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Abstract—Sodium-tungsten-manganese supported on silica (Na-W-Mn/SiO,) and hydroxyapatite (HAp) are repre-
sentative catalysts for oxidative coupling of methane (OCM). In this work, the effect of the HAp doping in a Na-W-
Mn/SiO, catalysts on the OCM performance was studied. To enhance the ethylene selectivity of the Na-W-Mn/SiO,
catalyst, silica supports were coated with HAp containing hydroxyl and phosphate groups as oxygen species. A series of
Na-W-Mn/xHAp_SiO, (x=1, 3, 5 and 7) catalysts with the different HAp coating cycles were prepared through the
alternative soaking method, and X-ray diffraction (XRD) and scanning electron microscopy (SEM) showed that the
amount of HAp doping was dependent on the HAp coating cycles. In addition, the change of oxygen species upon
HAp doping was examined with X-ray photoelectron spectroscopy (XPS) and oxygen temperature-programmed desorp-
tion (O,-TPD) techniques. With HAp doping, the increase of oxygen species assigned to metal oxide responsible for
selective oxidation of methane to ethylene was observed in O 1s XPS spectra. In addition, weakly bound oxygen spe-
cies were observed with the introduction of HAp doping in O,-TPD profiles of prepared catalysts. The influence of
these oxygen species on OCM catalytic performance was evaluated at an operating temperature of 775 °C and gas
hourly space velocity of 18,000 ml/g,,-h. The amount of HAp doping provided reactive oxygen species for oxidative
dehydrogenation of ethane, which resulted in as much as 120% increase in C,H,/C,H; ratio over the Na-W-Mn/
3HAp_SiO, catalyst compared to the Na-W-Mn/SiO, catalyst.
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INTRODUCTION

Methane (CH,), one of the major greenhouse gasses, has been the
cause of climate change [1]. The global warming potential (GWP)’
can express the contribution of each greenhouse gas to the green-
house effect, and methane has 21 times higher GWP than carbon
dioxide. Hence, the elimination of methane is necessary, but sim-
ple combustion of methane can produce CO, which is another
major greenhouse gas. As methane can be utilized as carbon source
for synthesizing valuable chemicals such as methanol and ethylene,
it can be eliminated through the conversion process. Thus, vari-
ous conversion routes for production of chemicals from methane
are meaningful and have been extensively investigated [2-4].

Methane conversion can be generally executed through chemi-
cal processes [5]. In the chemical conversion process, on the other
hand, proper catalysts with energy like heat or plasma are used for
the conversion of methane, and there are two routes using meth-
ane as a chemical feedstock: indirect and direct conversion path-
ways [2]. The indirect pathway begins by converting methane to
synthetic gas (syngas, H,/CO) via reforming reaction such as steam
and dry reforming [4,6]. Then, syngas is used to synthesize plat-
form chemicals like methanol, followed by olefin production via
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MTO (methanol-to-olefin) process. In the indirect conversion pro-
cess, however, the installation costs for each of these reaction steps
and separation/purification are considerable, and the removal of
oxygen from CO of syngas to produce hydrocarbons is significantly
difficult [3]. Methane, on the other hand, can be directly converted
to valuable chemicals such as ethylene and aromatics by oxidative
coupling of methane (OCM) and methane dehydroaromatization
(MDA), respectively [3,7]. When is used directly, methane can be
economically efficient in that an additional process is not necessary
[8]. By increasing the yield of products, the direct pathway via sim-
ple one-step methane conversion process could potentially be more
efficient and economically competitive than the indirect pathway.
Among the direct conversion of methane processes, OCM is used
to directly synthesize C2 compounds such as ethylene (C,H,) and
ethane (C,Hy), crucial intermediates called ‘building blocks’ in a
wide range of chemical industries, from methane [4,9-15]. It is highly
challenging to convert the thermodynamically stable methane selec-
tively to ethylene because the direction forming the by-products
(CO, CO,) is more favorable than the direction producing ethylene
[16]. For these reasons, high operating temperature (above 700 °C)
and suitable catalyst are required in the OCM reaction. Since 1982
when OCM was first reported, many researchers have devoted much
effort into developing effective catalytic reaction systems [10,11,17-
24]. Regarding OCM catalyst, sodium-tungsten-manganese sup-
ported on silica (Na-W-Mn/SiO,), first reported by Li et al, is the
most active catalyst, achieving methane conversion and C2 selec-
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tivity of 37.7% and 66.9%, respectively [25,26]. Despite high activ-
ity and stability of this catalytic system, the mechanism and char-
acteristics of these catalysts are still not clear, but appropriate com-
position of each metal loading for maximum C2 yield has been
suggested as 5 wt% Na,WO, and 2 wt% Mn on SiO, support [11,
16,22,24,27].

In addition to Na-W-Mn/SiO, catalyst, other proposed OCM
catalysts include lanthanum-based perovskite (LaXO,; X=Al, Fe,
or Ni) and hydroxyapatite (Ca,,(PO,)s(OH),; HAp) [28-32]. Among
them, HAp, a non-stoichiometric calcium phosphate ceramic with
a Ca/P molar ratio of 1.67 or less, has attracted attention as a promis-
ing OCM catalyst due to its thermal stability and ion exchange
characteristics [19,21,28,30,31]. Also, there are two kinds of oxy-
gen species in HAp, phosphate (PO;") and hydroxyl (OH") groups.
Particularly, it was reported that the hydroxyl group in HAp is an
active site for oxidative dehydrogenation of alkane [33].

As the HAp synthesis process is simple, it can be easily intro-
duced to silica. To our best knowledge, the combination of these
two materials, HAp and the Na-W-Mn/SiO, catalyst, has not been
previously reported. To obtain an ethylene-selective catalyst, we have
applied HAp doping to a Na-W-Mn/SiO, catalyst through the alter-
native soaking method and investigated the change of the oxygen
species and its effect on the OCM catalytic activity [34].

EXPERIMENTAL

1. Catalyst Preparations

HAp coating on SiO, was performed by the alternative soaking
method [34]. In this method, 2.0 g of silica gel (Sigma Aldrich, high-
purity grade) was alternatively soaked in 16 ml of 02M CaCl,
(Sigma Aldrich, 299.99%) and 0.12 M Na,HPO, (Sigma Aldrich,
299.0%) aqueous solutions. This alternative immersion was repeated
1, 3,5 and 7 cycles. The samples were dried at 100 °C overnight and
calcined at 800 °C for 3 h. According to the repeated HAp coating
cycle, HAp-coated SiO, are denoted xHAp_SiO, (x=1, 3, 5, and 7).
For comparison, HAp was prepared by the precipitation method
with 1.0 M Ca(NO;),-4H,O (Sigma Aldrich, 299.0%) and 0.6 M
(NH,),HPO, (Sigma Aldrich, 299.99%). NH,OH solution was added
to maintain the pH of solution at 9. The precipitates were aged for
2h at 80°C and then washed with DI water and dried at 100 °C
overnight. The dried samples were calcined at 800 °C for 3 h.

The tri-metallic catalysts (Na-W-Mn/SiO,, Na-W-Mn/xHAp_-
SiO,, and Na-W-Mn/HAp) were prepared by the successive incipi-
ent wetness impregnation method. Na, WO, (5wt%) and Mn (2
wt%) were loaded on SiO,, xHAp_SiO,, and HAp with appropriate
volume of aqueous precursor solutions containing Na,WO,-2H,O
(Sigma Aldrich, 99.995%) or Mn(NO;),-4H,0 (Sigma Aldrich,
99.99%), respectively. After impregnation, prepared catalysts were
dried at 100 °C overnight and calcined at 800 °C for 4 h. Before the
activity tests, catalysts were sieved to obtain particles with sizes
between 35 and 106 um for a uniformly sized catalyst powder.

2. Catalyst Characterization

X-ray diffraction (XRD; SmartLab, Rigaku) with Cu Ke radia-
tion (4=0.154 nm) was performed at 45kV and 200 mA to ana-
lyze the crystallinity of the prepared catalysts. The measurements
were performed in the 26 range 10-60° with a 2°/min of scanning

rate. Inductively coupled plasma atomic emission spectroscopy
(ICP-AES; HORIBA Jobin-Yvon, 123 Ultrace) was performed to
quantify Na, W, Mn, Ca, and P content in the prepared catalysts.
High resolution scanning electron microscopy (HR-SEM; Hitachi,
SU-70) was performed to image the surface morphology of the cata-
lysts. X-ray photoelectron spectroscopy (XPS; VG Microtech, ESCA
2000) was performed to investigate the surface concentration and
chemical state of the catalytic components. XPS analysis was per-
formed using an Al Ko X-ray source in an ultrahigh vacuum sys-
tem. The C 1s binding energy at 284.6 eV was used as the reference.
O,-temperature programmed desorption (O,-TPD; Microtrac BEL,
Belcat-B) was performed to analyze the oxygen species. Before the
measurements, the samples were heated to 800 °C and cooled to
100 °C in 10vol% O,/He balance gas. The gas flow was then switched
to He gas and purged for 30 min to remove weakly bound oxy-
gen species. After the pretreatment, the sample was heated to
950 °C at a ramp rate of 10 °C/min. ICP-AES and HR-SEM were
performed at the Korean Basic Science Institute (KBSI) in Seoul,
Republic of Korea.
3. Catalytic Reaction

In previous study, the OCM reaction system was described in
detail [28]. Briefly, it was carried out in a fixed-bed reactor with an
8 mm inner diameter quartz-tube, and 0.1g of the catalyst was
placed on quartz wool at the middle of the reactor. CH, (99.995%),
and O, (99.995%) were used as the reactant gases and N, (99.999%)
was used as the internal standard gas. The reaction temperature
was monitored with a K-type of thermocouple inserted in the cat-
alyst bed. N, gas flowed at 15 ml/min until the temperature reached
at 775°C, and then reactant mixture gas was injected with 33.3
vol% CH,, 16.7 vol% O,, and 50.0 vol% N,. The gas mixture was
fed into the reactor at a total flow rate of 30 ml/min (gas hourly
space velocity=18,000 ml/g,,-h), regulated by mass flow control-
lers (Bronkhorst, EL-Flow dlassic). The byproduct of the OCM reac-
tion (H,0O) was condensed through a cold trap (5°C) connected
to end of the quartz reactor. Product gases were analyzed by on-
line gas chromatography (YoungLin, YL 6500) equipped with a
flame ionization detector (FID) and a thermal conductivity detector
(TCD) using a Gaspro capillary column and Carboxen 1000 packed
column, respectively. Using the internal standard analysis method,
the total flow, conversion of methane, and selectivity of the prod-
ucts were calculated based on the C1 basic [28].

RESULTS AND DISCUSSION

1. Formation of HAp on Na-W-Mn/xHAp_SiO, Catalysts

To investigate the HAp formation on SiO, through the alterna-
tive soaking method, XRD patterns of prepared supports without
the impregnation of active metals are shown in Fig. S1. For amor-
phous SiO,, only broad noise is observed. After three times and more
HAp coating cycles (3HAp, 5HAp, and 7HAp_SiO,), however, sev-
eral peaks related to the HAp are observed, which indicates that
the formation of HAp began from three cycles of coating [34,35].
With the increase of HAp coating cycles, these peaks become obvi-
ous, and the intensity monotonically increases. These results sug-
gest that the formation of HAp on SiO, is dependent to HAp coating
cycle. For 1HAp_SiO, sample, similar to amorphous SiO,, only noise
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Fig. 1. XRD patterns of prepared samples (a) Na-W-Mn/SiO, (b) Na-W-Mn/1HAp_SiO, (c) Na-W-Mn/3HAp_SiO, (d) Na-W-Mn/5HAp_SiO,
(¢) Na-W-Mn/7HAp_SiO, (f) Na-W-Mn/HAp: (O) Na,WO,, (¥) Mn,O;, (@) c-cristobalite, (v) quartz, (+) hydroxyapatite, (¥) CaWO,.

Table 1. Elemental analysis results of prepared samples

Na W Mn Ca P Ca/P ratio
Na-W-Mn/SiO, 1.2 4.5 1.9 <0.1 <0.1 -
Na-W-Mn/1HAp_ SiO, 14 4.2 1.7 0.3 0.3 1.00
Na-W-Mn/3HAp_ SiO, 1.6 4.2 1.7 1.3 0.8 1.63
Na-W-Mn/5HAp_ SiO, 1.6 4.0 14 2.2 13 1.69
Na-W-Mn/7HAp_ SiO, 1.6 4.3 1.7 2.8 1.7 1.65
Na-W-Mn/HAp 1.2 4.2 14 41.3 19.9 2.08

is observed without any peaks for HAp, indicating that lcycle of
HAp coating is insufficient for the HAp formation.

After the impregnation of active metals (W, Mn), XRD patterns
of prepared samples are shown in Fig. 1. For Na-W-Mn/SiO,, Na-
W-Mn/xHAp_SiO, (x=1, 3, 5, and 7) samples, Na,WO,, Mn,0O;
are observed, suggesting that the active metals of prepared samples
are properly impregnated on the prepared supports [11,13,15,18,
26]. Compared to XRD patterns in Fig. S1, the phase transition of
SiO, from amorphous to crystalline such as a-cristobalite and
quartz occurred with the introduction of active metals. It was
reported that due to the interaction between sodium (Na) and
SiO,, the amorphous phase of SiO, is converted to crystalline at
much lower temperature (800 °C) than normal transition tempera-
ture (1,500 °C) [17,36]. Also, for Na-W-Mn/xHAp_SiO, (x=3, 5 and
7) that HAp was formed, CaWOj, as well as Na, WO, are observed
due to the interaction of Ca** and WO; [11]. Similarly; the dif-
fraction patterns for HAp, CaWO,, and Mn,O; are observed over
Na-W-Mn/HAp sample.

The elemental analysis results of prepared samples are shown in
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Table 1. For all prepared samples, the amounts of Na, W, and Mn
impregnated as active metals are similar, 4.0-4.5wt% of W and
1.4-1.9 wt% of Mn, regardless of used supports. These ranges cor-
respond to the appropriate amounts of the active metals for the
best OCM performance reported in several literatures [12,13,26,27].
Ca and P that compose the HAp structure are detected over Na-
W-Mn/xHAp_SiO, (x=1, 3, 5, and 7) and Na-W-Mn/HAp sam-
ples, and the amount of these elements increases with the increase
of HAp coating cycle. On the other hand, the Ca/P ratio can indi-
rectly demonstrate the formation of HAp, and the appropriate ratio is
in the range of 1.5-1.67, depending on the stoichiometric and
non-stoichiometric HAp [28,37]. While Na-W-Mn/1HAp_SiO,
sample shows 1.00 of Ca/P ratio, Na-W-Mn/xHAp_SiO, (x=3, 5,
and 7) samples show the range of 1.63-1.69 of Ca/P ratios. This
observation corresponds to the results of XRD patterns (Fig. S1) in
which one cycle of HAp coating is not enough to form the HAp
on the SiO,, and the formation of HAp is strongly related to the
number of HAp coating cycles. Meanwhile, the Ca/P ratio of Na-
W-Mn/HAp, 2.08, is higher than the value of stoichiometric HAp,
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Na-W-Mn/SiO,
10 um
Na-W-Mn/7HAp_SiO, Na-W-Mn/HAp
Fig. 2. SEM images of prepared samples.
Table 2. The observed XPS binding energies and near-surface composition of prepared samples
Na (1) w@h  Ma@p  Siep) O {15 O (15) Ca (2p) P (2p)
MO, (SiO,)
Catalysts BE BE BE BE BE BE BE BE
0 0 0, 0, 0 0, 0 0
(V) at. % (eV) at. % (eV) at. % (eV) at. % (V) at. % (V) at. % (V) at. % (V) at. %
I;gW—Mn/ 1,0714 7.1 347 09 6413 14 1026 271 5297 7.7 5323 557 - <0.3 - <0.1
2
Na—W—Mn/ 1,071.7 68 351 10 6417 24 1028 260 5303 11.5 5323 520 3498 03 1325 0.1
1HAp_SiO,
Na—W—Mn/ 1,071.7 82 349 12 6419 25 1028 243 5302 142 5323 478 3500 11 1325 0.8
3HAp_SiO,
Na—W—Mn/ 10716 84 348 12 6418 18 1029 250 5302 13.8 5323 477 3500 12 1325 09
5HAp_SiO,
“W-M
Na-W .n/ 1,071.4 93 346 12 6418 14 1030 235 5302 157 5323 450 3499 22 1326 17
7HAp_SiO,
“W-M
E;;N n/ 1,0716 73 345 24 6415 26 00 00 5306 602 00 3502 158 1328 11.7
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Fig. 3. The deconvoluted O 1s XPS spectra of prepared catalysts (a)
Na-W-Mn/SiO, (b) Na-W-Mn/1HAp_SiO, (c) Na-W-Mn/
3HAp_SiO, (d) Na-W-Mn/5HAp_SiO, (e) Na-W-Mn/7HAp_
SiO, (f) Na-W-Mn/HAp.

caused from the partial substitution of structural phosphate group
to carbonate group in the precipitation process [38].

Regarding the surface morphology of catalysts, coral-like mor-
phology is observed over Na-W-Mn/SiO, and Na-W-Mn/xHAp_-
SiO, (x=1, 3, 5, and 7) because of the interaction between Na, WO,
and SiO, (Fig. 2(a)-(e)) [17]. As the HAp coating cycles increased,
coral-like morphology became indistinct, suggesting that the inter-
action between Na,WO, and SiO, is weakened with the increase
of HAp formation. In addition, the type of HAp formed on SiO,
through the HAp coating can be examined in SEM-EDS mapping
images for Si element (Fig. S2). With the increase of HAp coating
cycles, the number of black spots on the Si-mapping images tends
to increase, and the location of black sites is identical to the sites
that Ca and P are detected. It suggests that the HAp is formed on
SiO, in the form of HAp doping, and HAp doping sites increase
with the increase of HAp coating cycles. On the other hand, for
Na-W-Mn/HAp sample that did not include SiO,, the coral-like
morphology is not observed (Fig. 2(f)).

Table 2 shows the observed binding energy and near-surface
composition of prepared samples. For Na-W-Mn/SiO, and Na-W-
Mn/xHAp_SiO, (x=1, 3, 5, and 7) samples, the near-surface con-
centrations of Na, W, and Mn are similar regardless of HAp dop-
ing, which indicates that impregnated elements were not affected

50

40—E

30 %
20 CH, Conversion of
| Na-W-MwHAp catalyst

Methane conversion (%)

0 T | 1 T T T T T

0 1 2 3 4 5 6 7
Repeat of HAp coating cycles

Fig. 4. Conversion of methane over prepared catalysts as a function
of HAp coating cycles. Reaction condition: temp.=775°C,
GHSV=18,000 ml/g_,-h, CH,: O,:N,=2:1:1.

by HAp doping. As shown in Table 2, however, oxygen species in
prepared samples show a different trend with other elements. To
examine the oxygen species, the O 1s XPS spectra are represented
in Fig. 3. For Na-W-Mn/SiO, sample, the spectra can be deconvo-
luted into two kinds of peaks located at 532.3 and 530.0 eV; attributed
to SiO, and metal oxides (MO,), respectively [11-13]. With HAp
doping, the peak related to MO, tended to increase, and the near-
surface concentration of MO, increased (Table 2). Particularly, for
Na-W-Mn/xHAp_SiO, (x=3, 5 and 7) samples that HAp doping
was well formed, the near-surface concentration of MO, is about
twice higher than Na-W-Mn/SiO, sample. Since HAp included
phosphate (PO; ) and hydroxyl (OH") groups in the structure,
HAp doping in prepared samples can quantitatively increase the
oxygen species assigned to MO,. As discussed in XRD and ICP
results, the near-surface concentration of Ca and P is gradually
increased with the increase of HAp coating cycles, which indi-
cates that the extent of HAp doping increased with repeated HAp
coating cycles. Therefore, it can be suggested that the increased
oxygen species were attributed to the HAp formation. In OCM
reaction, selective oxidation to ethylene is competitive with total
oxidation to CO, (CO, CO,), and oxygen species in catalysts can
determine the catalytic path. The oxygen species assigned to SiO,
is not related to oxidation reaction, so that the other oxygen spe-
cies attributed to MO, can influence on the OCM activity of Na-

Table 3. The OCM activity of prepared catalysts. Reaction condition: temp.=775 °C, GHSV=18,000 ml/g,-h, CH,: 0,:N,=2:1:1

CH, Selectivity Yield C,H,/C,H,

Conv. C2 CH, CH, CO, C2+ CH, C,H, ratio
Na-W-Mn/SiO, 386 45.0 30.9 14.1 55.0 17.4 119 55 22
Na-W-Mn/1HAp_ SiO, 359 438 31.8 12.0 56.2 15.7 114 43 2.7
Na-W-Mn/3HAp_ SiO, 37.8 459 33.7 122 54.1 17.4 12.8 46 2.8
Na-W-Mn/5HAp_ SiO, 38.6 416 30.3 113 58.4 16.1 117 44 2.7
Na-W-Mn/7HAp_ SiO, 32.8 384 27.1 113 61.7 126 8.9 37 24
Na-W-Mn/HAp 29.7 243 17.8 6.5 75.7 7.2 53 1.9 27
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Fig. 5. Selectivity of ethylene (C,H,) and ethane (C,Hy), and olefin/
paraffin ratio (C,H,/C,Hj) of prepared catalysts. Reaction con-
dition: temp.=775 °C, GHSV=18,000 ml/g,,-h, CH,: 0,:N,=
2:1:1.

W-Mn/xHAp_SiO, catalysts [10,14,21].
2. Effect of HAp Doping on OCM Activity

The OCM reaction results are shown in Table 3 and Fig. 4, 5
and 6. As shown in Fig. 4, methane conversion is similar over Na-
W-Mn/SiO, and Na-W-Mn/xHAp_SiO, (x=1, 3, and 5) catalysts
at about 37.0%, whereas it slightly decreases to 32.8% over Na-W-
Mn/7HAp_SiO, catalyst. Also, Na-W-Mn/HAp catalyst shows the
lowest methane conversion at 29.7% among the prepared cata-
lysts. It suggests that not only impregnated elements like W and
Mn, but also support like SiO, can influence methane conversion
[23]. The catalytic activity of SiO, in Na-W-Mn/7HAp_SiO, cata-
lyst was partially obstructed by excessive HAp doping, and the
methane conversion was reduced by 0.85 times compared to Na-
W-Mn/SiO, catalyst.

The selectivity of produced C2 compounds including ethane
(C,Hg) and ethylene (C,H,), and the C,H,/C,H, ratio is represented
in Fig. 5. For Na-W-Mn/SiO, catalyst, C2 and C,H, selectivity
were 45.0% and 30.9%, respectively. Compared to Na-W-Mn/SiO,
catalyst, Na-W-Mn/1HAp_SiO, and Na-W-Mn/3HAp_SiO, cata-
lysts show similar C2 selectivity and slightly increased C,H, selec-
tivity (31.8% and 33.7%, respectively). For Na-W-Mn/5HAp_SiO,
and Na-W-Mn/7HAp_SiO, catalysts, however, both C2 and C,H,
selectivity are lower than those for Na-W-Mn/SiO, catalyst. Partic-
ularly, Na-W-Mn/7HAp_SiO, catalyst shows 38.4% of C2 selectiv-
ity and 11.3% of C,H, selectivity; 0.8 times that of Na-W-Mn/SiO,
catalyst. In addition, C,H,/C,H, ratio of Na-W-Mn/xHAp_SiO,
catalysts (x=1, 3, 5, and 7) ranges from 2.4 to 2.8, which is higher
than 2.2 of Na-W-Mn/SiO, catalyst. Particularly, Na-W-Mn/3HAp_
SiO, catalyst shows 1.3 times higher value than Na-W-Mn/SiO,
catalyst. These results imply that appropriate amount of HAp dop-
ing enhanced C,H, selectivity, but excessive HAp doping has neg-
ative effect on C,H, as well as C2 selectivity. Meanwhile, Na-W-
Mn/HAp catalyst shows 24.3% of C2 selectivity and 17.8% of C,H,
selectivity; these are lowest values among the prepared catalysts,
which indicates that SiO,-supported catalysts are more appropri-
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Fig. 6. OCM performance of prepared catalysts. Reaction condition:
temp.=775 °C, GHSV=18,000 ml/g,-h, CH,: 0,:N,=2:1:1.

ate for OCM reaction than HAp-supported one. To investigate the
trend for the C,H, yield, the combination of CH, conversion and
C,H, selectivity is depicted in Fig. 6. While Na-W-Mn/SiO,, Na-
W-Mn/1HAp_SiO,, and Na-W-Mn/5HAp_SiO, catalysts show
similar C,H, yield at about 11%, Na-W-Mn/3HAp_SiO, catalyst
shows the increased C,H, yield to about 13%. However, for Na-
W-Mn/7HAp_SiO, and Na-W-Mn/HAp catalysts, although the
C,H,/C,H, ratio are increased, the C,H, yield is lower than Na-W-
Mn/SiO, catalyst due to reduced C2 selectivity.

For the mechanism of OCM, the formation of C,H, was pro-
posed as a three step reaction (Scheme 1) [16,31,39]: First, CH, is
activated to form a methyl radical (1). Then, C,Hj is formed from
the coupling of two methyl radicals (2). Finally, C,Hy is converted
to C,H, through the oxidative dehydrogenation (3).

Scheme 1: CH,—»CH,-+H- (1)
2CH,—>C,H, @)
CH—CH,+H, ®)

Regarding the increased C,H,/C,H, ratio with HAp doping, it is
suggested that HAp doping influences step (3) in Scheme 1. As
this reaction is oxidative dehydrogenation of C,H, to C,H,, the
hydrogen abstraction from C,H, over the catalyst is important
[33]. As mentioned in XPS results, HAp has two kinds of oxygen
species, such as phosphate (PO;") and hydroxyl (OH") groups in
the structure. It was reported that hydroxyl group of HAp contrib-
utes to the oxidative dehydrogenation of alkane by forming the
reactive oxygen species [33]. With HAp doping, thus, reactive oxy-
gen species was enhanced and this improved the oxidative dehy-
drogenation of C,H,, resulting in the higher C,H,/C,H; ratio over
Na-W-Mn/xHAp_SiO, catalysts. For Na-W-Mn/7HAp_SiO, cata-
lyst, however, excessively increased reactive oxygen species improve
not only oxidative dehydrogenation of C,Hj, but also the total oxi-
dation of produced C,H, and C,H; to CO,.

Also, in order to examine the oxygen species of prepared cata-
lysts, O,-TPD was performed, and those profiles are represented
in Fig. 7. For Na-W-Mn/SiO, catalyst, oxygen release begins at
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Fig. 7. O,-TPD profiles of prepared catalysts (a) Na-W-Mn/SiO, (b)
Na-W-Mn/1HAp_SiO, (c) Na-W-Mn/3HAp_SiO, (d) Na-W-
Mn/5HAp_SiO, (e) Na-W-Mn/7HAp_SiO, (f) Na-W-Mn/
HAp.

around 600 °C, and the peak appears near 815 °C. For Na-W-Mn/
xHAp_SiO, (x=1, 3, 5, and 7) catalysts, while the oxygen release
begins at a similar temperature with that of Na-W-Mn/SiO, cata-
lyst, the peak is observed at lower temperature of around 800 °C
than that of Na-W-Mn/SiO, catalyst. However, the oxygen release
for Na-W-Mn/HAp catalyst begins at around 600 °C and the peak
is much higher over 900 °C than other catalysts. In OCM reaction,
oxygen species of catalysts are responsible for the selective oxida-
tion to C2 compounds and the total oxidation to CO, [14,31]. As
shown in Fig. 7, O,-TPD profiles of Na-W-Mn/xHAp_SiO, (x=1,
3, 5, and 7) catalysts are shifted toward lower temperature range
than that of Na-W-Mn/SiO, catalyst, indicating the weakly bound
oxygen species increases with HAp doping. Sugiyama et al. reported
that the reactive oxygen species, which is contributing to oxidative
dehydrogenation of alkane, can be derived from the hydroxyl
group in HAp [33]. Therefore, it can be suggested that the weakly
bound oxygen species, observed in lower temperature range after
HAp doping, are attributed from hydroxyl group of HAp. For these
reasons, the C,H,/C,H; ratio over HAp-doping catalysts is higher
than Na-W-Mn/SiO, catalyst, suggesting that oxidative dehydro-
genation of C,Hj is facilitated by the increased amount of reactive
oxygen species. However, for Na-W-Mn/7HAp_SiO, catalyst, as
HAp doping was excessively applied, the amount of reactive oxy-
gen species excessively increased. Takanabe et al. reported that the
oxidation of C,H, over Na-W-Mn/SiO, catalyst is much easier than
the oxidation of C,Hy and CH, [40]. For these reasons, for Na-W-
Mn/7HAp_SiO, catalyst, it is suggested the oxidation of C,H, to
CO,, which resulted in the decrease of C,H, and increased of CO,
selectivity, respectively. Hence, appropriate HAp doping provides
Na-W-Mn/SiO, catalyst with more reactive oxygen species and
improves the selective oxidation to C,H, in OCM reaction.

In addition, as shown in Fig. 8, HAp doping on Na-W-Mn/SiO,
catalyst improves not only the C,H, yield, but also the stability of
catalysts. For Na-W-Mn/SiO, catalyst, the yield of C,H, began to
decrease after 2h, and it became about 0.85 times of the initial
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Fig. 8. C,H, vield of prepared catalyst as a function of time. Reaction
condition: temp.=775 °C, GHSV=18,000 ml/g_-h, CH,: O,:
N,=2:1:1.

yield after 5h of reaction. For Na-W-Mn/xHAp_SiO, (x=1, 3, 5,
and 7) catalysts, however, the C,H, yield was stably maintained for
5h of reaction, which suggests that thermally stable HAp enhances
the stability of catalysts.

CONCLUSIONS

In order to enhance the C,H, selectivity in OCM, HAp coating
was applied to Na-W-Mn/SiO, catalysts through alternative soak-
ing, and HAp was introduced as a form of doping. The amount of
HAp doping is quantitatively dependent on the number of HAp
coating cycles, and HAp containing the hydroxyl and phosphate
group provides reactive oxygen species to Na-W-Mn/xHAp_SiO,
catalysts. In terms of qualitative oxygen species, the hydroxyl group
in HAp, reported as reactive oxygen species in oxidative dehydro-
genation of alkane, facilitates the oxidative dehydrogenation of C,H
to C,H,, which results in the increased C,H,/C,H; ratio in Na-W-
Mn/xHAp_SiO, catalysts. Hence, Na-W-Mn/3HAp_SiO, catalyst
shows higher C,H, yield than Na-W-Mn/SiO, catalyst. However,
excessive HAp doping in Na-W-Mn/7HAp_SiO, catalyst improves
not only the oxidative dehydrogenation of C,Hj, but also the oxi-
dation of C,H, to CO,, which results in the decrease of C2 selec-
tivity. Thus, the proper amount of HAp doping on Na-W-Mn/
xHAp_SiO, catalysts effectively converts the CH, to C,H, with
enhanced C,H, selectivity compared to Na-W-Mn/SiO, catalyst.
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Fig. S1. XRD pattern of (a) SiO, and (b)-(e) xHAp (x=1, 3, 5 and 7). The inserted image is the enlarged XRD patterns in the range of 30-35°.
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Fig. S2. SEM and EDS mapping images of prepared samples.



