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Nanowire-structured 2%Mn-5%NasW0,4/SiO, was successfully synthesized and demonstrated superior catalytic
performance compared to its powder form across the entire temperature range of 650-800 °C. In this study, the
hydrothermal synthesis time for the nanowires was varied at 8, 12, 17, and 24 h, referred to as NWs-8, NWs-12,
NWs-17, and NWs-24, respectively. NWs-12 exhibited the smallest diameter and the longest length among the

synthesized nanowires. However, NWs-17 showed the best performance for the oxidative coupling of methane
(OCM) process, despite having a relatively less impressive morphology. This superior performance could be
attributed to the presence of MnyO3 active species without interference from MnO,, which was only observed in
NWs-17 and NWs-24. The larger crystal size of NWs-24 contributed to its poorer performance compared to NWs-
17. NWs-17 achieved a maximum Cp, selectivity of 68% and a high CH4 conversion rate of 21.8% under
operating conditions of 775 °C, CH4:02 = 4, and WHSV = 8572 ml/h/g.

1. Introduction

Methane (CHy) is a greenhouse gas that is approximately 21 times
more potent than CO,, and therefore contributes significantly to global
warming [1,2], if released at the same amount. As a result, effective
management and control of methane utilization is crucial to slowing
down the effects of global warming. Methane is considered an envi-
ronmentally friendly fossil fuel. It is commonly found in natural gas and
shale gas sources in large quantities throughout the world, which makes
it widely available and affordable [3,4]. Researchers have been
exploring ways to convert methane into high-value chemicals, pre-
cursors, or other fuels to maximize its potential benefits while reducing
its impact on the environment. Methane is being increasingly used as an
alternative energy source in many countries, for applications such as
electricity generation, transportation, and industrial production. This is
because methane provides the highest energy release of 891 kJ/mol [5]
and produces relatively less carbon dioxide (CO5) during combustion [5]
compared to other hydrocarbon compounds.
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Indirect methane conversion refers to the oxidation of methane to
syngas (a mixture of CO and Hy) as an intermediate substance to convert
to fuel and other chemicals, such as steam reforming (SRM) [6,7], dry
reforming (DRM) [8-10] and partial oxidation of methane (POM)
[11-13]. However, these indirect methane conversions generally
require high operation cost which can be seen as a major limitation of
such processes. On the other hand, direct methane conversions; i.e.
methane pyrolysis or oxidative coupling of methane; advantage can
directly convert methane into fuel which consist of pyrolysis [14,15]
and oxidative coupling of methane (OCM) [16-18]. Methane (CHy) is a
stable tetrahedral molecule, requiring relatively high temperature and/
or pressure to be broken down/converted to other valuables. This often
results in unwanted reactions, undesired products, and therefore low
selectivity. This challenge also applies to OCM (normally occurs at
temperature range of 750 to 950 °C) where methane is converted to
desired hydrocarbon compounds such as ethane (CyHg) and ethylene
(C2Hy) as shown in reactions (1) and (2). The product mixtures can be
considered as Ca..
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2CH4 + 0.502_’C2H6 + Hzo AHL 208K — — 177 kJ/mOl (1)

2CH4 + 024C2H4 + 2H20 AHG 208K — — 144 kJ/mOl (2)

At such high temperatures, the Cy, product becomes more active
than methane, resulting in the formation of COx (CO and CO3) as an
undesirable byproduct as reactions (3) and (4) which lowers not only
methane conversion but also selectivity. Moreover, the COx formation
during the high operating temperature is responsible for high methane
conversion but low Cy, selectivity as reactions (5) and (6) which are
called complete combustion and partial oxidation side reactions,
respectively. Therefore, the oxygen concentration must be limited
because high oxygen concentration would induce side reactions leading
to COy products formation. Although at high temperatures are required
to promote reactions (1) and (2), they can contribute to the oxidation of
CH4 and that of Cy. to produce COx causing a limitation of Cy;
selectivity.

C2Hs +2.50,+2C0 + 3H,0 AH 595¢ = — 757 kJ/mol 3)
CoH, +20,-2C0 4 2H,0 AH 398 = — 752 kJ/mol (€))
CH,4 4 20,-C0O; 4+ 2H,0 AH 5055 = — 802 kJ/mol (5)
CH, +1.50,—+CO + 2H,0 AH' 305x = — 519 kJ/mol (6)

Furthermore, it is generally recognized that the acid-base properties
of the catalysts, especially the concentration of basic sites on the surface,
play a crucial role in the formation of Cy, hydrocarbons in the OCM
reaction. The interpretation of the catalytic performance in terms of
acid-base theory will contribute to the understanding of the reaction
mechanism and thus enable the investigation of effective ways to
improve the catalytic performance. F. Papa et al. [19] showed that
methane is converted to products on two types of active sites via inde-
pendent pathways: (i) the catalytic activity for Co formation is directly
related to the overall basicity of catalysts (number of basic sites), and (ii)
methane is oxidized to CO5 (methane combustion) on acid sites. As a
result, a strategy for increasing the performance of OCM catalysts must
include the identification of molecules with optimal basic and acidic
sites responsible for methane conversion.

As mentioned above, it is an essential consideration for improving
overall process efficiency both in terms of catalyst properties and reac-
tion conditions. An appropriate choice of catalyst can be chosen to
maximize the process's performance. Many types of primary/binary
metal and/or metal oxide supports such as Li/MgO [20,21], LagO3/CaO
[22,23], Sr/Lay03 [24], BaSrTiOs [25], have been applied in the OCM
process. Among these catalyst systems, Mn-NagW04/SiO2 [26-28] had
been reported to give the best catalytic performance, providing 20-30%
of methane conversion, 60-80% of Cy selectivity, relatively good sta-
bility depending on the preparation method.

Our approach to increase the process performance is to develop the
catalyst with suitable properties that is active at low OCM reaction
temperature to minimize the unwanted side reactions and achieve high
Co selectivity. The catalyst design plays an important part because it
can reduce the required activation energy for the Cy, production reac-
tion and enhance its rate. The activation energy of the reaction is related
to the accessibility of the reactant to the catalyst's active sites, depending
on the shape, size, and morphology of the catalyst. These factors can be
designed by many choices of synthesis method, type of precursor or
preparation conditions. Nano-structured catalyst with various shapes (i.
e., LapO3 nanorod [29], La,O3 nanosheets [30], Sr-La;O3 nanofiber [31],
Lay03-CeO;, nanofiber [32-34], and Mn-doped TiO5 nanofiber [35])
have been reported to be able to lower the OCM operating temperature
down by 20-21% (from the range of 750-950 °C to 500-750 °C).

This work therefore focuses on developing the most promising
nanowire-structured Mn-NayWO,/SiO,. The catalytic performances of
the synthesized catalysts were tested in a packed-bed reactor for OCM
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reaction by varying the reaction temperature. The catalyst properties
such as phase structure, shape/morphology and acidity/basicity were
characterized by XRD, FE-SEM, CO,-TPD and NH3-TPD. In this study, we
compared the powder form of Mn-NayWO0,4/SiO, with its nano-
structured form, which was prepared at different hydrothermal time
(8-24 h).

2. Experiment
2.1. Preparation of 2%Mn-5%NaaW04/SiO2

0.032 mol of Manganese sulphate (MnSO4.H20, KEMAUS, 98% pu-
rity), 0.08 mol of ammonium sulphate (NH4)2SO4, KEMAUS, 99% pu-
rity), and 0.032 mol of ammonium persulphate ((NH4)2S20g, KEMAUS,
98% purity) were each dissolved in 40 ml of DI water separately. The
three solutions were mixed and adjusted to 160 ml of the total volume by
DI water. The mixed solution was transferred to 200 ml Teflon-lined
autoclave and heated at 140 °C for 8, 12, 17, and 24 h, where the
resulting catalysts would be referred to as NWs-8, NWs-12, NWs-17 and
NWs-24, respectively. MnO, nanowires were afterward filtrated,
washed by DI water, and dried in the oven at 100 °C overnight. On the
other hand, the powdered 2%Mn-5%Na;W04-SiO5 was prepared by
incipient wetness impregnation (IWI) technique, to compare with the
MnO; nanowires. The corresponding amount of MnO, nanowires, so-
dium tungsten (NagWO4.2H0, sigma aldrich, 99% purity), and fumed
silica commercial (SiO9, Ajax finechem, 98% purity) were stoichiomet-
rically calculated and mixed with 100 ml of DI water. The mixed solu-
tion was heated to 90 °C until it was thickened. The resulting catalysts
were dried at 100 °C overnight, calcined at 400 °C for 6 h, and sieved to
75-180 pm.

2.2. Characterizations

The morphology of all the nanowire MnO, without calcination was
characterized using field emission scanning electron microscope (FE-
SEM, SU8030) with an accelerating voltage of 3 to 5 kV and magnifi-
cation of 100,000 x while the morphology and EDS spectra of NWs-12
before (150,000x) and after (15,000x) OCM reaction were investi-
gated using Thermo Scientific Phenom Pharos G2 Desktop Field Emis-
sion Gun-Scanning Electron Microscope (FEG-SEM) with an accelerating
voltage of 15 kV. The phase structure of the synthesized nanowires was
characterized using X-ray diffraction (XRD, Rigaku SmartLab SE system)
using Cu K, radiation (. = 1.5410 A) at an accelerating voltage of 40 kV,
current of 100 mA, and a D/teX Ultra 250 detector. The scanning range
of 20 was set from 10° to 80° with a step width of 0.010 and scanning
speed of 5°/min. The acid and basic sites of the catalyst's surface were
characterized using NH3 and CO, temperature-programmed desorption
(TPD), respectively. Before each of the TPD processes, the catalyst
sample (0.7 g) was pretreated at 150 °C for 1 h with a flow rate of 100
ml/min of Argon gas (Ar), before being cooled down to room temper-
ature (25 °C). After pretreatment, the catalyst sample was exposed to the
corresponding gas mixtures at different temperatures. Individually, 50
ml/min of 5%vol. NHs/Ar was fed at 50 °C or 100 ml/min of 5%vol.
CO2/Ar was fed at 100 °C for 2 h to the system in which it was cooled
down to room temperature by continuing the gas flow and left over-
night. During the TPD process, the temperature of the packed-bed
reactor was increased from room temperature to 950 °C with a heat-
ing rate of 5 °C/min under a flow rate of 100 ml/min for Ar. The gas
desorption profiles (NH3 or CO3) were measured in real-time by a mass
spectrometer (GSD 320, OmniStar).

2.3. Activity study for OCM
The catalytic performances of 2%Mn-5%Na;W04-SiOy catalysts

were tested for the OCM reaction using a packed-bed reactor. The
reactor consisted of a quartz tube with an inner diameter of 9 mm and a
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length of 25 cm as shown in Fig. 1. The synthesized catalyst (0.7 g) was
packed in a quartz tube along with a quartz wool support and placed in a
tubular furnace with a 20 cm heating zone, coupled with temperature
controller system. Any of the interest catalyst was pre-treated at 650 °C
for 1 h under a flow rate of 100 ml/min of Ar, prior to the start of the
OCM reaction. This pretreatment was done to activate the catalysts by
removing any impurities or unwanted species present on the catalyst
surface (surface area clearance), and to maximize the catalytic perfor-
mance of the synthesized catalysts to their best possible. The reactants;
16 ml/min of CHy4, 10 ml/min of 40% O,/Ar (molar ratio of CH4:0, = 4,
WHSV = 8572 ml/h/g); were co-fed with a total flow rate to 100 ml/min
using Ar as a make-up gas. The operation temperature was varied at 650,
675, 700, 725, 750, 775, and 800 °C. After a holding time of 2 h at each
temperature, the remaining reactants and resulting products were
analyzed by Gas chromatography (GC) using a Shimadzu GC-2014ATF
with a thermal conductivity detector (TCD) and a flame-ionization de-
tector (FID). CHy4 conversion, products (Ca,, CO and CO3) selectivity,
and Cy yield was calculated using the following equations.

FCH4 Sfeed — FCH4

Methane conversion : Xcy, (%) = x 100 7)

Fen, feed

2(Fe,n, + Foyng )

C,. selectivity : S¢,, (%) = x 100 (8)
> Y S, (%) 2(Fe,n, + Fopng) + Feo, + Feo

CO selectivity : Sco (%) = Feo x 100 9)

Z(FC2H4 + FCZHE) + Feo, + Feo

CO, selectivity : Sco, (%) = Feo, x100  (10)

2(Fe,n, + Feyng) + Feo, + Feo
. XCH X SC
1d : Y¢, (%) = ——=2~ 11
Cy. yield : Yc,, (%) 100 11

3. Results and discussion
3.1. Morphology analysis of the MnOz nanowires

The morphologies of MnO, nanostructures with different hydro-
thermal times were investigated using a field emission scanning electron

1iG Coolant
Condenser

Venl

Fig. 1. Rig schematic diagram of OCM process.
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microscope (FE-SEM), shown in Fig. 2. The morphology of MnO- at a
hydrothermal time of 8 h (Fig. 2a) showed a mixture of rod-shaped
(diameter of 18-19 nm) and sheet-shaped morphology, which can be
attributed to the insufficient hydrothermal time to form nanowires [36].
Fig. 2b shows that the preparation of MnO, nanowires at hydrothermal
time of 12 h led to a complete formation of the nanowire morphology
with the smallest diameter of 14-16 nm and the longest lengths
compared to other preparation times. After increasing the hydrothermal
times to 17 (Fig. 2c) and 24 h (Fig. 2d), the rod-shaped morphology was
observed with a larger diameter of 19-20 nm and 24-25 nm, respec-
tively. The larger diameter and agglomeration of the nanorods could
indicate the subsequent growth of MnO, nanowires [37]. However, the
length of the nanowires was shorter at a high hydrothermal time than at
a time of 12 h. This was again possibly due to long hydrothermal time
can induce thermal stress within the nanowire structure leading to grain
growth in the material, crack initiation and propagation which can
change the structure of the wires resulting in the formation of rod-like
shapes.

3.2. Structural analysis of the synthesized catalysts

Fig. 3 shows the XRD patterns of pure MnO, compared with NWs-8,
NWs-12, NWs-17, and NWs-24. The XRD pattern of MnO; displays two
domain phases. The major is tetragonal MnO2(H20)0.15 with 14/m space
group (PDF No. 01-074-4231) diffraction peaks located at 26 = 12.6,
17.8, 28.4, 37.5, 41.8, 49.5, 55.5, 59.7, 65.2 and 68.8°, which corre-
spond to the (110), (200), (130), (211), (240), (141), (600), (620), (002)
and (541) planes, respectively. The minor peaks are observed at 20 =
15.1, 19.5, 21.4, 27.7 and 32.9° which can be assigned to the (111),
(201), (211), (301) and (321) planes of cubic NH4Mn(SO4)3 having I/Ic
space group (PDF No. 01-073-3083). NH4Mn3(SO4)3 as impurity phase
can be formulated through the (1) main reaction is MnSO4 +
(NH4)2S20g + 2H20 — MnO; + (NH4)2SO4 + 2H5SO4 and (2) side re-
action is 2MnSO4 + (NH4)2SO4 — (NH4)2Mno(SO4)3. NWs-8, NWs-12,
NWs-17, and NWs-24 demonstrated similar peaks at the diffraction
angle of 260 = 21.8, 32.1 and 37.5° which correspond to amorphous of
SiO, (PDF No. 01-077-8669), cubic NasWO,4 (PDF No. 00-012-0772)
and MnO; (PDF No. 01-074-4231), respectively. In addition, the lower
intensity of the diffraction peaks of MnO, and Na;WO4 was observed
because their crystal structures were partially covered by the amorphous
phase of SiO,. However, the crystal sizes of NaaWO,4 and MnO; in all
nanowires catalysts can be still calculated using the Scherrer equation as
shown in Table 1. The calculated crystal sizes were in the range of
55-65 nm for NapWO4 and 10-12 nm for MnO,.

3.3. Acidic and basic surface sites of the synthesized catalysts

Acidity of the synthesized catalysts were measured based on the
strength of chemisorbed NH3 on the catalyst surface as shown in Fig. 4
and Table 2. Typically, the NH3-TPD profile can be divided into three
types depending on the strength of interaction between NH3 molecule
and acid site on the catalyst surface which are weak sites (<250 °C),
medium sites (250-450 °C) and strong sites (>450 °C) [38]. Neverthe-
less, only weak sites can be observed on the surface of all synthesized
catalysts. Table 2 reveals that the powdered catalyst surface had the
lowest quantity of adsorbed NH3 (6.58 pmol/g), which was significantly
lower than the adsorbed NH3 on other nanowire catalyst surfaces
(440-760 pmol/g). The quantity of acid sites of all the nanowire cata-
lysts increased in the following order: NWs-8 < NWs-12 < NWs-24 <
NWs-17.

Fig. 5 shows COy-TPD profile of a) powdered 2%Mn-5%NayWO4/
Si0,, b) NWs-8, ¢) NWs-12, d) NWs-17, and e) NWs-24. The amount of
CO4, can be used as an indicator of the strength of the surface basicity.
The CO,-TPD profiles revealed three desorption peaks, indicating that
CO4, is adsorbed on the basic surface of the catalyst [39]. The weak CO4
adsorption occurred as the first peak during low temperature range
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Fig. 2. FE-SEM images of MnO, nanostructures at different times of hydrothermal treatment; (a) 8 h, (b) 12 h, (c¢) 17 h and (d) 24 h without calcination.
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Fig. 3. XRD patterns of MnOj-reference (no calcination) and 2%Mn-5%
Nap,WO0,4/Si0, as NWs-8, NWs-12, NWs-17, and NWs-24.

Table 1
Calculated crystal size for fresh and spent nanowire-structured 2%Mn-5%
N32WO4-SiOZ.

Catalyst Crystal size (nm)
NayWO4 MnO, Mn,03 Mn304
NWs-8 Fresh 72.0 12.0 - -
Spent 33.8 42.9 72.8 41.1
NWs-12 Fresh 62.9 12.7 - -
Spent 54.4 41.7 69.1 -
NWs-17 Fresh 61.5 13.2 - -
Spent 55.8 - 72.3 -
NWs-24 Fresh 62.4 13.0 - -
Spent 43.2 - 81.8 -

(<250 °C), whereas the moderate and strong CO, adsorption occurred at
temperature range of 250-500 °C and > 500 °C, respectively. Based on
the data presented in Fig. 5, it can be observed that the powder 2%Mn-
5%NasWO04/SiO, catalyst exhibited negligible COy desorption below
500 °C, suggesting the presence of only a small quantity of weak and
moderate basic sites on its surface. In contrast, the CO-TPD profiles of
all the nanowire-structured 2%Mn-5%Na;W0,4/SiO catalysts exhibited
multiple CO, desorption peaks, indicating the presence of a larger
number of basic sites with different degrees of strength. Table 2 shows
the amounts of basic sites on the catalyst surface.
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Fig. 4. NH3-TPD profiles of (a) powdered 2%Mn-5%Na;W0O,4/SiO, and all the
nanowires which are, (b) NWs-8, (¢) NWs-12, (d) NWs-17, and (e) NWs-24.

Table 2
The amounts of acid and basic sites of the synthesized catalysts. *
Catalyst Powder NWs-8 NWs-12 NWs-17 NWs-24
Acid site
Weak 6.58 441.55 493.54 763.47 716.21
Basic site
Weak 5.21 49.85 29.58 92.41 79.93
Medium 10.74 28.49 42.30 28.12 30.21
Strong 38.99 8.69 12.39 10.86 6.91
Total 54.94 87.02 84.28 131.39 117.05
" Unit is pmol/g
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Fig. 5. CO,-TPD profile of (a) powdered 2%Mn-5%Na;WO0,/SiO, and all the
nanowires which are, (b) NWs-8, (¢) NWs-12, (d) NWs-17, and (e) NWs-24.

3.4. Effect of reaction temperatures

The catalytic activities of the nanowire-structured 2%Mn-5%
NapyWO0,4/SiO, towards OCM were investigated and compared to the
powdered catalyst. The performance of the synthesized catalysts at re-
action temperatures from 650 °C to 800 °C is shown in Figs. 6 and 7.
Fig. 6 shows the relationship between CH4 conversion and Ca:

Applied Catalysis O: Open 193 (2024) 206979
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powdered and nanowire-structured 2%Mn-5%Na,WO0,/SiO, catalysts with

variable hydrothermal treatment times as NWs-8, NWs-12, NWs-17and
NWs-24.

selectivity as a function of reaction temperature while Fig. 7 displays the
distribution of products (C2;, CO and CO3) selectivity, Ca; yield and
carbon balances at various operating temperatures. The calculated car-
bon balances for all catalysts across all reaction temperature ranges were
approximately 100%, confirming the efficiency and accuracy of the
methodology and experimental procedures. The CH4 conversion, Co
selectivity and Cp, yield of all synthesized catalysts increased with
increasing reaction temperature, indicating that the OCM process
required a high temperature to activate CH4. However, the Cy, selec-
tivity of all nanowire-structured catalysts slightly decreased after
reaching 800 °C. The decrease in Cy, selectivity and increase in CO and
CO;, selectivity at 800 °C were attributed to the formation of side re-
actions such as the Cy; combustion and CH4 steam reforming, which
were more preferred at such high temperatures [40]. Furthermore,
deactivation of the catalyst due to 1) coke formation on the catalyst
surface, 2) melting and leaching of the active site and 3) aggregation of
active metal species may contribute to the loss of Cy selectivity at high
temperatures. At high temperature (800 °C), the structure of the cata-
lysts can be changed by partial melting (active NaWOj4 species can be
melted at the temperature around 700 °C [41]), leaching and aggrega-
tion of active species resulting in partial deactivation.

3.5. Effect of MnO, nanowire

When comparing the catalytic activity of nanowire-structured cata-
lysts to powdered catalyst, it was clearly seen in Figs. 6 and 7 that all
nanowire catalysts exhibited significantly higher CH4 conversion, Ca
selectivity, and Cy, yield for all reaction temperatures (650-800 °C)
than powdered catalysts. In addition, the nanowire-structured can shift
the OCM operating temperature to low-temperature regions
(650-700 °C). When comparing the activity of nanowire catalysts syn-
thesized using different hydrothermal times (NWs-8, NWs-12, NWs-17,
and NWs-24), it was found that NWs-12 performed the best at such re-
action temperatures. This was possible due to the complete formation of
nanowires with the smallest diameter, longest lengths and absence of
nanowire aggregation as mentioned in the FE-SEM results, resulting in
an increased surface area and more adsorbed surface oxygen [42] for
NWs-12 and thus a large catalytic activity. Moreover, the acid and basic
sites on the nanowire catalysts also significantly affected on the OCM
catalytic performance. From CO,-TPD results, NWs-12 exhibited the
most amount of medium basic sites leading to the best catalytic per-
formance due to the fact that medium basic sites on the catalyst surface
are beneficial to the Cy; production [29,30]. For the effect of acid site on
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Fig. 7. Effect of reaction temperature on products selectivity, C,, yield and carbon balances of nanowire-structured (a) NWs-8, (b) NWs-12, (c) NWs-17, (d) NWs-24

and (e) powdered 2%Mn-5%Na;WO,4/SiO,.

the surface, if the numbers of acid sites are too large or too small than
that required, the catalyst will display poor performance in the OCM
process. From our results, NWs-12 with the highest activity provided the
number of weak acid site more than NWs-8 and also lower than NWs-24
and NWs-17 which was consistent with E. R. Choudhary et al. [38]. The
CH4 conversion, Cy, selectivity, and Cy, yield of NWs-12 at 700 °C were
found to be approximately 11.0, 15.0, and 1.7%, respectively, whereas

the powdered form was only around 2.0, 11.0, and 0.3%. In other words,
the nanowire-structured has the potential to improve catalytic perfor-
mance at 700 °C in terms of CH4 conversion, Cy, selectivity, and Co
yield by about 5.5, 1.4, and 5.7 times, respectively, compared to the
powdered form. These results indicated that the shape of the synthesized
MnO; had a significant impact on the catalyst's performance, which is
consistent with many previous studies [43-46]. Although nanowire
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catalysts fully maintained their nanowire form at temperatures below
700 °C, they began to lose their characteristic structure at higher tem-
peratures where the oxidative coupling of methane (OCM) is more
favorable. Specifically, the advantages of the nanowire structure became
less significant at these elevated temperatures. Consequently, NWs-12
was not the best catalyst at 775 °C; instead, NWs-17 performed better.
This improved performance of NWs-17 could be attributed to the com-
plete conversion of MnO» to Mn»Os, which also serves as an active site in
addition to NaoWO4 for OCM. W. Chen and co-workers [47] discovered
that manganese oxide nanowires maintained their wire-like shape even
after thermal treatment at 600 °C, and then fused into particles after
further increased the -calcination temperature. To examine the
morphology changes of the nanowire catalyst at high reaction temper-
atures, the 2%Mn-5%Na;WO0,4/SiO; catalyst with the hydrothermal time
of 12 h (NWs-12) was selected as a representative due to its most
complete nanowire shape. Fig. 8(a) and (b) display the FE-SEM images
of the NWs-12 catalyst before and after the OCM reaction at 775 °C,
respectively. The results showed that the nanowire structure of the NWs-
12 catalyst before the reaction still appeared the nanowire shape of
MnO; deposited on the small particle of the amorphous SiO2 support
while that of after the reaction at 775 °C was not observed due to it was
destroyed to form irregular particles deposited on the large particle of
crystalline SiO2 support at high reaction temperatures. The SEM-EDS
analysis was used to analyze the presence of metal in the selected rect-
angular area as shown in Fig. 8(c) and (d) for the NWs-12 before and
after the OCM process, respectively. In other words, the catalytic per-
formance of the synthesized nanowire catalysts was not affected by the
shape of the MnO,, after further increasing the reaction temperature to
above 700 °C. Nevertheless, all NWs catalysts still showed significantly
higher activity than powdered catalyst at high reaction temperatures
(700-800 °C) in which NWs-17 exhibited the best performance at
775 °C. This can be described by the phase compositions of the active
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species in their structures which will be extensively explained in Section
3.6.

3.6. Effect of phase compositions
The XRD patterns of the spent catalysts (Fig. 9) proved the phase

structure of the catalyst after activity study for oxidative coupling of
methane at 775 °C (molar ratio of CH4:05 = 4, WHSV = 8572 ml/h/g).
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Fig. 9. XRD patterns of spent 2%Mn-5%Na,W0,4-SiO, as NWs-8, NWs-12, NWs-
17, and NWs-24 after OCM reaction at 775 °C.
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Fig. 8. FE-SEM images of the nanowire-structured 2%Mn-5%Na;WO0,/SiO; catalyst with the hydrothermal time of 12 h (NWs-12) and energy dispersive X-ray
spectroscopy (EDS) analysis in the selected rectangular area before [(a) and (c)] and after [(b) and (d)] the OCM reaction at 775 °C.
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Diffraction peaks in the XRD patterns of all spent nanowire catalysts
(NWs-8, NWs-12, NWs-17 and NWs-24) are assigned to cristobalite SiO,
quartz SiO,, NagWO4 and MnyOs structure. The diffraction peaks of
cristobalite SiO, were observed as the main phase at 21.9, 28.4, 31.4,
36.1, 42.6, 44.8, 47.0 and 48.5° corresponding to crystal planes of 101,
111, 102, 200, 211, 202, 113 and 212, respectively (PDF No. 01-071-
6244). The presence of Quartz SiO, phase at 20.9, 26.7, 36.7 and 39.5°
in agreement with PDF No. 01-085-0865. The peaks related to NaaWO4
appeared at 16.8, 27.6 and 32.5° corresponding to 111, 220 and 311
planes, respectively (PDF No. 01-084-6510). The peaks observed at
33.0° corresponded to the MnyOj3 structure (PDF No. 01-073-1826).
However, the additional peaks at 18.1, 31.1 and 32.5° were found for
NWs-8 which are related to 101, 200 and 103 planes of Mn3Oy,
respectively (PDF No. 01-075-1560). In addition, MnO, phase was also
found in spent NWs-8 and NWs-12. Although the MnO, peak cannot be
noticed since it appears at the same position as cristobalite SiO4 (28.4°),
XRD fitting can confirm its existence. Table 1 shows the crystal size
analysis of all compounds in spent catalysts using the Scherrer equation.

Compared to the fresh catalyst, the amorphous silica support in all
synthesized catalysts was crystallized to a-cristobalite at a reaction
temperature of 775 °C. The inclusion of Na ions in the catalyst induced a
phase transformation of SiO, from its amorphous to a cristobalite
structure at low temperature. On the other hand, the transformation of
pure SiO; was observed at higher temperature approximately 1500 °C
[48-50]. The phase transition from amorphous to crystalline SiO, ap-
pears to be a necessary component for an effective catalyst to be used in
OCM [48]. Furthermore, the MnO, phase was converted to Mn,O3 for
NWs-12, NWs-17, and NWs-24, as well as a combination of MnpO3 and
Mn304 for NWs-8, with some MnO; phase remaining in NWs-8 and NWs-
12. However, after activity testing at 775 °C, the structure of NagWO,4 in
all spent catalysts remained unchanged when compared to the fresh
catalyst. The characteristic peak of NagWOj still appeared in the absence
of the other phase of W species for all catalysts. Therefore, the catalytic
activity may depend on the different Mn species in the catalyst as the
main factor.

The OCM catalytic performance results in Figs. 6 and 7 shows that
NWs-17 had the highest catalytic activity at reaction temperature of
775 °C, with CH4 conversion, Cy.. selectivity, and Cy. yield of 21.8, 68.0
and 14.8%, respectively. As mentioned in the previous part, the catalytic
activity of the synthesized nanowire catalysts at the reaction tempera-
tures higher than 700 °C was unaffected by the shape of the MnO, due to
MnO; morphology in all nanowire catalysts can be destroyed under high
temperatures. Therefore, the activity of all nanowire catalysts can be
described by phase compositions of active species in their structures.

The OCM reaction mechanism consists of heterogeneous (surface
catalysts) and homogeneous (gas phase) reactions as shown in Egs. (12)—
(16). The OCM mechanism over the Mn-Na;WO,/SiO> catalyst involves
two metal sites, consisting of W8*/>+ and Mn®*/2*, At the catalyst sur-
face, the W85+ sites help to activate methane, while the Mn>*/2* sites
help to activate oxygen. The CHy is activated by OZ, to generate CH} at
the W®*/5* site and then electron transferred from the W®+/> site to the
Mn>*/2* site, which is responsible for the activation of oxygen gas to
form the surface oxygen (Ofu’r) as the active oxygen species for CHy
activation. After that, the coupling reaction between CH3 occurred in the
gas phase to form ethane (C2Hg) which was further dehydrogenated to
produce ethylene (C2H4) and hydrogen (Hp) [51].

Surface reaction

CH, +W°®"1 /202, »CH;1/2H,0 + W** (12)
W 4 Mn*">W*" + Mn** 13)
1/40, +Mn?'—1/202, +Mn*" 14)

Gas-phase coupling reaction
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CH;—-1/2C,Hs (15)
Gas-phase dehydrogenation reaction
C2H6—'C2H4 +H, (16)

According to the OCM mechanisms, NapgWO4 (W°") and Mn,03
(Mn>*) species can be considered active sites for methane and oxygen
activation, respectively. While MnO, (Mn*h) may be excessively
oxidizing, resulting in oxidized products such as CO and CO,. Moreover,
it is also possible that MnO5 does not have the appropriate geometry for
critical interactions with tungsten [52]. Therefore, a catalyst containing
MnO;, would exhibit lower catalytic activity for OCM compared to a
catalyst consisting solely of MnyO3. According to the XRD results of the
spent catalysts in Fig. 9, the presence of MnO; species in NWs-8 and
NWs-12 caused them to be less active than NWs-17 at the reaction
temperature of 775 °C. Nevertheless, even though the MnO, phase did
not appear in NWs-24, it exhibited lower activity than NWs-17 due to
the larger crystal size of MnyOg3 (Table 1), resulting in a smaller active
surface to activate CH4 compared to NWs-17. Furthermore, the reduced
XRD peak intensity of Na2WO4 was also observed for NWs-8 and NWs-
24, suggesting partial melting and leaching of active Na2WO4 species at
elevated temperatures. These findings help elucidate the catalytic ac-
tivity observed across all catalysts, showing decreased C2+ selectivity in
the following sequence: NWs-17 > NWs-8 > NWs-12 > NWs-24.

3.7. Stability test of the best catalyst (NWs-17) for OCM reaction at
775 °C

Time-on-stream testing of the catalyst is also critical for OCM reac-
tion at high temperatures due to 1) coke creation on the catalyst surface,
2) melting and leaching of the active site, and 3) aggregation of active
metal species, which causes the catalyst to deactivate rapidly. In this
study, catalytic performance was tested on stream at 775 °C for 300 min.
Fig. 10 shows the CH4 conversion, Co yield, and Cy, selectivity of the
best catalyst (NWs-17) as a function of reaction time. It can be seen that
the NWs-17 catalyst enhanced its activity in terms of CH4 conversion,
Co, yield and Cy, selectivity within the first 50 min. After this activation
period, a stable CH4 conversion, Cy, yield and Cy. selectivity was
observed throughout the entire time on stream with no obvious deac-
tivation. In other words, the NWs-17 catalyst displayed high activity and
thermal stability at 775 °C for 300 min on stream.
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Fig. 10. CH4 conversion, C,, yield and C,, selectivity of NWs-17 catalyst as a
function of time-on-stream for OCM reaction at 775 °C (molar ratio of CH4:0,
= 4, WHSV = 8572 ml/h/g).
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4. Conclusions

Nanowire-structured 2%Mn-5%NapsWO,4/SiOy catalysts were suc-
cessfully synthesized by hydrothermal method. NWs-12 provided the
smallest diameter with the longest lengths. This structure contributed to
the higher CH4 conversion and Cy selectivity as well as lower operating
temperature due to the reduced activation energy for Cy, production
reaction. Furthermore, the acid and basic sites on the nanowire catalyst
significantly affected the OCM catalytic performance. NWs-12 catalyst
exhibited the highest quantity of medium basic sites and a moderate
amount of acid sites on its surface, resulting in the highest activity for
OCM at the reaction temperature of 700 °C. Although nanowire catalysts
fully maintained their nanowire form at temperatures below 700 °C,
they began to lose their characteristic structure at higher temperatures
where the oxidative coupling of methane (OCM) is more favorable.
Specifically, the advantages of the nanowire structure became less sig-
nificant at these elevated temperatures. Consequently, NWs-12 was not
the best catalyst at 775 °C; instead, NWs-17 performed better. This
improved performance of NWs-17 could be attributed to the complete
conversion of MnO, to Mny0O3, which also serves as an active site in
addition to NagWO4. NagWO4 and Mn;O3 exhibit synergy as the active
sites for the OCM reaction. The NWs-17 catalyst displayed high activity
and thermal stability at 775 °C for 300 min on stream.
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