wt %AuPd/ZSM-5 catalysts were
prepared by a deposition−precipitation method using aqueous
ammonia as the base to control the pH value. This method was
used to ensure that the prepared catalysts contained no
adventitious carbon impurities. A solution of the Au and Pd
metal salts was added to deionized water (66.7 mL) and mixed
together by 5 min stirring, then the zeolite (1.0 g) was added,
and the mixture was stirred (600 rpm) to a thin slurry. The
solution of mixed Au and Pd metal salts was prepared by mixing
the required amount of HAuCl4 aqueous solution ([Au] = 6.0
mmol L−1) and PdCl2 aqueous solution ([Pd] = 6.0 mmol L−1)
to control the loading of each metal. An appropriate amount of
2.5 wt % aqueous ammonia solution was also slowly added at
room temperature over 30 min to the above mixture until the
desired pH value was reached (typically pH 10). The resulting
mixture was aged (60 °C, 2 h) with stirring at 600 rpm. Then, the
sample was filtered and washed thoroughly with deionized
water. The sample was dried in an oven (80 °C, 16 h) and
calcined in a tubular furnace in static air (room temperature to
240 °C at 3 °C min−1 and held at 240 °C for 90 min, and then
cooled to room temperature). Au/ZSM-5 and Pd/ZSM-5
monometallic catalysts were prepared in an analogous manner
using Au or Pd salt alone. All the samples were prepared at a pH
value of 10 and aging time of 2 h unless otherwise stated.
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Acid-Treated ZSM-5 Support. H-ZSM-5 (1.0 g) was
dispersed in aqueous HCl (5 wt %, 30 mL, Sinopharm Chemical
Reagent Co., Ltd.) and stirred at 80 °C for 12 h, then filtered,
and thoroughly washed with deionized water until a pH value of
7 for the washing water was reached. After drying (120 °C, 16 h),
the sample, denoted as ZSM-5-At, was used to prepare the
AuPd/ZSM-5-At catalyst following the same procedure as that
described above.

Catalyst Characterization. X-ray Diffraction (XRD).
Powder X-ray diffraction (XRD) measurements were recorded
on a PANAlytical X’Pert Powder X-ray diffraction diffractometer
with Cu Kα (λ = 1.5406 Å), with the recording beam voltage at
40 kV, current at 40 mA, and scanning speed of 0.2 °/s.

Inductively Coupled Plasma Optical Emission Spectrosco-
py (ICP-OES). The Au, Pd, and Fe contents of the fresh and used
AuPd/ZSM-5 samples were analyzed using an Agilent ICP-OES
730 inductively coupled plasma optical emission spectrometer.

Spherical Aberration-Corrected Transmission Electron
Microscopy (AC-TEM). Initial microscopy was conducted on
an aberration-corrected ThermoFisher Scientific Spectra 200
with a Super-X energy-dispersive spectrometer (EDS) operating
at 200 kV with a convergence angle of 29.5 mrad and a probe
current of 80 pA. Additional high-angle annular dark-field
imaging and EDS mapping were performed by using an
aberration-corrected JEOL ARM200CF microscope equipped
with a cold field-emission gun operating at 200 kV. Samples were
prepared by dry dispersion of the catalyst power over holey
carbon-coated 300 mesh copper grids.

X-ray Photoelectron Spectroscopy (XPS). XPS spectra were
obtained with a Thermo Fisher Scientific K-alpha+ photo-
electron spectrometer, using a microfocused monochromatic Al
Kα radiation source (hv = 1486.6 eV) operating in the 400 μm
spot mode, at a power of 72 W (6 mA × 12 kV). Due to the
uncertainty in the C 1s binding energies,42 the binding energies,
once calibrated to the C 1s peak of adventitious carbon, were
checked against the Si 2p peak of the support, which was found
to be 103.5 eV. The uncertainty in the binding energies is 0.2 eV.
Data was analyzed in CasaXPS and where appropriate was fitted
using Voight-like line shapes derived from bulk materials after
removal of a Shirley or linear background and quantified using
Scofield sensitivity factors corrected for the electron escape
depth according to the TPP-2 M formulation.

Methane Oxidation Reactions. The oxidation reaction of
CH4 with O2 was conducted in a stainless-steel Parr autoclave
reactor, either with or without a quartz glass liner (total volume:
25 mL). Typically, the catalyst (0.1 g), a polytetrafluoroethylene
(PTFE)-coated magnetic stirrer, and deionized water (15 mL)
were added to the glass liner. The reactor was sealed and purged
with pure N2 for 0.5 h to remove dissolved gases from the
suspension. Following this, the reactor was purged three times
with methane to eliminate residual N2. Methane (20.7 bar) and
oxygen (3.5 bar) were then introduced into the reactor
sequentially with gas partial pressures measured at room
temperature. Methane (20.7 bar), oxygen (2.5 bar), and CO
(1.0 bar) were used in the CO involved reaction, with the aim to
maintain the same total pressure as that without CO.
The mixture was stirred at 1000 rpm for 10 min at room

temperature using a magnetic stirrer, ensuring the reaction
system reached a stable state. Subsequently, the reactor was
heated to the desired reaction temperature of 240 °C within 30
min under 1000 rpm stirring. After maintaining the reaction for
5 to 960 min at 240 °C, the reactor was rapidly cooled in an ice
water bath to <10 °C to prevent the loss of liquid products. Gas-

phase products were collected in a gas sampling bag, and liquid-
phase products were filtered and collected for liquid NMR
analysis. All reactions were conducted three times, and the data
presented are the averages of these experiments. The
experimental errors are within ± 7%.
Methane oxidation reactions with the addition of Fe sources

were conducted using the same procedure, except that a
specified amount of Fe3+, Fe powder, or Fe2O3 (100, 500, 1000,
or 2500 ppm weight (wt.) of the catalyst) was added to the glass
liner before sealing the Parr reactor.

Isotopic Tracer Experiments. To trace the fate of the carbon
atom from methane and to distinguish its fate from that of the
added carbon monoxide, 13C-labeled CH4 (20% in the 20.7 bar)
and CO (20% in the 1.0 bar) were used in the reaction with
oxygen. A high-sensitivity NMRCryoProbe on a Bruker Avance-
600 liquid NMR spectrometer was employed to analyze the
liquid products obtained from the isotopic tracing experiments.
1H NMR spectra were recorded by using a water suppression
pulse sequence.

Product Analysis. The gaseous phase products were
analyzed on a Shimadzu GC-2014C gas chromatography system
equipped with a flame ionization detector (FID) and a
methanizer unit. The separation of CO, CH4, and CO2 was
achieved via a TDX-01 packed column. The liquid oxygenates
were quantified by 1H NMR spectroscopy on an Advance 500
liquid NMR spectrometer (Bruker), using a water suppression
pulse sequence (Watergate5). An external standard method was
used tomeasure the concentration of each liquid product using a
series of methanol solutions with known concentrations to
establish a standard curve. Typically, an aliquot of the product
solution (0.4mL) andD2O (0.1mL)wasmixed in a 5mmNMR
tube for measurement. The concentration of each liquid product
was determined based on a standard curve.

■ RESULTS AND DISCUSSION
Methane Oxidation Using AuPd/ZSM-5 Catalysts. A

series of AuPd/ZSM-5 (SiO2/Al2O3 = 25) catalysts containing a
total of 0.5 wt % metal were prepared with a range of Au:Pd
ratios (Table S1 provides details of the ICP analysis) using the
deposition precipitation method at pH 10 and with 2 h aging
time. These catalysts were used for the oxidation of methane
(Figure 1, Table S2) and it is apparent that the addition of Pd to
Au/ZSM-5 increases the yield of acetic acid with the effect being
most marked for the catalyst with the nominal loading of 0.375%
Au + 0.125%Pd (analyzed concentrations of 0.34%Au + 0.115%
Pd, Au:Pd molar ratio of 1.6, Table S1). For this catalyst, the
Cmol-based ratio of C2 products compared to C1 products is
enhanced to over 27 (Figure 1 and Table S2), approximately
three times greater than that observed over the 0.5%Au/ZSM-5
analogue (C2/C1 = 9.3). The C2/C1 ratio was calculated on the
basis of the moles of carbon atoms on the products. Therefore,
the addition of Pd to Au/ZSM-5 markedly enhances the C1 →
C2 coupling step in the reaction. In addition, the catalysts did not
show any leaching of the metals as a result of the methane
oxidation reaction. In one experiment, we investigated the use of
a physical mixture of 0.375 wt % Au/ZSM-5 and 0.125 wt % Pd/
ZSM-5 and this did not show any enhancement in the C2/C1
ratio, which demonstrates that the Au and Pd must be in close
contact to observe this effect.
The addition of Pd to Au was investigated using alternative

supports (Table 1). Silica, alumina, zeolite Y, andmordenite also
showed an enhancement of the C2/C1 ratio when Pd was added.
However, the various H-ZSM-5 supports all showed a more
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marked enhancement in acetic acid formation with the effect
increasing with an increasing SiO2/Al2O3 ratio. Indeed, using
silicalite-1, the alumina-free form of the MFI structure, showed
the highest enhancement in the formation of acetic acid albeit at
a reduced yield. These findings indicate that the acid site density
of the support is not important for the effect on the C2/C1 ratio
but it is helpful in enhancing liquid oxygenate yield.
We explored the effect of the reaction time over the 0.375%

Au-0.125%Pd/ZSM-5 (SiO2/Al2O3 = 25) catalyst (Figure 2a,c,
Table S3), showing that the oxygenated products increase as
expected with reaction time with CO2 production rising steadily
as well. Interestingly, the C2/C1 ratio is very high at the start but
reaches a minimum after 2 h and then rises steadily. As the
methane conversions in these experiments are low, the
concentrations of methane and oxygen throughout this
experiment will not change significantly. Hence, the changes
we see in the product distribution, as denoted by the C2/C1
ratio, indicate that the catalyst structure is changing during the

course of the reaction. The underlying reason for this is
discussed subsequently in this paper.
D2O was used to explore the effect of solvent on the reaction.

As shown in Figure 2b,d, methanol and CO2 exhibited similar
yields and trends with the reactions performed in H2O.
However, the acetic acid yield was significantly suppressed in
the reactions in D2O, resulting in a lower oxygenate yield and
C2/C1 ratio in contrast to the reactions in H2O.
These observations are consistent with our previous report36

that methanol and acetic acid are formed from parallel C1
oxidation and C−C coupling pathways through a network of
surface-mediated processes. The C−C coupling pathway
involves CH3 surface bound radicals reacting with CO formed
on the surface as methane is oxidized. The alternative fate of CO
is to oxidize further to CO2 and so we would expect that high C2
yields will require a high CO population on the surface with an
accompanied increase in CO2. Indeed, plotting acetic acid yield
against CO2 yield shows the expected correlation both across the
different Au:Pd ratios (Figure S1a) and for the time online using
the optimal AuPd ratio with H2O as solvent (Figure S1b).
Interestingly, this correlation is lost when D2O is used as solvent
for which the acetic acid yield remains low even though the CO2
yield increases with reaction time (Figure 2 and Figure S1b).
The decreased yield likely results from the slower dissociation of
acetic acid in D2O compared with H2O,43 which impedes its
desorption from the catalyst surface thereby reducing the overall
product yield. This suggests that the solvent is involved in the
formation of acetic acid but has little influence on the CO2 yield
(Table S3).
We investigated the effect of adding CO as a coreductant

(Figure 3, Table S4) and it is clear that for Au/ZSM-5, the
addition of CO enhances the formation of methanol as we have
observed previously.36 However, the effect is significantly less
marked for catalysts containing Pd but the total yield of CO2 is
high.

Isotopic Labeling Experiments. The promoting effect of
the Pd component on acetic acid production was studied by
isotopic 13C tracing experiments (Table 2). In all these isotopic
labeling studies, CO was a cofeed. For methane oxidation with
the Au-only, Pd-only, and AuPd/ZSM-5 catalysts using 20%

Figure 1. Product yield of methane oxidation on AuPd/ZSM-5
catalysts prepared with different Au and Pdmetal loadings. Themixture
was prepared by using 0.375 wt %Au/ZSM-5 (50 mg) and 0.125 wt %
Pd/ZSM-5 (50 mg). Reaction conditions: catalyst (0.1 g), H2O (15
mL), CH4 (20.7 bar), O2 (3.5 bar), 240 °C, 60 min, and 1000 rpm
stirring.

Table 1. Methane Oxidation over 0.375%Au-0.125%Pd Catalysts Prepared by Using Different Supportsa

yield (μmol/gcat)

entry catalyst
SiO2/
Al2O3 methanol

methyl hydro
peroxide

acetic
acid

peracetic
acid CO2

oxygenate
selectivity (%)

acetic acid selectivity
in liquid(%)

C2/C1 liquid
products

oxygenate yield
(μmol/gcat)

1 AuPd/
SiO2

0.4 0 3.3 0.2 12.7 36.8 88.5 17.2 3.9

2 AuPd/
Al2O3

0.2 0 2.2 0 24.9 15.7 94.7 18.0 2.5

3 AuPd/
ZSM-5

25 1.3 0 17.4 0.6 17.7 67.8 93.4 27.2 19.3

4 AuPd/
ZSM-5

50 0.8 0 8.4 0 9.6 64.9 95.5 21.4 9.2

5 AuPd/
ZSM-5

130 0.7 0 12.5 0 18.6 57.9 97.2 35.2 13.2

6 AuPd/
ZSM-5

300 0.3 0 10.8 0 14.1 60.9 98.8 82.7 11.1

7 AuPd/
Silicate-1

∞ 0 0 2.5 0 16.3 23.2 100 ∞ 2.4

8 AuPd/
H−Y

5 1.1 0.7 11.0 1.0 3.5 88.1 85.3 13.4 13.8

9 AuPd/H-
MOR

20 1.3 0 11.8 0.6 10.7 70.8 90.4 19.7 13.7

aReaction conditions: catalyst (0.1 g), H2O (15 mL), CH4 (20.7 bar), O2 (3.5 bar), 240 °C, 60 min, and 1000 rpm stirring.
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13C-enriched methane (Table 2, entry 1−3), it was clearly
demonstrated that the 13C label in the methane mainly
contributes to the formation of methanol and the methyl
group of acetic acid. Switching the 13C-reagant to 20% 13C-
enriched CO caused the obvious increase of 13C content on the
carbonyl group of acetic acid on these catalysts (Table 2, entry
4−6). As predicted, the Pd-only and Au-only catalysts exhibited
the highest (20.4%) and lowest (8.1%) 13C content on the
carbonyl group, respectively. Interestingly, AuPd/ZSM-5
showed a median 13C content (18.4%) on the carbonyl group,
much higher than that of the Au-only catalyst. These findings are
consistent with the reaction mechanism we proposed in our
initial study using the Au/ZSM-5 catalyst.36

Catalyst Characterization. The fresh and used catalysts
were examined using AC-STEM and EDS mapping (Figure 4
and Figures S2 and S3). Examination of the fresh catalysts

showed it to comprise AuPd alloys with Au in excess, in
agreement with the nominal Au:Pd ratio. Trace Fe was also
found to be present (Figure 4a), and this is consistent with the
low base concentration of Fe known to be present in ZSM-5.44

ICPMS measurements conducted in the study confirm this.
However, analysis of the catalyst used for 5 min (Figure 4 b) and
30 min (Figure 4 c) showed an increased concentration of Fe
postreaction and the formation of an Fe shell on the Au−Pd
nanoparticles. The extent of this Fe layer and its increase in
concentration with longer reaction times could not be attributed
to the migration of the initial low Fe present in the support nor
to background Fe X-rays generated within the microscope from
the column itself and hence are attributed to reactor leaching
during the reaction.

Figure 2. Time online analysis of the product yield (a, b) and C2/C1 ratio in the products (c, d) of methane oxidation over the 0.375%Au-0.125%Pd/
ZSM-5 catalyst. Reaction conditions: catalyst (0.1 g), H2O (a, c) or D2O (b, d) (15 mL), CH4 (20.7 bar), O2 (3.5 bar), 240 °C, 1000 rpm stirring, and
varying reaction times.

Figure 3.Comparison of product yield and C2/C1 ratio in the products
of methane oxidation with or without CO on 0.375%Au-0.125%Pd/
ZSM-5 catalysts. Reaction conditions: catalyst (0.1 g), H2O (15 mL),
CH4 (20.7 bar), O2 (2.5 bar), CO or N2 (1.0 bar), 240 °C, 60 min, and
1000 rpm stirring.

Table 2. 13C Isotope Tracing Experiments for Methane
Oxidation on Different Catalystsa,d

13C abundance of products
(%)

acetic acid

entry catalyst
13C-enriched

reagent methanol methyl carbonyl

1b Au/ZSM-5 CH4 10.7 6.5 2.1
2b Pd/ZSM-5 8.7 7.2 1.2
3b AuPd/ZSM-5 14.2 10.6 1.4
4c Au/ZSM-5 CO 1.2 2.3 8.1
5c Pd/ZSM-5 1.1 1.3 20.4
6c AuPd/ZSM-5 1.2 1.2 18.4

aReaction conditions: Catalyst (0.1 g), H2O (15 mL), CH4 (20.7
bar), O2 (2.5 bar), CO (1.0 bar), 240 °C, 60 min, and 1000 rpm
stirring. b20% 13C -enriched CH4 was used. c20% 13C-enriched CO
was used. dThe Au loading for Au/ZSM-5 was 0.375 wt %, the Pd
loading for Pd/ZSM-5 was 0.125 wt %, and the Au and Pd loadings
for AuPd/ZSM-5 were 0.375 and 0.125 wt %, respectively.
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Effect of Fe on the Oxidation of Methane Using AuPd/
ZSM-5. The discovery that Fe from the autoclave reactor was
deposited on the surface of the AuPd nanoparticles during the
reaction prompted us to make a detailed study of the possible
effects that Fe could have on observed catalysis. We initially
investigated whether a glass liner in the same reactor could
decrease the Fe deposition. As shown in Figure 5 and Table S5,
acetic acid remains the dominant liquid product in the presence
of the glass liner. However, the yield of acetic acid is decreased
compared to reactions conducted without the liner, with this
reduction increasing from ∼8% at 60 min to ∼32% at 960 min
reaction time; this reduction is even more pronounced for the
minor methanol yield. Additionally, the use of the glass liner
results in a higher CO2 yield. These observations suggest that
overoxidation to CO2 is more pronounced when using the glass
liner, leading to reduced liquid oxygenate yield, particularly at
longer reaction times. Inductively coupled plasma optical
emission spectrometry (ICP-OES) was used to determine the
Fe concentration on both fresh and used catalysts in the two
reaction setups (Table 3). The fresh catalyst exhibits an Fe
concentration of 460 ppm by weight, which increases to 2740
ppm after use in the reaction for 960 min without the glass liner.

In contrast, the Fe concentration on the used catalyst after 960
min with the glass liner is 1410 ppm, significantly lower than that
on the catalyst used without the glass liner. These results
indicate that Fe species leached from the reactor can migrate
onto the catalyst, affecting its performance in methane
oxidation, consequently resulting in increased acetic acid
production and reduced overoxidation. The observed Fe release
under the reaction conditions can be attributed to incomplete
coverage of the glass liner within the reactor, leaving exposed
surfaces susceptible to corrosion. To investigate the migration of
leached Fe onto the AuPd/ZSM-5 catalyst, samples filtered at
room temperature (Table 3, entries 2 and 5) were compared
with those filtered at 80 °C. Notably, the latter exhibits a marked
difference, revealing a lower Fe concentration of 1240 ppm (wt)
in the used catalyst and a higher Fe concentration of 40 ppm
(wt) in the corresponding supernatant (Table 3, entries 4 and
6). This disparity suggests that the elevated temperature during
filtration affects the distribution of iron species, influencing their
deposition on the catalyst surface. Moreover, the significant
increase in Fe concentration in the supernatant after hot
filtration underscores the role of the temperature in altering the
equilibrium between the solution and solid phases. The higher
Fe content in the solution suggests that elevated temperatures
enhance the dissolution of Fe species from the reactor or other
surfaces, facilitating their transport into the reaction solution.
However, the observation of the higher Fe concentration in

Figure 4. AC-HAADF-STEM images and EDS mapping analysis of
AuPd/ZSM-5 catalysts with 0.375 wt % Au and 0.125 wt % Pd: fresh
catalyst (a), used catalysts after 5min (b), and used catalyst after 30min
(c). Energy-dispersive X-ray spectrum of the Fe region is also included
for each catalyst. The spectrum is from the integrated counts over the
entire view field shown. Reaction conditions: catalyst (0.1 g), H2O (15
mL), CH4 (20.7 bar), O2 (3.5 bar), 240 °C, reaction time of 0−30 min.

Figure 5.Methane oxidation over the AuPd/ZSM-5 catalyst with 0.375 wt % Au and 0.125 wt % Pd using the same reactor without (a) and with (b) a
glass liner. Reaction conditions: catalyst (100 mg), H2O (15 mL), CH4 (20.7 bar), O2 (3.5 bar), 240 °C, reaction time of 60−960 min, and 1000 rpm
stirring.

Table 3. ICP Analysis of Fe Concentration on AuPd/ZSM-5
Catalysts with 0.375 wt % Au and 0.125 wt % Pd and
Corresponding Supernatantsd

Fe concentration

entry sample (ppm) (%)c

1 fresh AuPd/ZSM-5 460
2 used AuPd/ZSM-5 (without glass liner) 1550 (2740)a 51
3 used AuPd/ZSM-5 (with glass liner) 780 (1410)a 72
4 used AuPd/ZSM-5 (without glass liner) 1240b 20
5 supernatant (without glass liner) 10 49
6 supernatant (without glass liner) 40b 80

aData in parentheses show the results after 960 min of reaction. bThe
catalyst-solution separation used hot filtration at 80 °C. All other
entries used room-temperature filtration. cThe fraction of Fe on the
catalyst is relative to the total Fe in both the supernatant and on the
catalyst. dReaction conditions: catalyst (0.1 g), H2O (15 mL), CH4
(20.7 bar), O2 (3.5 bar), 240 °C, reaction time of 60 min, and 1000
rpm stirring.
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solution with the hot filtration experiment can suggest that some
of the Fe deposited on the catalyst may be the result of cooling
the reactor.
The fresh AuPd/ZSM-5 catalyst exhibits a base Fe

concentration of 460 ppm (wt), likely originating from the
ZSM-5 support itself, which has a significantly higher Fe content
of 950 ppm by weight (Table S6). This observation aligns with
previous reports suggesting the presence of extra-framework
metal species in zeolites (e.g., Fe).45−47 To minimize the
influence of these Fe impurities, the ZSM-5 support was acid-
treated with a 5 wt % HCl solution at 80 °C for 12 h. This
treatment is known to effectively remove extra-framework metal
species without altering the zeolite’s framework structure,48 as
confirmed by XRD patterns and 27Al and 29Si MAS NMR
spectra (Figure S4). Notably, the acid treatment successfully
reduces the Fe concentration in the ZSM-5 support to 180 ppm
(wt) (Table S6). Subsequently, we investigated the impact of
these Fe species by performing methane oxidation reactions
with AuPd/ZSM-5 catalysts in glass-lined reactors prepared by
using both the original and acid-treated supports. This approach
allows us to isolate and evaluate the role of Fe in the ZSM-5
support in methane oxidation activity.
As depicted in Figure 6 and Table S7, the yield of both liquid

oxygenates and CO2 is decreased for the AuPd/ZSM-5 catalyst

prepared using the acid-treated support compared with the
original catalyst. This suggests that the removal of Fe impurities

through acid treatment adversely affects the catalyst’s perform-
ance. The reduced performance of the acid-treated catalyst
highlights the promoting effect of Fe species in the support.
Despite their potential to leach into the reaction mixture, these
Fe species appear to enhance catalytic activity. This is consistent
with previous studies suggesting that small amounts of Fe can act
as cocatalysts or promoters in various oxidation reactions.49,50

The presence of Fe may influence the dispersion of the AuPd
nanoparticles or create additional active sites on the catalyst
surface. In controlled methane reactions with the ZSM-5
support, both untreated and acid-treated, it is evident that ZSM-
5 supports without the AuPd species exhibit very low activity in
methane oxidation (Table S8). This finding underscores that
AuPd is the primary active phase in the catalytic process.
We have observed that Fe species, whether leached from the

reactor or originating from the ZSM-5 support, can enhance
methane oxidation over the AuPd/ZSM-5 catalyst. To elucidate
the specific role by which Fe species influence the catalytic
activity of the AuPd/ZSM-5 catalyst, we introduced various
forms of Fe into the reaction medium. Specifically, Fe3+ (as
Fe(NO3)3), metallic Fe (as iron powder), and Fe oxide (as
Fe2O3) were added to the reaction liquid while using an AuPd/
ZSM-5 catalyst prepared with an acid-treated support. All
reactions were conducted in a reactor equipped with a glass liner
to minimize any effects stemming from the reactor.
As depicted in Figure 7a,b and detailed in Table S9, the

addition of varying amounts of Fe3+ or iron powder results in
only slight changes in the yield of liquid oxygenates. This
suggests that Fe3+ and iron powder exert a minimal influence on
the catalytic activity of the AuPd/ZSM-5 catalyst. However, a
different trend is observed with the addition of Fe2O3. The yield
of liquid oxygenates and CO2 follows a volcano pattern with
varying amounts of Fe2O3 (Figure 7c), strongly indicating that
added Fe2O3 plays an active role in enhancing the catalytic
activity. The optimal performance was achieved with the
addition of 1000 ppm Fe2O3, resulting in a maximum liquid
oxygenate yield of 18.9 μmol/gcat, predominantly acetic acid.
This represents an increase of up to 42% compared to the
reaction utilizing only the AuPd/ZSM-5 catalyst (Table S9).
The addition of Fe2O3 significantly improves the catalyst’s
stability. As shown in Figure S5, the reaction without Fe2O3
exhibits a substantial decline in the product yield after three
consecutive cycles. In contrast, the catalyst with added Fe2O3
maintains a stable and enhanced performance over the same
period. The reaction using the postreaction supernatant shows
that the homogeneous part contributes negligibly to the product

Figure 6. Methane oxidation on the AuPd/ZSM-5 catalyst with 0.375
wt%Au and 0.125 wt %Pd preparedwith parent and acid-treated ZSM-
5 support in a reactor with a glass liner. Reaction conditions: catalyst
(0.1 g), H2O (15 mL), CH4 (20.7 bar), O2 (3.5 bar), 240 °C, reaction
time of 60 min, and 1000 rpm stirring.

Figure 7.Methane oxidation over the AuPd/ZSM-5 catalyst with 0.375 wt %Au and 0.125 wt % Pd prepared using an acid-treated support with adding
Fe3+ ions in a reactor with a glass liner (a), iron powder (b), and Fe2O3 (c) in the reaction medium. Reaction conditions: catalyst (0.1 g), different Fe
sources (0−2500 ppm (wt)), H2O (15 mL), CH4 (20.7 bar), O2 (3.5 bar), 240 °C, reaction time of 60 min, and 1000 rpm.
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yield and selectivity (Figure S6). These findings highlight that
the addition of Fe can affect the catalytic performance of the
AuPd/ZSM-5 catalyst when added in very high amounts. It is
possible that the different effects observed with the addition of
Fe0, Fe3+, and Fe2O3 are solely related to their relative solubility
in these reaction conditions.
XPS analysis of the post-reaction Fe-treated samples reveals

no signal in the Fe(2p) region for all samples tested (Figure S7),
suggesting that the dispersion of the Fe is poor, if present at the
surface, or its concentration is below the detection limits of the
technique. Therefore, to elucidate the synergistic effect of added
Fe2O3 with AuPd species on the AuPd/ZSM-5 catalyst during
methane oxidation, aberration-corrected high-angle annular
dark-field scanning transmission electron microscopy (AC-
HAADF-STEM) and energy-dispersive X-ray spectroscopy
(EDS) analyses were conducted to characterize the particle
size and elemental distribution on the catalyst. As shown in
Figure 8a, smooth nanoparticles with an average size of 7 nm
were uniformly distributed on the fresh catalyst surface. EDS
images confirmed that these nanoparticles were primarily

composed of Au, while Pd and Fe elements were uniformly
dispersed across the zeolite support and the Fe was associated
with the larger Au nanoparticles.
After 60 min of methane oxidation, the average nanoparticle

size increased to 23 nm (Figure 8b). EDS images of the catalyst
used revealed the presence of both Au and Pd within the
nanoparticles, indicating agglomeration. The XPS spectra
(Figure 9) of the fresh and used catalyst show no changes in
binding energies, at least beyond that of the experimental
uncertainty. For the fresh catalyst, the Pd content cannot readily
be determined due to overlap with the Au 4d5/2 peak; however
after use, the Pd 3d signal is clearly visible revealing both to Pd0

and Pd2+ states.51 Interestingly, the addition of Fe2O3 does not
affect the formation of the AuPd alloy but significantly inhibits
nanoparticle agglomeration. The average nanoparticle size after
60min of methane oxidation in the presence of Fe2O3 was 10 nm
(Figure 8c), much smaller than that in its absence. EDS images
also show an enhanced Fe signal, indicating a layer of Fe species
coating the surface of the AuPd nanoparticles on the used
catalyst. This oxidic Fe coating is particularly evident for the

Figure 8.AC-HAADF-STEM images and EDSmapping analysis of AuPd/ZSM-5 catalysts with 0.375 wt % Au and 0.125 wt % Pd prepared using acid-
treated support: fresh catalyst (a), used catalyst (b), used catalyst with 1000 ppm Fe2O3 addition (c), used catalyst with 1000 ppm Fe3+ addition (d),
and used catalyst with 1000 ppm iron powder addition (e). Particle size distributions are also included for each catalyst. Energy-dispersive X-ray
spectrum of the Fe region is also included for each catalyst. The spectrum is from the integrated counts over the entire view field shown. Reaction
conditions: catalyst (0.1 g), H2O (15mL), CH4 (20.7 bar), O2 (3.5 bar), 240 °C, reaction time of 60min, and 1000 rpm stirring in a reactor with a glass
liner.
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used samples following the addition of Fe2O3. The deposited
oxidic Fe species may act as a secondary support for the AuPd
nanoparticles, and these strong metal−support interactions are
likely the driving force for the iron coating.52,53 It is possible that
this oxidized Fe layer can play a role in stabilizing the
nanoparticles and preventing excessive growth during the
reaction.
The STEM and EDS analysis of the used catalyst with the

addition of Fe3+ or iron powder reveals average particle sizes of
the AuPd nanoparticles to be 18 and 19 nm, respectively (Figure
8d,e). This indicates that when iron is added as Fe3+ or Fe0, the
iron is less effective in preventing active site agglomeration. The
different effects observed with the addition of iron to the
reaction mixture were considered to be related to the relative
solubilities of the iron species under the reaction conditions.

■ CONCLUSIONS
In this study, we investigated the effect of the addition of Pd to
the Au/ZSM-5 catalysts for the oxidation of methane in water at
240 °C with O2 as the terminal oxidant. We observe that Pd
addition can significantly enhance the formation of acetic acid.
However, we also observe that under the aggressive reaction
conditions, Fe can be leached from both the autoclave reactor
and the ZSM-5. Consequently, we examined the impact of Fe on
the activity and stability of AuPd/ZSM-5 in this liquid-phase
reaction system. The leached Fe species are found to deposit on
the AuPd/ZSM-5 catalyst during use and, when present in
relatively high amounts, can promote methane oxidation and
increase the yield of liquid oxygenates, primarily acetic acid.
Control experiments, supported by STEM and EDS analyses,
revealed that the Fe species leached from the reactor and ZSM-5
forms an oxidic iron coating on the AuPd nanoparticles during
the reaction. This coating if sufficient can prevent the
agglomeration of the AuPd nanoparticles, thereby enhancing
the catalytic performance of the AuPd/ZSM-5 catalyst. These
results provide valuable insights into the effects of reactor and
catalyst corrosion on during methane oxidation under harsh
reaction conditions, which have until now been largely not
considered.
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time of 60 min, and 1000 rpm stirring in a reactor with a glass liner. Colors: green = Au0, blue = Pd0, and purple = Pd2+.
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