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Abstract. Methane is of great interest for conversion into high-value hydrocarbons (Ca+)
and olefins, via oxidative coupling of methane (OCM) using catalysts. In this work,
Na;WO4TiO2/SiO; catalyst, along with the single catalysts of its components
(Na;WO,4/SiO; and TiO,/Si0y), was investigated for OCM reaction to Co+. We found
that 5 wt% Na;WO4+ 5 wt% TiO: on the SiOs support was a superior catalyst for OCM
reaction compared to the single catalysts. The maximum Co+ formation of the NayWO,-
TiO2/SiO; catalyst was found under test conditions of a N2/ (4CH4:102) feed gas ratio of
1:1, a reactor temperature of 700 °C, and gas houtly space velocity of 9,500 h~1, exhibiting
71.7% Ca+ selectivity, 6.8% CH4 conversion, and 4.9% Ca+ yield. Moreover, the activity of
the catalyst had good stability over 24 h of on-stream testing. The characterizations of the
Na,WO4TiO,/SiO; catalyst using XRD, FT-IR, XPS, FE-SEM, and TEM revealed that a
crystalline structure of wo-cristobalite of SiO; was present along with TiO: crystals,
substantially enhancing the activity of the catalyst for OCM reaction to Ca+.
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1. Introduction

Methane (CHy) is the main compound of biogas and natural gas that are plentiful on Earth. It is considered
a greenhouse gas with an environmental impact more than 25 times greater than COs if equal amounts of
these two gases are released into the atmosphere. Since methane is an abundant compound on Earth, a
process that can convert methane to high value-added chemicals is a highly attractive topic for many
researchers. One of the challenging topics to be considered in catalysis is oxidative coupling of methane
(OCM)—a gas-phase reaction that uses O or air to directly react with CH4 to produce useful hydrocarbons
(Ca+) such as ethylene, ethane, propane, and propylene [1, 2]. The OCM reaction is an exothermic reaction
in nature and normally takes place at reaction temperatures of 600—1,000 °C [3]. OCM can produce CO and
COz as byproducts. However, if a suitable catalyst is present, the reaction produces a selective product and
extreme reaction temperatures can be reduced.

In the past several years, some potential catalysts have been reported, including MnO modified with
different types of co-catalysts, supports and promotors, such as oxides of Mg, Na, and Ce. However, the
Ca+ yields and Co+ selectivities were quite low at approximately <16% and 25-78%, respectively [4-8].
Additionally, coke formation was found during the reaction, resulting in catalyst deactivation. Later, the
coking formation was, however, prevented by introducing of chlorinated compounds with the reactant
gases. Alternatively, a binary catalyst of Na;WO4-MnOx has been widely investigated because this metal
combination was identified as an active material for the OCM reaction. The modified Na>WO4-MnOx
catalysts reported include MO,-Nay;WO4-MnO,/SiO> (M = Ni, Co, Fe, Li, Al, Ba, Ca, Na, and K) [9], TiO»-
N2a,WO4/MnOy/SiO; [10], and Ce203-MnOy-Na,WO4/SiO: [7]. The Co+ yields and Co+ selectivities of
those Na;WO4-MnOy catalysts increased compared to the single catalysts of its component and the other
metal combinations due to synergistic catalyst effects between Na;WO4 and MnOy[11-14]. The additions of
the promoters (e.g. TiO,, Ce203) onto the NaaWO4-MnOy catalysts resulted in improved activity of the
catalysts, because the promoters could cooperate into the catalytic materials and/or the number of suitable
strong basic sites increased [15, 16]. Normally, SiO; is used as a catalyst support because the SiO2 support is
stable under the test conditions and inert to the products [14].

Since previous results reported in the literatures showed that any catalysts containing Na;WO4, MnO,
and/or SiO; are highly active for OCM reaction, it is of great interest and challenging to improve new
catalysts that consist of any of those components and new active metal component (i.e co-active metal,
promoter). In a catalyst screening for OCM reaction in our laboratory, we discovered that addition of TiO:
onto the Na,WO,./SiO; catalyst without MnOy can also substantially improve the C,+ yield. This
combination of TiO; and Na;WO4 on SiO; has never been reported in detail. Herein, we report on various
studies on the activity of Na;WO4 mixed with TiO2 on SiOz support. The studies include catalyst
optimization, catalyst stability, operating condition for the reaction, and catalyst characterization.

2. Experimental Section
2.1. Catalyst Preparation

All of the catalysts were synthesized using co-impregnation of predetermined weights of SiOz as follows.
An aqueous solution of Na;WOy (sodium tungstate dihydrate, 98.0~101.0%, Daejung) and Ti**(titanium
(IV) isopropoxide, 97+%, Alfa Aesar) in ethanol (99.9%, QREC) were determined and pipetted into
amorphous fume silica (SiO», surface area of 85-115 m2/g, Alfa Aesar) to obtain a desired weight
petcentage of the metal components (TiO2 and/or Na;WOy) on the SiO» support. Note that the weight
percentage of TiO2 or Na;WO4 on the support was determined on the basis of the mass of Ti(0) or
NaxWOy, respectively. The mixture was continuously stirred at 120 °C until dry. The obtained powder was
then taken to calcine in an air furnace at 800 °C for 4 h. After the calcination, a fine white powder was
obtained.

2.2. Catalyst Activity Test
The activities of the prepared catalysts were evaluated for OCM reaction in a plug flow reactor at 1 atm and

a reactor temperature range of 600-800 °C. A sample (8 mg) was packed in a quartz tubular reactor that
had an inner diameter of 0.5 cm. The catalyst bed length was approximately 2 mm and the catalyst was
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sandwiched between two layers of quartz wool. The feed gas consisted of nitrogen (N2, 99.999% purity,
Praxair), methane (CHa, 99.999% purity, Praxair), and oxygen (O, 99.999% purity, Praxair) at a volume
ratio of (N2:CH40O2) = (0-7.5):4:1 (i.e. fixing the volume ratio of CH4:O2 = 4:1) with a total feed flow rate
of 50 mL/min, which corresponded to a gas houtly space velocity (GHSV) of 9,500 h=1. The effluent gas
was analysed using a gas chromatograph (Shimadzu, GC-14A) equipped with a thermal conductivity
detector (TCD; for analyzing CO, CO», and CH4) and a flame ionization detector (FID; for analysis of
CoHy, CoHg, CsHg, CsHs and C4Hs, and C4Hio). The catalytic activities are expressed in terms of %CHs
conversion, %Co+ selectivity, %COx selectivity, and %Ca+ yield, which are shown in Eq. (1)—(4). The data
were collected after the system had reached the set point for 2h.

moles of CHy input - moles of CHyoutput

% CH, conversion= P TeTa— X100 )
moles of CHy inpu

.. moles of Cp
% C, selectivity= 100 2
/o 2+ ty Total moles of products ( )

moles of CO.
% CO, selectivity= 5 100 3
’ X ty Total moles of products ( )

. % CHyconversion X % Co selectivity

% Cypy yield= —— TR : 4

2.3. Catalyst Characterization

The patterns of powder X-ray diffraction (XRD) the samples were received using a powder X-ray
diffractometer (PXRD; X-Pert, Philips and JDX-3530, JEOL) with using Cu-K, radiation with 40 mA and
45kV, 0.5 s step time, 0.02° step size.

The pore volumes, pore-sizes, and specific surface areas of the samples were evaluated using No-
physisorption with a Quantachrome Autosorp-1C instrument and Brunauer-Emmett-Teller (BET)
procedure at a temperature of =196 °C.

The surface morphology of the samples was imaged using a field emission scanning electron
microscope (FE-SEM, JSM7600F, JEOL) with an energy dispersive X-ray spectrometer (EDS), operated at
300 kV). Each sample was coated by gold (Au) using Au sputtering technique.

The particles at the nano-scale of the catalysts were characterized using a high-resolution transmission
electron microscope (HR-TEM, JEM-3100F, JEOL) performed at 300 kV.

The Fourier-transform infrared (FT-IR) patterns of the samples were acquired using an FT-IR
spectrometer (TENSOR2, Bruker, attenuated total reflection (ATR) mode). For the measurements, fine
powder of each catalyst was mixed with potassium bromide (KBr), and then made into a KBr pellet.

The electronic states of sodium, tungsten, and titanium were analyzed using X-ray photoelectron
spectroscope (XPS, Axis Ultra DLD, Kratos) with Al K« for the X-ray source.

The metal-support and metal-metal interactions were analyzed using the Ha-temperature programmed
reduction (H>-TPR) technique. The Ho-TPR profiles of the samples were attained by carrying out the
measurements in a tubular reactor (Inconel tube) in a temperature range of 50-900 °C with a heating rate
of 5 °C/min. A gas mixture of 9.6% Hzin Ar at a total feed flow rate of 30 mL/min was introduced into

the sample bed. A TCD-equipped gas chromatography (GC-14, Shimadzu) was used to continuously
monitor the H> consumption.

3. Results and Discussion

3.1. ACtiVity of Ti02/8i02, N32W04/Si02, and TiOZ-Na2WO4/Si02 Catalysts

The 10wt% TiO2/SiO2, 10wt% Na;WO4/SiO2, and (5wt% TiOz-5wt% Na;WO,)/SiO; catalysts were
prepared and tested for OCM reaction, as presented in Fig. 1. The performance of each catalyst was

described using the Ca+ selectivity, CH4 conversion, and Ca+ yield. It should be noted that the Cy+ yield is
the criterion used to identify a superior catalyst when comparing the activities of catalysts. The Ca+ yield of
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the Na;WO,-TiO2/SiO; catalyst was obtained at 2.7 %, cleatly greater than that of the single TiO2/SiO> or
Na;WO4/SiO: catalysts, approximately 1.5 or 3.8 times the Ca+ yield of the TiO2/SiO2 or Na;WO,/SiO»
catalysts, respectively. However, the Co+ selectivity for these three catalysts was similar (approximately 39—
42%) but the CHs conversion of the TiO2/SiO2 and Na,WO,/SiO; catalysts was lower than that of the
Na;WO,4-TiO,/SiO; catalyst. The results indicated that the combination of TiO, and Na,WOj4 on the SiO;
support reveals a synergistic catalysis effect.

45 -

417 -(::_ selectivity
- CH, conversion
T c,. yid

40_- 39.8

%

10wt% Ti0,/SI0,  10wt% Na,WO,/SiO, 5wt% Na,NO,/SiO,
5wt % Ti()z/SiO2

Fig. 1. Co+ selectivity, CHy conversion, and Cy+ yield of 10wt% TiO2/SiOs, 10wt% Na;WO4/SiOs, and
TiO2-Na;WO,/SiO; catalysts. Testing conditions: feeding gas ratio of CH4:O2 = 4:1 by volume, total feed
flow rate = 50 mL/min (GHSV = 9,500 h-'), and reactor temperature = 700 °C.

3.2. Effect of TiO2 Loading on Na,WO,-Ti0./SiO;

The Nay;WO,-TiO,/SiO; catalyst was further studied by varying the amount of TiO». In a previous study,
5wt% Na;WO4 loaded on SiO> using incipient-wetness impregnation was reported to produce an optimum
yield for the OCM reaction [17]. However, the effect of TiO» loading on Na,WO,/SiO; has never been
studied. In the present study, different amounts of TiO2 on Na;WO,/SiO: were studied by vatying the
amounts of TiO, from 0 to 30% on the catalyst and keeping the amount of Na,WO, on every catalyst
unchanged at 5 wt%, as plotted in Fig. 2. As increasing TiO; loading, the Ca+ selectivities slowly increased
from 38.0 to 44.9%, while the CH4 conversion steadily decreased from 6.4 to 4.3%. Nevertheless, the Cz+
yield had an optimum yield at 5 wt% loading (2.7% Ca+ yield). This confirmed that the addition of TiO;
into Na;WO,/SiO; enhances Cz+ formation. However, TiO: loadings over 5 wt% decteased the Co+ yield
of each catalyst. Thus, Na;WO4-TiO2/SiO catalyst at a total metal loading of 10 wt% and a TiO2:Na;WOy4
weight ratio of 1:1 (i.e. 5 wt% Na;WO4 + 5 wt% TiO2) was chosen for the optimum catalyst for further
studies.

3.3. Effect of N2/ (4CH4:102) Feeding Gas Ratio and Reactor Temperature

The optimal catalyst was further investigated at various N2/ (4CH4:10») feeding gas ratios (N2/(4CH4:105)
= 0.0-1.5) and reactor temperatures (600-800 °C). For the previous studies in sections 3.1 and 3.2, the
testing conditions were fixed at a CH4:O, feeding gas ratio of 4:1 with a total feed flow rate of 50 mL/min
(GHSV = 9,500 h-1) without an inert gas at 700 °C and atmospheric pressure. In this section, N2 gas (a
diluent gas) was co-fed with CH4:O; by fixing the volume ratio of CH4O2 = 4:1 and varying the volume
ratio of N2/CH4:O; from 0.0 to 1.5, and also varying the reactor temperature from 600 to 800 °C, while the

172 ENGINEERING JOURNAL Volume 23 Issue 5, ISSN 0125-8281 (http://www.engj.org/)



DOI1:10.4186/¢j.2019.23.5.169

total feed flow rate was fixed at 50 mL/min. The Cy+ yield, Co+ selectivity, and CHy4 conversion under each
set of condition of the optimal catalyst are presented in Figs. 3(a), 3(b) and 3(c), respectively.
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Fig. 2. TiO; loadings onto Na;WO,/SiO; from 0-30 wt% by fixing the amount of Na,WOy onto each
catalyst at 5 wt%; Testing conditions: feeding gas ratio of CH4:O2 = 4:1 by volume, total feed flow rate =
50 mL/min (GHSV = 9,500 h-1), and reactor temperature = 700 °C.
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Fig. 3. a) Cy+ selectivity, b) CHy4 conversion, and c) Cz+ yield of the optimum TiO2-Na;WO4/SiO; catalyst
at N2/ (4CH4:10») feeding gas ratios of 0.0—1.5 by volume, reactor temperatutes of 600—800 °C, and total

feed flow rate of 50 mL/min.
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Comparing the Cp+ selectivities at one reactor temperature (Fig. 3(a)), the Ca+ selectivity mostly
increased as the N2/(4CH4:10y) feeding gas ratio increased. The maximum Co+ selectivity obtained was
91.5% with a N2/ (4CH4:10y) feeding gas ratio of 1.5 by volume and a reactor temperature of 650 °C but
the CH4 conversion and the Ca+ yield were low at 1.9% and 1.7%, respectively. However, the Co+ yield at
every testing temperature decreased when the N2/ (4CH410;) feeding gas ratio was over 1.0 by volume
because the reactant gases (i.e. CHy and O2) were too diluted. In other words, the reactants were not
sufficient for the active sites of the catalyst. In contrast, the Cy+ yield of the No/(4CH4:10,) feeding gas
ratio of 0.0 and 0.5 was lower than that of 1.0 because the reactant gases were much more than the active
sites and the heat generated by the catalytic reaction in the catalyst’s bed was high, so that the products can
further combust in the hotspot zone. Thus, the Co+ yields for these two conditions were relatively low.

Considering the catalytic activities at one Nz/(4CH4:10y) feeding gas ratio; the catalytic activities
increased when the reactor temperatures was increased from 600 to 700 °C. However, at reactor
temperatures above 700 °C, the Co+ selectivities decreased with increasing CH4 conversion, and thus the
overall Co+ production (i.e. Co+ yields) decreased because the combustion of CH4 to COy products is
favored at high reaction temperature [3], as well as the Co+ products being able to further react with some
active species of the catalyst or to react with Oz gas in the gas phase to further produce COy [18]. As seen in
Fig. 3(c), the optimal Ca+ yield was achieved at 4.9% with 71.7% Ca+ selectivity and 6.8% CH4 conversion
when the operating conditions were an N»/(CH40O5) feed gas ratio of 1.0 by volume and 700 °C. These
conditions were then chosen for a further study on the stability of the catalyst.

3.4. Catalytic Stability of Na,WO4-Ti02/Si0-

The catalytic stability of the Na;WO,4-TiO2/SiO; catalyst was investigated under the optimal conditions
found in section 3.3. The activities of the catalyst over 24 h are presented in Fig. 4. Promisingly, the Ca+
selectivities were high at approximately 69-71% during the testing period. However, the overall selectivity
reduced by approximately 3% within 24 h. Moreover, the CH4 conversions slowly decreased from 6.8 to 5.9,
leading to decreased Cz+ yield during the test period. It was also noticed that the COx selectivities gradually
increased from 29 to 31%. The results suggested that the stability of the Na;WO,4-TiO2/SiO; catalyst was
quite good for over 24 h. The slow deactivation of the catalyst requires further study, which is not the focus
of this report.
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Fig. 4. Catalytic performance of Na;WO,-TiO,/SiO; catalyst, testing conditions: N2/ (4CH4:102) feeding
gas ratio of 1.0, reactor temperature of 700 °C, total feed flow rate of 50 mL/min, atmospheric pressure,
and 24 h of testing,.
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3.5. Characterization of TiO2/Si02, Na;WO4/SiO;, and Na,WO,-Ti0:/SiO; Catalysts

The XRD pattern of the NaaWO4TiO,/SiO; catalysts compared with that of the TiO»/SiO; and
Na;WO,/SiO; catalysts ate presented in Fig. 5. The TiO,/SiOs catalyst exhibited two small peaks at 26 of
25.2 and 48.5, indicating the presence of crystalline TiO> (anatase). It was also noticed that the SiO» support
was in the amorphous phase. For the Na;WO,/SiO; catalyst, two ctystalline compounds wetre observed.
The first one was the crystalline Na;WOy, showing the characteristic peaks at 28 of 7.16, 27.5, 32.4 and
48.4. The other was the presence of a-cristobalite (one of the crystalline forms of SiO»), exhibiting the
characteristic peaks at 28 of 21.9, 28.3, 31.3, 30.0, 47.8, and 56.9. It was sutprising to observe the formation
of a-cristobalite at low a calcination temperature (800 °C) in the presence of NayWO4 because this
crystalline form of SiO; normally occurs at calcination temperatures above 1,500 °C [19]. Similarly, the o-
cristobalite phase was obsetrved in the Na;WO,4-TiO2/SiO; catalyst as clearly indicated by the characteristic
XRD pattern. It was more interesting to observe that the characteristic peaks of TiO were clearly seen for
the Na;WO4TiO,/SiO; catalyst compared to those peaks in the NayWO4-TiO,/SiO; catalyst. This
suggested that the environment in this catalyst enhanced the crystallinity of TiO». Thus, the important
factor that promotes the formation of Cy+ products of the Na,WO4-TiO2/SiOz catalyst was the formation
of the crystalline components (x-cristobalite, Na;WOy, and TiO»).

® O—Cristobalite # Na WO * TiO_Anatase Q Quartz
2 4 2

Na,WO -TiO, / $iO,

Intensity / a.u.

TiO, / SiO,

1 " 1 " 1 " 1 L 1 " 1 " 1

10 20 30 40 50 60 70 80
20 /°

Fig. 5. XRD patterns of TiO2/SiO2, Na; WOy /SiOs, and Na,WO4-TiO2/SiOs.

The surface morphologies of the three catalysts imaged using FE-SEM were compared with the pure
SiO; support and these ate illustrated in Fig. 6(a)—Fig. 6(f). The SiO2 support (Fig. 6(a)) and the TiO2/SiO»
catalyst (Fig. 6(b)) are similar, in that the particles are irregular in shape with sizes ranging from 20 to 50 nm.
These patticles were obsetrved mostly in the amorphous SiO; support. The particles of the Na;WO,/SiO2
catalyst (Fig. 6(c) and Fig. 6(d)) were also irregular in shape. Interestingly, the typical shape of the
amorphous SiO; was completely transformed to a new shape, which was larger in size and possessed coral-
reef like structures (approximately > 0.5 um in diameter). This new structure was the crystalline o-
cristobalite as identified by the XRD pattern. The Na;WO4-TiO2/SiO> catalyst (Fig. 6(e) and Fig. 6(f) had
similar the size and shape to the patticles of the Na;WO,/SiOz catalyst. However, some small particles
(approximately 50-100 nm in diameter) were observed throughout the catalyst. These particles were
identified as TiOz crystals.

The TEM images of the NayWO4-TiO,/SiO; catalyst compared with those of the TiO»/SiO» and
Na;WO4/SiO: catalysts are shown in Fig. 7. The shape and size of each catalyst corresponded to the
observation in the FE-SEM images (Fig. 6). The TEM images of the Na,WO,/SiO; (Fig. 7(c) and 7(d)) and
Na;WO4TiO,/SiO; (Fig. 7(e) and 7(f)) catalysts confirmed that the amorphous SiO; support transformed
to a-cristobalite when adding NaaWOs,, in agreement with a previous report [20]. For the Na,WO4-
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TiO2/SiO; catalyst, crystalline TiO, particles were cleatly observed with sizes ranging between 50 and 100
nm.

Fig. 6. SEM images of putre SiO; support (a), TiO2/SiO; (b), Na;WO,4/SiOz (¢, d), and Na;WO,-
TiOz/SiOz (e, f)

Fig. 7. 'TEM images of TiO,/SiOz (a, b), Na;WO4/SiO: (¢, d), and Na;WO4-TiO2/SiOs (e, f).
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The BET surface areas, pore sizes, and pore volumes of the catalysts were measured using an Np-
sotption analyzer. For compatison, the commetcial SiO2 support (sutface area of 85-115 m?2/g, amorphous
fumed silica, Alfa Aesar) was also dried and calcined using the same method as the catalyst preparation
without adding any metal precursors and conducting the BET measurement. As presented in Table 1 and
Fig. 8, the isotherm plot of the SiO; support was similar to that of the TiO,/SiO> catalyst, in which no
hysteretic loop was obsetved. This indicated that the SiO; support and the TiO2/SiOz catalyst ate non-
porous material, and thus their porous sizes and volumes must have been created from the inter-particles.
However, the surface area of the SiO2 support was lower than that of the TiO»/SiO> catalyst, suggesting
that the TiO; particles potentially deposited on the surface of SiO» and create new surfaces, and thus the
surface area of the TiO2/SiO; catalyst increased. The surface areas of the Na;WO,4/SiO; and Na,WO4-
TiO2/SiO; catalysts were much lower than those of the SiO2 support and the TiO2/SiO; catalyst. This was
consistent with the observations from using the FE-SEM (Fig. 6.) & TEM (Fig. 7.) images, in which the
particle sizes of the catalysts containing Na>WO, were larger than those of the TiO catalyst. The hysteretic
loops of the Na;WO,/SiO; and Na;WO,-TiO/SiO; catalysts were similat, in which the pore sizes and the
pore volumes generated from the intra-particles and the pore sizes were classified as a meso-porous
material. Although the Na;WO4-TiO,/SiO; catalyst had a quite small specific sutface area, this catalyst had
the highest C,+ yield, indicating that the synergistic catalyst effect or the selected active components plays a
significant role in the catalytic performance.

Table 1. BET sutface area (S.A.), pore size, and pote volume of TiO2/SiO, Na;WO,/SiO2, and Na;WO4-
TiO,/SiO, compared with pure SiO2 support.

S.A. Pore size Pore volume
Material
(m?/g) (nm) (cm3/g)
SiO; 86.5 22.2 0.480
NazWO4/ SiOz 6.5 91 0015
TiO, / SiO; 106.2 17.5 0.460
Na,WO4-TiO,/ SiO; 5.4 10.0 0.013

The FT-IR patterns of the catalysts are presented in Fig. 9. All three catalysts displayed the Si—O—Si
rocking, the Si—O—-=Si bending, and the Si—O—-=i stretching peaks appearing around 490, 800, and 1100
cm!, respectively. There was one different peak appeatring at 621 cm™ for Na,WO,-TiO»/SiO, and
Na;WO4/Si0», specifying the existence of a-cristobalite [19] in these two catalysts, in good agreement with
the findings in Fig. 5. As can be seen by the catalyst activities presented in Fig. 1, the Nay;WO4-TiO,/SiO;
catalyst had a Ca+ yield greater than those of the two single catalysts. Thus, one of the important keys that
can be considered to improve the Cz+ yield is to have a catalyst consisting of a-cristobalite interacting with
an active crystalline metal oxide.
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Figure 10 presents the XPS spectra of the catalysts. The XPS scans were carried out in the range of the
Na, W, and Ti regions. The observed peaks corresponded to NaxO (Is = 1071.5 eV) WO4>(4f5/2= 37.6 eV,
4f7/2 = 353 CV) for NazWO4/Si02 and (4f5/2 = 37.8 CV, 4f7/2 = 353 CV) for NazWO4—TiOZ/SiOZ, and
TiOz (2p3/2 = 464.2 eV, 2pi/2 = 459.2 eV) for TiO2/SiOz and (2ps/2 = 464.5 eV, 2pi/2 = 458.8 ¢V) for
Na;WO,-TiO,/SiOs. Of interest was that the peaks of WO42and TiO; shifted toward a higher binding
energy when Na,WO4 and TiO; were present in the same catalyst. This was because the Ti or W species are
more likely to attach to WO42or O bonding with Ti, which is an electron withdrawing group. Thus, the
oxidation state of Ti or W has a higher positive charge, and thus shifts in the binding energies can be
observed.

Catalyst reducibility and the interaction between the active catalysts and the support were examined
using the Ho-TPR technique (see Fig. 11). For the TiO2/SiOz catalyst, no clear Ha reduction peak could be
seen in this temperature range, consistent with previous reports [21, 22]. For Na,WO4/SiO», a broad
reduction peak starting from 450 °C to above 900 °C with a maximum Hz consumption at about 800 °C
was observed, indicating the reduction of W species [22]. The reduction behavior of the Na,WOy-
TiO2/SiO; catalyst was related to that of the Na,WO,4/SiO; catalyst. However, the starting reduction
temperature and the maximum temperature of the Na;WO4-TiO2/SiO; catalyst shifted toward a higher
temperature (approximately 50 °C greater than those of the Na,WO4/SiO; catalyst). This suggested that the
redox properties of these metal species substantially change, probably because there is a strong interaction
between the WO42 component and the TiOs crystals [22].
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Fig. 10. XPS spectra of Na;WO,-Ti/SiO2, Na;WO,4/SiO2, and TiO2 /SiO; showing scanning in the (a) Na,
(b) W, and (c) Ti ranges.
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Fig. 11. Ho-TPR patterns of Na;WO4-TiO2/SiO2, Na; WO/ SiO2, and TiO2/SiOx.

In previous reports on the activity of catalysts containing Na;WO4 and SiO» for OCM reaction, there
have been some suggestions about the enhancement of those catalysts as follows. Ji, et al. stated that the
existence of the a-cristobalite phase was a critical necessity for the Co+ formation of catalysts containing
Na;WO4 and SiO; for OCM reaction [9]. Elkins, et al. claimed that the interaction between the a-
cristobalite structure and the WO42~ tetrahedron structure was crucial in the generation of Cz+ and the
inter-phase between these two components was the active surface species. Moreover, the WO42~
tetrahedron could stabilize the Mn>O3; and Na, WO, phases, so that the catalysts could maintain their high
activity during the reaction [23]. Furthermore, Palermo, et al. suggested that Na played dual roles in
promoting the activity of MnO-Na;WO,4/SiO; catalysts by acting as both a chemical and a structural
promoter |24, 25]. From these reportts, it can be certainly claimed that the presence of the a-cristobalite
structure, the crystalline Na;WOy, and the anatase-TiO crystals in the Na;WO,-TiO,/SiO; catalyst strongly
enhances the activity of the catalyst and is crucial for the formation of Cz+ in the reaction.

4. Conclusions

The combination of 5wt% TiO2 and 5wt% NaxWO4 on SiOz support (i.e. NaaWO4-TiOy), prepared using
the co-impregnation method, was superior to the single catalysts of its component (i.e. Na;WO4/SiO,
TiO2/Si0»). In studying the operating conditions by co-feeding N, gas as a diluent gas into the reactant
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gases at different volume ratios and different temperatures, the maximum Co+ yield was found at an
N2/(4CH4:10y) feeding gas ratio 1:1 by volume and at 700 °C. The Na;WO4-TiO: catalyst produced the
highest Co+ yield at 4.9% with 71.7% Ca+ selectivity and 6.8% CH4 conversion under these optimal
operating conditions. Furthermore, the activity of the catalyst had good stability over 24 h of testing.
Characterization of the Na,WO4-TiO; catalyst using XRD and FT-IR showed that o-cristobalite and
crystalline anatase-TiO» were present. These two crystal components played a significant role in the
formation of Cy+ for the OCM reaction. The FE-SEM, TEM, and BET results were in good agreement
with the findings of the XRD and FT-IR analyses. Of great interest for future study is the analysis of the
kinetic mechanism of the catalyst for OCM reaction or improvement of the catalyst activity by adding
promoters.
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