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Abstract:  A combinatorial approach was applied to explore active binary catalysts for oxidative coupling of 
methane (OCM) to value-added hydrocarbons (C2+). A screening of 25 selected single components on SiO2 for 
OCM reaction identified the top-14 single active components as follows: La > Ce > Ga > Al > Ca > Cr > Ba > 
Na2WO4 > Mn > Cu > Ti > Zn > Rb > Ni. Binary catalyst screening was then performed and resulted in a 
combination of Na2WO4 and Mn producing the most active binary catalyst. X-ray powder diffraction measurement 
of the Na2WO4-Mn/SiO2 catalyst revealed that the presence of alpha-cristobalite phase was essential for the 
activation of methane. Moreover, the X-ray photoelectron spectroscopy spectrum of the Na2WO4-Mn/SiO2 catalyst 
showed that the binding energy of W4f and Mn 2p shifted toward a lower binding energy, thereby enhancing the 
catalytic activity. Optimization of C2+ production of the catalyst by varying Na2WO4:Mn weight ratios, total metal 
loadings, catalyst weights, and feeding gas compositions, achieved maximum C2+ yield of 23.54% with 60.5% 
selectivity and 39.67% methane conversion. Furthermore, the activity of the Na2WO4-Mn/SiO2 catalyst was 
monitored with time-on-steam for 50 h, revealing good catalyst stability. For the study of the effects of metal 
oxide additives into the Na2WO4/SiO2 catalyst on the performance of the OCM reaction, first, Na2WO4-TiO2/SiO2 

catalyst, along with the single catalysts of its components (Na2WO4/SiO2 and TiO2/SiO2), was investigated. We 
found that 5 wt% Na2WO4+ 5 wt% TiO2 on the SiO2 support was a superior catalyst for OCM reaction compared 
to the single catalysts. The maximum C2+ formation of the Na2WO4-TiO2/SiO2 catalyst was found under test 
conditions of a N2/(4CH4:1O2) feed gas ratio of 1:1, a reactor temperature of 700 ºC, and gas hourly space 
velocity of 9,500 h−1, exhibiting 71.7% C2+ selectivity, 6.8% CH4 conversion, and 4.9% C2+ yield. Moreover, the 
activity of the catalyst had good stability over 24 h of on-stream testing. The characterizations of the Na2WO4-
TiO2/SiO2 catalyst using various advanced instruments revealed that a crystalline structure of alpha-cristobalite 
of SiO2 was present along with TiO2 crystals, substantially enhancing the activity of the catalyst for OCM reaction 
to C2+. Second, several metal oxide additives—including oxides of Co, Mn, Cu, Fe, Ce, Zn, La, Ni, Zr, Cr, and 
V—were investigated with the Na2WO4-Ti/SiO2 catalyst. All of the catalysts were prepared using co-impregnation 
and the catalyst activity test was performed in a fixed-bed reactor at a reaction temperature range of 600–800 
ºC and atmospheric pressure. The physicochemical properties of the prepared catalysts relating to their catalytic 
activity were discussed by using advance instrument. Na2WO4-Ti/SiO2 added Mn was found to be the most active 
catalyst, involving shifts of binding energies of W 4f and Ti 2p toward lower binding energies. Moreover, a variety 
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of operating conditions—including reactant- to-nitrogen gas ratio, catalyst mass, reaction temperature, and total 
feed flow rate—were intensively examined for the OCM reaction using the Na2WO4-Ti-Mn/SiO2 catalyst. The 
maximum C2+ yield was subsequently discovered at 22.09% with 62.3% C2+ selectivity and 35.43% CH4 
conversion. Additionally, the stability of the Na2WO4-Ti-Mn/SiO2 catalyst was also monitored with time on stream 
for 24 h and it was found that the activity of the catalyst sligltly decreased over time.  
 
Keywords : Catalyst screening, Light hydrocarbons, Metal oxide catalyst, Oxidative coupling of methane, 
Silica support  
 
บทคดัย่อ:  การศกึษาประสทิธภิาพของตวัเร่งปฏกิริยิาคู่ควบของมเีทน หรอืปฏกิริยิาออกซเิดทฟีคปัปลิง้ของมเีทน 
เริม่จากการคดัเลอืกโลหะออกไซดม์าทัง้หมด 25 ชนิด เตมิลงบนตวัรองรบัซลิกิา โดยผลจากการศกึษานี้พบว่าตวัเรง่
ปฏิกิริยาที่มีประสิทธิภาพสูงสุด 14 ชนิดแรก ได้แก่   La > Ce > Ga > Al > Ca > Cr > Ba > Na2WO4 > Mn > 
Cu > Ti > Zn > Rb > Ni จากนัน้ท าการศกึษาผลของการเตมิโลหะออหไซดผ์สม 2 ชนิดบนตวัรองรบัซลิกิา พบว่า
การผสมกนัระหว่าง Na2WO4-Mn/SiO2 ใหค้วามว่องไวของตวัเร่งปฏกิริยิาสงูทีสุ่ด การศกึษาการเลีย้วเบนของรงัสี
เอก็ซพ์บว่าตวัเร่งปฏกิริยิา Na2WO4-Mn/SiO2 มเีฟสของ alpha-cristobalite ซึง่มคีวามส าคญัมากส าหรบัการกระตุน้
มเีทนให้เกดิปฏกิกิริยิา นอกจากนี้ การศกึษาทางด้านรงัสโีฟโต้อเิลก็ตรอนของตวัเร่งปฏกิิรยิานี้พบว่า พลงังาน
พนัธะของ W4f และ Mn 2p เกดิการชฟิไปทางดา้นพลงังานต ่าลง ซึง่ส่งผลท าใหต้วัเร่งปฏกิริยิามปีระสทิธภิาพมาก
ขึน้ การศกึษาการเพิม่ค่าร้อยละผลได้ของตวัเร่งปฏกิริยิานี้โดยการปรบัเปลี่ยนค่าอตัราส่วนโดยน ้าหนักของโลหะ 
น ้าหนักรวมของโลหะต่อตวัรองรบั ปรมิาณตวัเร่งปฏกิริยิาที่ใช้ และค่าอตัราส่วนของแก๊สขาเขา้ พบว่าค่าร้อยละ
ผลได้สูงสุดที่ได้คอื 23.54 ที่ค่าร้อยละการเลอืกเกดิของผลติภณัฑ์ที่ 60.5 และค่าร้อยละการแปลงผนัของมเีทนที่ 
39.67 นอกจากนี้การทดสอบตวัเร่งปฏกิริยิานี้เป็นเวลา 50 ชัว่โมง พบว่าตวัเร่งปฏกิริยิานี้ใหผ้ลความเถรยีรภาพทีด่ ี
ส าหรบัการศกึษาผลกระทบของการเตมิสารประกอบโลหะออกไซดใ์นตวัเร่งปฏกิริยิา Na2WO4/SiO2 โดยในสว่นแรก
ไดท้ าการศกึษาการเตมิ TiO2 เทยีบกบัตวัเร่งปฏกิริยิาเดีย่วของ Na2WO4 และตวัเร่งปฏกิริยิาคู่ผสมของทัง้คู่ พบว่า 
ตวัเร่งปฏกิริยิา 5 wt% Na2WO4+ 5 wt% TiO2 บนตวัรองรบัซลิกิาเป็นตวัเร่งปฏกิริยิาทีด่กีว่าตวัเร่งปฏกิริยิาเดี่ยว 
ค่าร้อยละผลได้ C2+ ของตัวเร่งปฏกิิรยิาคู่นี้ได้สูงสุดที่สภาวะการทดสอบที่อตัราส่วนของ N2/(4CH4:1O2) ที่ 1/1 
อุณหภูม ิ700 องศาเซลเซยีส ค่าความเรว็แก๊สที ่9500 h-1 โดยไดค้่ารอ้ยละผลไดท้ี ่71.7 ค่ารอ้ยละการเลอืกเกดิของ 
C2+ ที ่71.7 และค่ารอ้ยละการแปลงผนัของมเีทนที ่4.9 นอกจากนี้ยงัพบว่าตวัเร่งปฏกิริยิานี้มเีสถยีรภาพทีด่สี าหรบั
การทดสอบ 24 ชัว่โมง การวเิคราะห์ด้วยเครื่องมอืขัน้สูงต่างๆ พบว่า โครงสร้างของ alpha-cristobalite ที่อยู่กบั 
TiO2 จะช่วยสง่เสรมิท าใหค้วามว่องไวของตวัเร่งปฏกิริยิานี้ดขี ึน้ ในสว่นทีส่อง การศกึษาสารประกอบโลหะออกไซด์
ทีเ่ลอืกเตมิในตวัเร่งปฏกิริยิา Na2WO4-Ti/SiO2 ไดแ้ก่ Co, Mn, Cu, Fe, Ce, Zn, La, Ni, Zr, Cr และ V โดยเตรยีม
ตวัเร่งปฏกิริยิาจากวธิกีารจุ่มชุ่มและทดสอบความว่องไวของตวัเร่งปฏกิริยิาในเครี่องปฏกิรณ์แบบแบดคงที ่ช่วง
อุณหภูมสิ าหรบัท าปฏกิริยิา 600-800 องศาเซลเซยีส ความดนับรรยากาศ การศกึษาคุณสมบตัทิางเคมกีายภาพของ
ตัวเร่งปฏิกิริยาที่จดัเตรียมขึน้เพื่อศึกษาความว่องไวของตัวเร่งปฏิกริิยาด้วยเครื่องมือขัน้สูงต่างๆ พบว่าตัวเร่ง
ปฏกิริยิา  Na2WO4-Ti/SiO2 ที่มกีารเติม Mn พบว่ามคีวามว่องไวของตวัเร่งปฏกิริยิาในการเกดิปฏกิริยิามากทีสุ่ด 
เป็นผลมาจากการเปลีย่นแปลงพลงังานพนัธะของ W 4f และ Ti 2p มคี่าต ่ากว่าตวัเร่งปฏกิริยิาอื่น รวมไปถงึสภาวะ
การด าเนินการของปฏิกิริยาที่สภาวะต่าง ๆ ได้แก่ อตัราส่วนของสารตัง้ต้นและก๊าซไนโตรเจน ปริมาณตัวเร่ง
ปฏกิริยิา อุณหภูมขิองปฏกิริยิาและอตัราการไหลของก๊าซขาเขา้ถูกทดสอบในการเกดิปฏกิริยิาคู่ควบมเีทนโดยใช้
ตวัเร่งปฏกิริยิา Na2WO4-Ti-Mn/SiO2 จากผลการทดลองพบว่าค่ารอ้ยละของผลผลติ C2+ สงูสดุคอื 22.09 ค่ารอ้ยละ
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ของการเลือกเกิดของผลิตภัณฑ์ C2+ สูงสุดคือ 62.3 และค่าร้อยละของการเปลี่ยนแปลงมีเทนสูงสุดคือ 35.43 
นอกจากนี้ได้มกีารทดสอบความเสถยีรของตวัเร่งปฏกิริยิา Na2WO4-Ti-Mn/SiO2 เป็นเวลา 24 ชัว่โมง พบว่ามคี่า
ความว่องไวลดลงเลก็น้อย  
 
ค ำส ำคญั : การคดักรองตวัเร่งปฏกิริยิา, สารประกอบไฮโดรคารบ์อนชนิดเบา, ตวัเร่งปฏกิริยิาทีเ่ป็นออกไซด์, ปฏกิริยิาคู่
ควบของมเีทน, ตวัรองรบัซลิกิา   
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Final report 
Executive summary  
This project, the PI investigated several active metal oxides supported on Si-based compounds for oxidative 
coupling of methane (OCM). The report is divided into three parts as follows.  
Part I: A combinatorial approach was applied to explore active binary catalysts for OCM to value-added 
hydrocarbons (C2+). A screening of 25 selected single components on SiO2 for OCM reaction identified the top-
14 single active components as follows: La > Ce > Ga > Al > Ca > Cr > Ba > Na2WO4 > Mn > Cu > Ti > Zn > 
Rb > Ni. Binary catalyst screening was then performed and resulted in a combination of Na2WO4 and Mn 
producing the most active binary catalyst. X-ray powder diffraction measurement of the Na2WO4-Mn/SiO2 catalyst 
revealed that the presence of α-cristobalite phase was essential for the activation of methane. Moreover, the X-
ray photoelectron spectroscopy spectrum of the Na2WO4-Mn/SiO2 catalyst showed that the binding energy of W4f 
and Mn 2p shifted toward a lower binding energy, thereby enhancing the catalytic activity. Optimization of C2+ 
production of the catalyst by varying Na2WO4:Mn weight ratios, total metal loadings, catalyst weights, and feeding 
gas compositions, achieved maximum C2+ yield of 23.54% with 60.5% selectivity and 39.67% methane 
conversion. Furthermore, the activity of the Na2WO4-Mn/SiO2 catalyst was monitored with time-on-steam for 50 
h, revealing good catalyst stability. 
Part II: Na2WO4-TiO2/SiO2 catalyst, along with the single catalysts of its components (Na2WO4/SiO2 and 
TiO2/SiO2), was investigated for OCM reaction to C2+. We found that 5 wt% Na2WO4+ 5 wt% TiO2 on the SiO2 

support was a superior catalyst for OCM reaction compared to the single catalysts. The maximum C2+ formation 
of the Na2WO4-TiO2/SiO2 catalyst was found under test conditions of a N2/(4CH4:1O2) feed gas ratio of 1:1, a 
reactor temperature of 700 ºC, and gas hourly space velocity of 9,500 h−1, exhibiting 71.7% C2+ selectivity, 6.8% 
CH4 conversion, and 4.9% C2+ yield. Moreover, the activity of the catalyst had good stability over 24 h of on-
stream testing. The characterizations of the Na2WO4-TiO2/SiO2 catalyst using XRD, FT-IR, XPS, FE-SEM, and 
TEM revealed that a crystalline structure of α-cristobalite of SiO2 was present along with TiO2 crystals, 
substantially enhancing the activity of the catalyst for OCM reaction to C2+.     
Part III: The effects of metal oxide additives into the Na2WO4-Ti/SiO2 catalyst on the performance of the 
OCM reaction were investigated. Several metal oxide additives—including oxides of Co, Mn, Cu, Fe, Ce, 
Zn, La, Ni, Zr, Cr, and V—were investigated with the Na2WO4-Ti/SiO2 catalyst. All of the catalysts were 
prepared using co-impregnation and the catalyst activity test was performed in a fixed-bed reactor at a 
reaction temperature range of 600–800 °C and atmospheric pressure. The physicochemical properties of 
the prepared catalysts relating to their catalytic activity were discussed by using the information of X-ray 
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and scanning electron microscopy (SEM) 
measurements. Na2WO4-Ti/SiO2 added Mn was found to be the most active catalyst, involving shifts of 
binding energies of W 4f and Ti 2p toward lower binding energies. Moreover, a variety of operating 
conditions—including reactant- to-nitrogen gas ratio, catalyst mass, reaction temperature, and total feed flow 
rate—were intensively examined for the OCM reaction using the Na2WO4-Ti-Mn/SiO2 catalyst. The maximum 
C2+ yield was subsequently discovered at 22.09% with 62.3% C2+ selectivity and 35.43% CH4 conversion. 
Additionally, the stability of the Na2WO4-Ti-Mn/SiO2 catalyst was also monitored with time on stream for 24 
h and it was found that the activity of the catalyst sligltly decreased over time. 
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Introduction 

The direct utilization of methane, the main component in natural gas and biogas, as an alternate chemical 

feedstock to petroleum is a highly desirable but difficult goal in industrial catalysis. Many direct and indirect 

methods have been proposed and studied to convert CH4 into more-useful products, including olefins (e.g. C2H4, 

C3H6) and higher-molecular-weight hydrocarbons and liquids (e.g. benzene and gasoline). The production of 

ethylene (C2H4) from NG represents a particularly desirable process because of its massive worldwide use as an 

intermediate in the production of plastics, such as polyethylene and polyvinylchloride (PVC). All indirect methane-

conversion routes utilize a high temperature, endothermic, and costly steam-reforming process as the first step, 

from which synthetic gas (H2/CO mixtures) is produced. This step is followed by the synthesis of useful products 

through various catalytic processes.  Although direct methods avoid the use of costly syngas, they remain 

uneconomical, owing, in part, to low yields of hydrocarbon  compounds (C2+), high temperatures, and low 

throughputs. High temperatures are particularly detrimental because they result in catalyst deactivation and create 

problems for reactors. In the oxidative coupling of methane (OCM), CH4 is directly converted into C2H6, C2H4, 

C3H6, and water in the presence of O2 and a suitable catalyst. The OCM has received immense global attention, 

as evidenced by the large number of catalysts that have been investigated for this transformation. However, the 

best catalysts reported to date have not met the industrial requirements (i.e. C2+ selectivity + C2+ yield > 110).  

Many previous results reported in the literature suggest that a suitable catalyst that could be used in 

industrial processes for OCM to produce C2+ chemicals requires the properties as follows; i) metal oxides because 

they can tolerate the operating conditions (i.e. under oxygen and heat), ii) stable and inert support, iii) high 

surface area, and iv) high basicity of catalyst’s surface. This project, the PI therefore investigated several active 

metal oxides supported on Si-based compounds for the OCM reaction. The details of this projects are follows.  

 
Objectives  
To synthesize metal oxides on silica-based supports as catalysts 
To synthesize hydrocarbons (C2+) via oxidative coupling of methane by using the prepared catalysts  
To characterize the synthesized catalysts using advanced instruments 
  
This report is divided into three parts; 
Part I : Screening of single and binary catalysts for oxidative coupling of methane to value-added chemicals    
Part II : Synthesis of Light Hydrocarbons via Oxidative Coupling of Methane over Silica-supported Na2WO4-
TiO2 Catalyst 
Part III : Investigation of metal oxide additives onto Na2WO4-Ti/SiO2 catalysts for oxidative coupling of methane 
to value-added chemicals 
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Part I : Screening of single and binary catalysts for oxidative coupling of methane to value-

added chemicals   

I-1. Introduction 

Methane (CH4) is the primary constituent of natural gas and biogas.  Since it is abundant in natural 
resources, it is of great interest for conversion of CH4 into value-added chemicals (C2+) such as ethylene and 
ethane. Oxidative coupling of methane (OCM) using solid catalysts is one of the most attractive chemical reactions 
to directly convert CH4 into value-added hydrocarbons.  This catalytic reaction has been of interest to industrial 
and academic researchers since the 1980s.  In a condition where O2 is present without a catalyst being used, 
CH4 can be directly oxidized at high temperatures (>700 ºC), known as direct gas-phase oxidation of CH4.  The 
input energy can break the C―H bonds of CH4 into a methyl radical, which can further react with another methyl 
radical to form ethane.  Additionally, ethylene, other C2+ , and COx can form under such uncontrollable pathways 
[1-3]. Therefore, selective solid catalysts have been researched for use in the OCM reaction.   

In the past several years, many solid catalysts have been investigated for this transformation.  Potential 
catalysts have been reported including Mn modified with various types of supports and co-catalysts [4-9], such 
as oxides of Mg [10, 11], Na [12, 13], Li [14, 15], and Na2WO4 [16, 17]. The C2+ yields and C2+selectivities were 
approximately <16.0%  and 25. 3–60.5% , respectively.  Binary catalysts of Na2WO4- Mn have been widely 
investigated because this metal combination is highly active for OCM [18-24], providing 2.1–26.4% C2+ yields and 
42.8–80.0% C2+ selectivities. Other metal oxide catalysts and mixed metal oxides have also been found active for 
OCM including LaXO3 [25-27], Ag/ SrFeO3 [28], Metal or PtSn/SiO2 [29-32], Metal–Mg [33-36], and La2O3/CaO 

[37-39]. However, a viable catalyst that meets the industrial requirements (i.e. C2+ selectivity plus C2+ yield > 110) 
has yet to be found. Therefore, the search for new catalysts for OCM reaction is still continuing.      
For the rapid search of new active catalysts from large numbers of experiments to test via reactions, combinatorial 
synthesis and screening can be applied effectively [40]. Here, we present a successful attempt to rapidly search 
for binary catalysts for OCM by applying the combinatorial approach.  First, a number of elements/components 
were selected from active ones that have been reported in the literature as well as taking onto account their 
availability.  A screening test was then quickly made to attain active single components.  Subsequently, a binary 
screening was carried out, which delivered a highly active binary catalyst.  The catalyst discovered was then 
carefully investigated to achieve the optimal C2+ yield at a certain reactor temperature, and also intensively 
characterized to understand why it was highly active in the OCM reaction.   
 
I-2. Experimental 

I-2.1 Catalyst preparation 

 All catalysts were prepared using impregnation.  In total, 25 single component catalysts and 91 binary 
catalysts were prepared on SiO2 (amorphous fumed silica powder, surface area of 85-115 m2/g, Alfa Aesar) at 5 
and 10 wt%, respectively. The binary catalysts used a metal weight ratio of 1:1. Briefly, each metal precursor (see 
Table I-S1) was dissolved in DI water. Then, each metal ion solution was determined and pipetted into the SiO2 
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support to achieve the desired weight percentages and metal weight ratio.  The mixture was stirred at room 
temperature for 2 h, then heated to 115 °C and stirred until dried.  The obtained powder was calcined at 800 °C 
for 4 h in an air furnace at a heating rate of 5 °C/min. After the calcination, a fine powder was obtained. 

I-2.2 Catalyst activity test 

Catalytic activity for OCM reaction of each catalyst was examined in a traditional packed bed reactor at 
atmospheric pressure and in a reactor temperature of 700 ºC.  Each prepared catalyst (2–200 mg) was packed 
in a quartz tube (0.5 cm in inner diameter) and sandwiched between two quartz wools. The feed gases were CH4 

(Praxair, 99.995 %), O2 (Praxair, 99.95 %), and N2 (Praxair, 99.999 %) at a volume ratio of CH4:O2:N2= 3:1:0 or 
3:1:4 at a total flow rate of 35 mL/min (GHSV = 210,000–2,000 h−1) controlled by mass flow controllers (Aalborg 
GFC17). The effluent gas was analyzed by gas chromatography (SHIMADZU, GC-14A) equipped with a thermal 
conductivity detector (TCD, for detecting CO, CO2, and CH4)  and a flame ionization detector (FID, for detecting 
C2+ products, i.e.  C2H4, C2H6, C3H6, C3H8, C4H8, and C4H10) .  The activity of the catalyst was evaluated after the 
system had reached the set point for 2h. The %CH4 conversion, %C2+ selectivity, %COx selectivity, and %C2+ yield 
were calculated using equations (1)–(4). 

% CH4 conversion= 
moles of CH4 input-moles of CH4output

moles of CH4 input
×100   (1) 

% C2+ selectivity= 
moles of C2+

Total moles of products
×100     (2) 

% COx selectivity= 
moles of COx

Total moles of products
×100     (3) 

% C2+ yield= 
% CH4conversion×% C2+selectivity

100
     (4)  

I-2.3 Catalyst characterization 

The XRD patterns of the samples were conducted using X-ray powder diffraction (X-Ray Diffractometer, 
XRD:  Philips:  X’Pert, using Cu-Kα radiation, 40 kV and 30 mA, 0.02° step size, 0.5 s step time).  The surface 
morphology of the catalysts was imaged using a scanning electron microscope with an energy dispersive X- ray 
spectrometer (FE-SEM/EDS, FE-SEM:  JEOL JSM7600F).  The surface area, pore volume, and pore size of the 
catalysts were analyzed using N2-physisorption (BET: 3Flex Physisorption Micromeritics). The electronic states 
of silicon (Si 2p), tungsten (W 4f), manganese (Mn 2p), and sodium (Na 1s) for the catalysts were characterized 
using X-ray photoelectron spectrometry (XPS, Kratos Axis Ultra DLD, using Al Kα for the X- ray source). Coke 
formation of fresh used catalysts was also analyzed using thermogravimetric analysis-derivative thermogravimetry 
(TGA-DTG, Perkin Elmer Pyris 1 TGA). A sample of 10 mg was loaded into an alumina crucible. Each sample 
was initialized by introducing air (zero gas, Lab grade purity, Thai Standard Gas Co., Ltd (TSG)) gas at a feed 
flow rate of 100 mL/min. The system was then heated from room temperature to 1000 °C with a heating rate of 
10 ºC/min.  
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I-3. Results and discussion 

 The catalytic activity for OCM reaction of each single component catalyst compared with a blank test 
(without a catalyst used) is presented in Fig. I-1 (also see Table I-S2 & Fig. I-S1–S3).  It should be noted that 
some elements/components were not chosen for the screening test because they are expensive (Ru, Rh, Pd, Ir, 
Pt, and Au) , unstable at high temperatures (Ag), toxic, or unavailable.  In addition, the elements that generally 
yielded a high CH4 combustion to COx (Ru, Rh, Pd, Ir, and Pt [41]) were not of interest. Moreover, it is important 
to note that the C2+ yield was the criterion used to identify a superior catalyst when comparing the activities of 
catalysts.   

 From Fig. I-1, La/SiO2 had the highest C2+ yield at 5.56% with 52.8% C2+ selectivity and 10.53% CH4 
conversion under the test conditions.  Surprisingly, the catalytic performance of the blank test conducted under 
the same test conditions was relatively high compared to these catalysts, giving 3.72% yield, 38.6% C2+ selectivity 
and 9.64% CH4 conversion. This indicated that the gas phase reaction for the OCM reaction could take place at 
this reactor temperature (700 ºC) [1, 8, 42].  The top-14 active catalysts that with a C2+ yield higher than that of 
the blank test were ( in order) , giving 5.56–3.83 %  C2+ yields.  The other single component catalysts had a C2+ 
yield lower than that of the blank test, suggesting that those single components are inactive for the OCM reaction.   

 

Fig. I-1.  C2+ selectivity, CH4 conversion, and C2+ yield of single component catalysts (10 wt%) compared with a 
blank test. Testing conditions: reactor temperature = 700 °C at atmospheric pressure, CH4:O2:N2 = 3:1:0, total flow 
rate = 35 mL/min (GHSV = 50,000 h−1), catalyst amount = 8.0 mg. 
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 The search of binary catalysts ( combinations of two main active components that exhibit a synergistic 
catalyst effect for the OCM reaction) was the primary purpose of this work. A number of active components must 
be chosen for binary screening.  Practically, all of the components could be chosen for the binary catalyst 
screening test. However, it is believed that a combination of a relatively high active component mixed with another 
high active component is more likely to exhibit a synergistic catalyst effect as evidenced in previous works [41, 
43] .  

In order to narrow the choices of active components and shorten the time of the screening test, the top-
14 single components achieving a C2+ yield higher than that of the blank test shown in Fig. I-1 were chosen for 
further binary catalyst screening.  These 14 components were made into binary catalysts, which were prepared 
by combining each one with the other 13 in turn, providing 91 binary catalysts in total. Each catalyst was prepared 
using a co- impregnation method that involved an active component ratio of 1:1 and a total weight loading of the 
active component on SiO2 of 10 wt%.  The results of the screening test are presented in Figs.  2 a) –d)  and the 
values of the products and the byproducts are presented in Table I-S3. It was found that the outstanding catalyst 
was the combination of Na2WO2 and Mn on the SiO2 support (Na2WO4-Mn/SiO2), giving the highest C2+ yield of 
9.18% with 36.2% C2+ selectivity and 25.36% CH4 conversion.  Several other catalysts also provided a C2+ yield 
higher than that of the blank test. It is interesting to see that many of the binary catalysts made from Ga (including 
Ga-Za, Ga-Rb, Ga-Cr, Ga-Al, and Ga-Na2WO4) were in the top-23 active binary catalysts (Fig. I-2a) . Moreover, 
the binary catalyst that offered the highest selectivity was Ca-La, yielding 44.7% C2+  selectivity with 4.96% C2+ 
yield and 11.10% CH4 conversion. These catalysts are of great interest for future study.  
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Fig. I-2. a)–d) C2+ selectivity, CH4 conversion, and C2+ yield of binary catalysts (weight ratio of 1:1 and total weight 
loading of 10 wt% on SiO2) compared with a blank test.  Testing conditions:  reactor temperature =  700 °C at 
atmospheric pressure, CH4:O2:N2 = 3:1:0, total flow rate = 35 mL/min (GHSV = 50,000 h−1), catalyst amount = 8.0 
mg. 

 The Na2WO4-Mn/SiO2 catalyst was further studied by varying the weight ratio of Na2WO4:Mn, while the 
total weight loading was maintained at 10 wt%.  The results are plotted in Fig. I-3 and the distributions of the 
products and the byproducts are listed in Table I-S4. Promisingly, when the Na2WO4:Mn was 6:4, the values of 
all of the activities—C2+ selectivity, CH4 conversion, and C2+ yield—were the highest at 49.6% , 29.14% , and 
14.44%, respectively. As seen in the XRD patterns is presented in Fig. I-4 (also see Table I-S9), the characteristic 
peaks of α- cristobalite appeared for catalysts containing Na2WO4, while for catalysts containing Mn, the 
characteristic peaks of Mn2O3 were dominant compared to those of Mn3O4.  Furthermore, as seen in the SEM 
images Fig 5, the particle size and shape of the catalyst at the Na2WO4:Mn ratio of 6:4 were uniform throughout 
the sample.  At low Na2WO4:Mn ratios, amorphous SiO2 could still be observed and at high Na2WO4:Mn ratios, 
very large particles (α-cristobalite) formed.  These indicated that the formation of α-cristobalite and crystalline 
manganese oxides and the particle size are essential for catalytic activity.  
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Fig. I-3.  C2+ selectivity, CH4 conversion, and C2+ yield of Na2WO4-Mn/SiO2 catalysts at different weight ratios of 
Na2WO4:Mn with a total weight loading of 10 wt% on SiO2.Testing conditions:  reactor temperature =  700 °C at 
atmospheric pressure, CH4:O2:N2 = 3:1:0, total flow rate = 35 mL/min (GHSV = 50,000 h−1), catalyst amount = 8.0 
mg. 
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Fig. I-4.  XRD patterns of Na2WO4-Mn/SiO2 catalysts at different weight ratios, fixing the total metal loading on 
SiO2 at 10 wt%.
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 Weight ratio of Na2WO4:Mn 
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x 20k 

      
 

Fig. I-5. FE-SEM images of Na2WO4:Mn catalysts at different weight ratios, fixing the total metal loading on SiO2 at 10 wt%.  

MnxOy 
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Moreover, N2-physisorption was used to determine the surface area of the catalysts presented in Fig. I-4, 
as shown in Table I-1. The catalyst impregnated with only Mn (Na2WO4:Mn ratio = 0:10) had the largest BET 
surface area (80.01 m2/g) among the catalysts. The BET surface area of the catalysts containing Na2WO4 was 
relatively much smaller (<5 m2/g) than that of the catalyst impregnated with only Mn because the combinations of 
Na2WO4 and silica result in the occurrence of the α-cristobalite phase, which has large particle sizes and very 
small pore volumes, in good agreement with the observations in Figs. 4 and 5.  In addition, the basicity of each 
catalyst in Fig. I-4 was determined using CO2-TPD, as shown in Figs. S7. It was found that only the catalyst 
impregnated with only Mn had one clear peak at 213 °C—assigned to be a weak basic site—while no clear peaks 
could be observed for the other catalysts. It was possible that the catalysts containing Na2WO4 had such a small 
BET surface area that a trace amount of CO2 could be adsorbed and desorbed and/or the catalytic materials 
themselves possessed a low CO2 adsorption capacity. This implies that the basicity of the catalysts containing 
Na2WO4 and Mn on SiO2 did not play a significant role in OCM reaction due to the fact that the active site or the 
active component is the key to the reaction.   

Table I-1. BET surface area, pore volume, and pore size of Na2WO4-Mn/SiO2 catalysts at different Na2WO4:Mn 
weight ratios. The total metal loading on SiO2 of each catalyst was fixed at 10 wt%. 

Weight ratio of 
Na2WO4:Mn 

BET surface area 
(m2/g) 

Pore volume (cm3/g) Pore size  
(Å) 

0:10 80.01 0.6728 336.36 
2:8 4.97 0.0166 134.43 
4:6 2.65 0.0082 124.41 
6:4 2.06 0.0077 150.25 
8:2 0.95 0.0032 132.72 
10:0 2.12 0.0071 135.20 

 

 Furthermore, the effect of the total weight loading of Na2WO4 and Mn on SiO2 was investigated, as 
presented in Fig. I-6. The products and byproducts are also presented in Table I-S5. Clearly, the total weight loading 
of the active components strongly influenced the catalytic activity.  Increasing the total weight loading from 2.5 to 
10 wt% resulted in sharp increases in the C2+ selectivity, CH4 conversion, and C2+ yield.  The optimal C2+  yield 
occurred at a total weight loading of 10 wt%, yielding 14.44% C2+ yield with 49.6% C2+ selectivity and 29.14% CH4 
conversion. Above 10 wt%, the C2+ yield and the CH4 conversion steadily decreased; while the C2+ selectivity slowly 
decreased until 20 wt% , and then slightly increased from 36.0% to 48.3% at 30 wt%.  As observed from the XRD 
patterns is presented in Fig. I-7 (also see Table I-S9) and the SEM images Fig. I-8, the particle size and shape of 
the catalyst at 10 wt% loading were noticeably more uniform and smaller than those of the catalysts at > 10 wt%. 

When comparing the catalysts between 5 wt% and 10 wt%, it was more likely that there were fewer small particles 
(ca.  50 µm, being manganese oxides particles) of the catalyst at 5 wt% than at 10 wt% , which indicated that the 
catalyst at 10 wt% had the highest activity.   
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Furthermore, the BET surface areas, pore sizes, and pore volumes of the catalysts in Fig. I-7 were 
determined using N2-physisorption, as presented in Table I-2.  Increasing the total metal loadings from 5 to 25 wt% 
resulted in reductions in the BET surface areas and pore volumes, in good agreement with the observation based 
on the SEM images in Fig. I-8. However, the BET surface area of the catalyst at 30 wt% loading increased slightly, 
perhaps because the amount of α-cristobalite structure was the smallest relative to the other catalysts, due to the 
smallest amount of SiO2 being used, resulting in more Na2WO4 and MnOx particles being present on the surface, 
which caused the creation of rough surfaces and thereby increased the surface area of the 30 wt% catalyst. CO2-
TPD measurements of the catalysts in Fig. I-7 were also investigated, as presented in Fig. I-S8. Similar to Fig. I-
S7, all the catalysts had very low basicity as described earlier.   

 

Fig. I-6. C2+ selectivity, CH4 conversion, and C2+ yield of Na2WO4-Mn/SiO2 catalysts at different total weight loadings 
from 2.5 to 30.0 wt% on SiO2, with the Na2WO4:Mn weight ratio of 6:4.  Testing conditions:  reactor temperature = 
700 °C at atmospheric pressure, CH4:O2:N2 =  3:1:0, total flow rate =  35 mL/min (GHSV =  50,000 h− 1), catalyst 
amount = 8.0 mg. 
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Fig. I-7. XRD patterns of Na2WO4-Mn/SiO2 catalysts at different total metal loadings on SiO2, fixing the 
Na2WO4:Mn ratio at 6:4. 
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 Total metal loading of Na2WO4-Mn on SiO2 
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Fig. I-8. FE-SEM images of Na2WO4-Mn/SiO2 catalysts at different total metal loadings on SiO2, fixing the Na2WO4:Mn ratio at 6:4. 

MnxOy 
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Table I-2. BET surface area, pore volume, and pore size of Na2WO4-Mn/SiO2 catalysts at different total metal 
loadings. The metal ratio of Na2WO4:Mn was fixed at 6:4.  

Total metal loading of 
Na2WO4-Mn on SiO2 

BET surface area 
(m2/g) 

Pore volume (cm3/g) Pore size  
(Å) 

5 wt% 2.38 0.0086 144.87 
10 wt% 2.06 0.0077 150.25 
15 wt% 0.84 0.0035 170.07 
20 wt% 0.46 0.0035 303.74 
25 wt% 0.35 0.0019 222.20 
30 wt% 1.20 0.0046 154.32 

 

The surface chemistries of the MnOx/SiO2, Na2WO4/SiO2 and optimal Na2WO4-Mn/SiO2 catalysts were 
analyzed using XPS, as presented in Fig. I-9. Multiple scan spectra were conducted in the Si, Mn, Na and W 
regions. These spectra confirmed that the Na2WO4-Mn/SiO2 catalyst comprised SiO2 (2p = 103.5 eV), Mn2O3 
(2p3/2 = 641.3 eV, 2p1/2 = 653.6 eV), Na2O (1s = 1071.5 eV) and WO3 (4f7/2 = 33.2 eV, 4f5/2 = 35.3 eV) [44]. Of 
note was that the characteristic XPS peaks of Si (Fig.9a) of the Na2WO4/SiO2 and Na2WO4-Mn/SiO2 catalysts 
relative to the Mn/SiO2 catalyst shifted from 103.5 to 103.2 eV because the SiO2 phase in the Mn/SiO2 catalyst 
is amorphous, but the SiO2 phases in the Na2WO4/SiO2 and Na2WO4-Mn/SiO2 catalysts are α-cristobalite. For 
Na 1s (see Fig. I-9c), no substantial shift of the peaks was found. Interestingly, significant changes in binding 
energies were observed in Figs. 9b and 9d, as the binding energies of Mn 2p and W 4f of the Na2WO4-Mn/SiO2 
catalyst shifted toward lower binding energies compared to the binding energies of Mn and W of the single 
Mn/SiO2 and Na2WO4/SiO2 catalysts, respectively. This suggested that the bond strengths of W—O and Mn—
O became weaker, resulting in an improvement in the oxygen mobility over the surface of the Na2WO4-Mn/SiO2 

catalyst, thereby enhancing the activation of CH4 [22]. 
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Fig. I-9. XPS spectra of a) Si 2p, b) Mn 2p, c) Na 1s and d) W 4f regions obtained from Mn/SiO2, Na2WO4/SiO2 

and Na2WO4-Mn/SiO2 catalysts. 

The optimal catalyst was further investigated for two feeding gas conditions—with and without N2 gas 
feedings—and at different catalyst amounts in the reactor by fixing the total feed gas flow rate at 35 mL /min. 
The results and the details of the two conditions are shown in Fig. I-10 and the values of the products and the 
byproducts are presented in Table I-S6 and S7. For the condition without N2 feeding, the C2+  productivity 
increased rapidly with increasing catalyst amounts from 2 to 30 mg. Note that the GHSV values were lowered 
with increased catalyst amounts due to the increased catalyst volume. The C2+ yield reached an optimal point 
of 16.77% with 53.9% C2+ selectivity and 31.15% CH4 conversion.  After the optimal point, the activity of the 
catalyst slowly decreased. For the condition with N2 feeding at a ratio of CH4:O2:N2 = 3:1:4, the catalyst amount 
was in a range from 20 to 200 mg.  Similarly, the C2+ productivity increased sharply when the catalyst amount 
increased from 20 to 50 mg, achieving the optimal C2+ yield of 18.59% with 55.0% C2+ selectivity and 33.82% 

CH4 conversion. Above 50 mg, the C2+ productivity gradually decreased.  

It can be noticed that when adding the inert gas to the feeding system, the optimal C2+ yield shifted 
toward a higher catalyst amount. This can be explained by considering that at the same catalyst amount (such 
as 20 mg), the chance for the reactant gases to interact with the active sites of the condition without N2 feeding 
is lower than that of the condition with N2 feeding, and thus more catalyst is required; consequently all of the 
reactant gases can interact with the active sites before leaving the catalyst bed.In addition, the optimal C2+ yield 
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of the condition with N2 feed was slightly higher than that of the condition without N2, suggesting that lowering 
the concentration of the reactant gases using an inert gas favored the conversion of methane. This could occur 
because the diffusion of the reactants and other species over the catalyst’s surface in the diluted condition of 
the reactants is unlimited.  It is also interesting to see that after the optimum catalyst amounts, the CH4 
conversion and the C2+ selectivity minimally reduced, resulting in a gradual decrease of the C2+ yield.  It is 
possible that the C2+  products further reacted with other active sites of the catalyst to produce COx and/or a 
partial amount of the detected CH4 had been generated from the C2+  products [2, 45-47].  Thus, the C2+ 
productivity decreased with increasing CH4 conversion.  

 

Fig. I-10. C2+ selectivity, CH4 conversion, and C2+ yield of Na2WO4-Mn/SiO2 catalysts at different catalyst weights, 
with Na2WO4:Mn weight ratio of 6:4, total weight loading of 10 wt% on SiO2.  Testing conditions:  reactor 
temperature = 700 °C at atmospheric pressure, total flow rate = 35 mL/min. For the condition w/o N2 feeding; 
CH4:O2:N2 =  3:1:0, catalyst weight =  2–75 mg (GHSV =210,000–5,500 h−1) .For the condition w/  N2 feeding; 
CH4:O2:N2 = 3:1:4, catalyst amount = 20–200 mg (GHSV =17,000–2,000 h−1). 

The stability test of the Na2WO4-Mn/SiO2 catalyst using the optimal conditions for 50 h is shown in Fig. 
I-11 (see also Table I-S8. for the values of each product and byproduct). The performance of the catalyst 
constantly increased from the beginning to the maximum C2+ yield in the sixth hour of testing. The maximum 
C2+ yield was achieved at 23.54% with 60.5% C2+ selectivity and 39.67% CH4 conversion. After that, the 
performance of the catalyst slightly decreased until the end of testing, resulting in a 18.44% C2+ yield with 
55.4% C2+ selectivity and 33.30% CH4 conversion, which was a C2+ yield reduction of approximately 21.7% 
from the maximum point. Hence, the catalyst was quite good during the 50 h period. The used catalyst was 
then taken to further analyze using SEM, XRD, and TGA-DTG, and these results were compared with those of 
the fresh catalyst in order to identify any causes of the slow deactivation of the catalyst, as presented in Fig. 
I-12. The SEM images of the fresh and used catalysts (see Figs. 12a and 12b, respectively) revealed that the 
particle size of the used catalyst increased to approximately four times the fresh catalyst. The difference in the 
XRD patterns of the fresh and used catalysts (see Fig. I-12c) was the appearance of the α-tridymite phase in 
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the used catalyst. This implied that a phase transformation of α-cristobalite to α-tridymite slowly occurred 
during the reaction, considerably slowing the deactivation of the catalyst. The TGA-DTG profiles (see Fig. I-
12d) had no peak for coke decomposition. Generally, the peak for coke decomposition can be seen at about 
500–600 °C [48]. Therefore, it was concluded that the slow deactivation of the catalyst resulted from the catalyst 
sintering and the phase transformation of α-cristobalite to α-tridymite without coke deposition on the catalyst’s 
surface.      

 

Fig. I-11.  Catalyst stability test of Na2WO4-Mn/SiO2 catalysts, with a Na2WO4:Mn weight ratio of 6:4.  Testing 
conditions: reactor temperature = 700 °C at atmospheric pressure, CH4:O2:N2 = 3:1:4, total flow rate = 35 mL/min 
(GHSV = 14,500 h−1), catalyst amount = 50.0 mg. 
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Fig. I-12.  The used Na2WO4-Mn/SiO2 catalyst was taken to further analyze, a) FE-SEM images of fresh 
catalysts, b) FE-SEM images of used catalysts, c) XRD patterns of fresh and used catalyst, and d) TGA-DTG 
profiles of fresh and used catalyst. With Na2WO4:Mn weight ratio of 6:4, total weight loading of 10 wt% on SiO2. 

 

I-4.  Conclusion  
In the pursuit of binary catalysts for the OCM reaction, 25 single components were first charily selected 

and prepared on amorphous SiO2.  The screening of these single catalysts provided 14 single catalysts that 
achieved a %C2+ yield higher than that of the blank test.  The 14 components were then chosen to prepare 
binary catalysts by combining each one with the other 13 in turn, giving 91 binary catalysts in total. 
Subsequently, binary catalyst screening was carried out, revealing several active binary catalysts.  The most 
active binary catalyst was the combination of Na2WO4 and Mn.  Optimization of this catalyst was further 
investigated carefully by varying the Na2WO4:Mn ratio, the total metal loading on SiO2, the catalyst amount, 
and the stability test, resulting in the highest C2+ yield of 23.54% , with 60.5%  C2+ selectivity and 39.67% CH4 
conversion.  The measurements of the binding energies of W and Mn using XPS revealed that the bond 
strengths of W—O and Mn—O became weaker, thereby enhancing the catalytic activity of the Na2WO4-Mn/SiO2 

catalyst. Moreover, the stability of the catalyst was monitored during 50 h of testing, disclosing that the catalyst 
very slowly deactivated due to the catalyst sintering and the phase transformation of α-cristobalite to α-
tridymite.    
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Table I-S1.  Precursors of metal/component used for catalyst preparation. 

Metal/Component Precursor 
Li LiNO3 99.99%, Sigma-Aldrich 
Na NaNO3 99.5%, Alfa Aesar 
K KNO3 99.0%, Sigma-Aldrich 
Rb RbNO3 99%, Alfa Aesar 
Cs CsNO3 99%, Aldrich 
Mg MgSO4•7H2O 99%, Fisher Chemicals 
Ca Ca(NO3)2•4H2O 99.0%, Sigma-Aldrich 
Sr Sr(NO3)2 99.995%, Merck 
Ba Ba(NO3)2 99+%, Alfa Aesar 
Ti C12H28O4Ti 97+%, Alfa Aesar 
V NH4VO3 99.0%, Sigma-Aldrich 
Cr Cr(NO3)3•9H2O 99%, Fluka 
Mn Mn(NO3)2•4H2O 97%, Panreac 
Fe FeSO4•7H2O 99%, Ajax Fincechem 
Co Co(NO3)2•6H2O 99%, Fisher scientific 
Ni Ni(NO3)2•6H2O 98%, Fisher Chemic 
Cu Cu(NO3)2•3H2O 98%, Ajax Fincechem 
Zn Zn(NO3)2•6H2O 98.5%, QReC 
Zr ZrO(NO3)2•xH2O 99.5%, MATERION 
Na2WO4 Na2WO4•2H2O 98.0~101.0%, Daejung 
Al Al(NO3)3•9H2O 99.997%, Sigma-Aldrich 
Ga Ga(NO3)3•xH2O 99.9%, Alfa Aesar 
In In 29% min, Alfa Aesar 
La La(NO3)3•6H2O 99%, Himedia 
Ce Ce(NO3)3•6H2O 99%, Sigma-Aldrich 
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Table I-S2.  Performance results for silica- supported single catalysts.  The total metal loading was fixed at 10 
wt%, Reaction conditions: T = 700 °C; CH4:O2 = 3:1; total feed rate = 35 mL/min; mass amount = 8 mg. 

Catalyst 
CH4 

conversion 
(%) 

Selectivity (%) 
C2+ yield (%) 

COX C2H4 C2H6 C3H6 C3H8 C4H10 C2+ 

La 10.53 47.2 30.6 18.2 2.5 0.3 1.2 52.8 5.56 
Ce 16.53 68.8 18.3 10.5 1.6 0.1 0.8 31.2 5.16 
Ga 14.14 66.9 19.2 11.4 1.6 0.2 0.7 33.1 4.68 
Al 12.37 64.9 19.5 13.0 1.5 0.2 0.9 35.1 4.34 
Ca 12.51 65.7 19.8 11.8 1.6 0.2 1.0 34.3 4.29 
Cr 14.85 72.0 16.6 9.5 1.3 0.1 0.5 28.0 4.16 
Ba 12.34 66.3 18.9 12.0 1.6 0.2 1.0 33.7 4.16 
Na2WO4 11.27 63.3 19.6 14.4 1.6 0.0 1.0 36.7 4.13 
Mn 14.27 71.3 16.1 10.3 1.4 0.1 0.8 28.7 4.09 
Cu 11.10 63.8 24.3 10.7 0.6 0.1 0.4 36.2 4.01 
Ti 10.76 62.9 19.4 14.8 1.6 0.1 1.2 37.1 3.99 
Zn 10.56 62.3 20.4 14.6 1.7 0.2 0.9 37.7 3.98 
Rb 10.33 62.6 19.3 15.5 1.6 0.1 0.9 37.4 3.87 
Ni 10.76 64.4 19.1 14.2 1.6 0.1 0.6 35.6 3.83 
Blank 9.64 61.4 20.5 15.3 1.7 0.1 0.9 38.6 3.72 
Sr 10.04 63.3 19.1 14.8 1.5 0.1 1.2 36.7 3.68 
In 10.05 63.6 18.7 14.9 1.6 0.1 1.0 36.4 3.65 
Zr 9.42 62.3 19.5 15.5 1.6 0.1 1.0 37.7 3.55 
Co 11.03 69.1 16.1 12.6 1.4 0.1 0.8 30.9 3.41 
Mg 9.35 63.9 18.7 14.9 1.5 0.1 0.9 36.1 3.38 
Li 8.35 60.3 19.4 17.1 1.6 0.1 1.5 39.7 3.31 
K 8.47 61.7 18.8 16.8 1.6 0.1 1.0 38.3 3.24 
Cs 8.50 62.8 18.5 16.1 1.5 0.1 1.0 37.2 3.16 
Fe 10.93 72.7 13.5 11.8 1.1 0.1 0.8 27.3 2.98 
Na 7.38 60.1 19.1 17.8 1.7 0.1 1.2 39.9 2.94 
V 19.73 94.7 2.3 2.6 0.1 0.0 0.2 5.3 1.04 
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Fig. I-S1.  % C2+ yield of silica-supported single catalysts for OCM reaction.  

 

 

Fig. I-S2. % C2+ selectivity of silica-supported single catalysts for OCM reaction. 
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Fig. I-S3. % CH4 conversion of silica-supported single catalysts for OCM reaction. 
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Table I-S3.  Performance results for silica- supported binary catalysts.  The total metal loading was fixed at 10 
wt% at a metal ratio of 1:1, Reaction conditions: T = 700 °C; CH4:O2 = 3:1; total feed rate = 35 mL/min; mass 
amount = 8 mg. 

Metal 
CH4 

Conversion  
(%) 

Selectivity (%) C2+ Yield 
(%) COX C2H4 C2H6 C3H6 C3H8 C4H10 C2+ 

Na2WO4-Mn 25.36 63.8 26.6 6.6 2.1 0.3 0.7 36.2 9.18 
Ca-Ce 18.94 70.6 16.8 7.6 1.2 0.2 3.6 29.4 5.57 
Ga-Zn 23.77 76.7 16.3 5.4 1.1 0.2 0.3 23.3 5.54 
Ga-Rb 15.37 64.1 21.5 11.6 1.8 0.2 0.7 35.9 5.51 
Ce-Ba 20.33 73.4 16.8 7.9 1.2 0.2 0.4 26.6 5.40 
Al-Rb 17.67 69.8 19.3 8.7 1.5 0.2 0.5 30.2 5.34 
Al-Ni 17.47 69.6 19.1 9.0 1.5 0.2 0.6 30.4 5.30 
Al-Ba 17.47 70.3 19.2 8.3 1.5 0.2 0.5 29.7 5.18 
Mn-La 16.19 68.1 19.4 9.9 1.6 0.2 0.8 31.9 5.17 
Ce-Ti 18.48 72.1 16.9 9.0 1.3 0.2 0.5 27.9 5.15 
La-Al 15.92 68.6 18.8 10.4 1.4 0.2 0.6 31.4 5.00 
Na2WO4-Ti 13.29 62.4 22.0 12.9 1.8 0.2 0.8 37.6 4.99 
Ca-La 11.10 55.3 18.5 13.4 1.9 0.1 10.8 44.7 4.96 
Ga-Cr 16.44 69.8 18.9 9.4 1.5 0.1 0.2 30.2 4.96 
Na2WO4-Ni 13.42 63.3 21.4 12.5 1.8 0.2 0.7 36.7 4.92 
Mn-Ba 15.61 68.5 19.4 10.3 0.0 0.0 1.7 31.5 4.91 
Mn-Ni 18.24 73.1 15.4 7.4 1.2 0.1 2.7 26.9 4.90 
Al-Ti 15.27 68.2 19.6 9.9 1.6 0.2 0.6 31.8 4.86 
Ga-Al 15.11 68.3 19.0 10.4 1.5 0.2 0.6 31.7 4.80 
Zn-Ce 14.62 67.2 19.1 11.1 1.5 0.2 0.8 32.8 4.79 
Zn-Al 14.46 67.0 19.1 11.4 1.5 0.2 0.8 33.0 4.77 
La-Ce 24.57 80.7 13.6 4.4 1.0 0.1 0.2 19.3 4.75 
Rb-Ti 12.80 63.0 21.2 12.5 1.9 0.2 1.3 37.0 4.74 
Al-Cr 16.09 70.8 17.9 9.2 1.4 0.2 0.5 29.2 4.69 
Ga-Na2WO4 12.47 62.9 20.6 13.8 1.8 0.1 0.8 37.1 4.63 
La-Ba 14.47 68.1 18.6 10.9 1.5 0.2 0.8 31.9 4.61 
Ga-Mn 15.81 70.9 17.3 9.6 1.4 0.1 0.6 29.1 4.60 
Ga-La 14.54 68.5 18.5 10.6 1.5 0.2 0.7 31.5 4.57 
Ce-Rb 13.97 67.5 18.6 11.3 1.7 0.1 0.7 32.5 4.53 
Ga-Ce 13.23 65.8 19.6 12.1 1.6 0.1 0.8 34.2 4.52 
Rb-Ba 12.57 64.5 19.9 12.5 1.7 0.2 1.2 35.5 4.46 
Zn-Cr 11.94 62.7 20.4 14.1 1.7 0.1 0.9 37.3 4.45 
Zn-Mn 14.77 70.2 17.8 9.8 1.5 0.1 0.6 29.8 4.41 
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Cr-Ni 13.78 68.0 17.9 11.3 1.5 0.2 1.1 32.0 4.40 
Ni-Ti 13.49 67.4 18.5 11.0 1.6 0.2 1.3 32.6 4.40 
Ca-Ba 13.31 67.5 18.8 11.3 1.5 0.2 0.7 32.5 4.32 
Ga-Ti 14.85 70.9 18.2 9.0 1.4 0.1 0.3 29.1 4.32 
Cr-Ti 14.34 70.0 17.1 10.2 1.4 0.1 1.1 30.0 4.31 
Zn-Ca 12.73 66.3 18.8 12.3 1.5 0.1 0.8 33.7 4.29 
Mn-Al 17.06 75.0 16.1 7.1 1.3 0.1 0.4 25.0 4.27 
La-Ti 27.07 84.2 12.0 2.9 0.6 0.1 0.1 15.8 4.27 
Cr-Ba 12.36 66.1 19.2 11.8 1.6 0.1 1.2 33.9 4.19 
Mn-Rb 10.73 61.2 17.8 12.9 1.6 0.1 6.4 38.8 4.16 
Zn-Ti 12.59 67.0 18.6 11.9 1.5 0.1 0.8 33.0 4.15 
Ga-Ba 11.39 63.7 20.2 13.4 1.7 0.1 0.8 36.3 4.14 
Ce-Ni 16.31 74.9 14.2 8.9 1.3 0.1 0.6 25.1 4.10 
Mn-Ca 12.32 66.8 18.7 11.9 1.6 0.1 0.9 33.2 4.10 
Ca-Al 11.86 65.5 19.2 12.6 1.6 0.2 1.0 34.5 4.10 
Ca-Rb 10.54 61.5 20.8 14.8 1.8 0.1 1.0 38.5 4.06 
Ca-Ni 11.21 64.1 19.3 13.8 1.6 0.1 1.0 35.9 4.02 
Rb-Ni 10.68 62.4 20.5 13.7 1.8 0.1 1.4 37.6 4.01 
Mn-Ti 13.59 70.7 16.1 10.1 1.3 0.1 1.6 29.3 3.98 
Mn-Ce 15.48 74.8 14.3 8.9 1.2 0.1 0.8 25.2 3.90 
Zn-Ba 11.30 66.1 18.5 12.8 1.5 0.1 1.0 33.9 3.84 
Ce-Al 12.75 70.0 17.2 10.8 1.4 0.1 0.5 30.0 3.83 
La-Cr 12.86 70.3 16.2 11.2 1.3 0.1 0.9 29.7 3.82 
Zn-Ni 12.05 68.4 18.0 11.2 1.5 0.1 0.8 31.6 3.81 
Zn-Cu 12.01 68.3 17.0 12.0 1.5 0.3 0.9 31.7 3.80 
Na2WO4-Al 11.25 66.2 18.5 12.8 1.5 0.1 0.8 33.8 3.80 
La-Rb 10.56 64.0 19.4 13.7 1.7 0.1 1.0 36.0 3.80 
La-Ni 11.46 67.0 17.5 12.6 1.5 0.1 1.1 33.0 3.78 
Ni-Ba 12.16 69.1 17.5 11.2 1.4 0.1 0.7 30.9 3.76 
Ti-Ba 10.80 65.2 18.4 13.5 1.5 0.1 1.2 34.8 3.76 
Na2WO4-Zn 9.99 62.4 20.3 14.4 1.8 0.1 0.9 37.6 3.75 
Blank 9.64 61.4 20.5 15.3 1.7 0.1 0.9 38.6 3.72 
Zn-La 10.57 65.1 18.8 13.3 1.6 0.1 1.0 34.9 3.69 
Ga-Ca 11.42 67.8 18.6 11.7 1.6 0.0 0.3 32.2 3.68 
Zn-Rb 10.11 63.7 19.3 14.2 1.7 0.1 1.0 36.3 3.67 
Ca-Cr 12.61 71.6 15.2 11.2 1.2 0.1 0.7 28.4 3.58 
Na2WO4-Ca 9.62 62.9 19.3 15.1 1.6 0.1 1.0 37.1 3.57 
Na2WO4-Cu 22.33 84.1 7.2 7.9 0.5 0.1 0.2 15.9 3.56 
Na2WO4-Rb 9.31 61.9 19.5 15.9 1.7 0.1 0.9 38.1 3.55 
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Na2WO4-Ba 10.27 65.7 18.5 13.3 1.6 0.1 0.9 34.3 3.53 
Na2WO4-Ce 10.47 67.0 17.0 13.3 1.4 0.1 1.1 33.0 3.45 
Cr-Rb 11.14 69.8 15.5 11.7 1.5 0.1 1.4 30.2 3.36 
Ga-Ni 9.83 66.1 17.9 13.6 1.6 0.1 0.8 33.9 3.34 
Mn-Cu 11.63 71.7 14.9 11.2 1.3 0.1 0.8 28.3 3.29 
Na2WO4-La 9.38 65.2 17.5 14.8 1.5 0.1 0.9 34.8 3.27 
Ga-Cu 13.68 76.6 12.2 9.4 1.1 0.1 0.7 23.4 3.21 
Ca-Ti 8.90 64.4 17.9 15.0 1.5 0.1 1.0 35.6 3.17 
Cu-Al 10.22 69.1 15.0 13.4 1.2 0.1 1.2 30.9 3.16 
Na2WO4-Cr 14.09 77.9 11.8 8.7 1.0 0.1 0.5 22.1 3.12 
Ce-Cr 14.73 79.9 10.8 7.9 0.9 0.1 0.5 20.1 2.97 
Cu-Ba 8.16 64.2 16.8 16.6 1.4 0.1 0.8 35.8 2.92 
Ca-Cu 20.97 86.6 6.5 6.1 0.4 0.1 0.3 13.4 2.81 
Mn-Cr 13.38 79.1 11.0 8.5 0.9 0.1 0.5 20.9 2.80 
Cu-Rb 8.18 66.5 14.1 15.3 1.1 0.1 2.8 33.5 2.74 
Ce-Cu 15.21 83.5 8.4 6.8 0.7 0.0 0.5 16.5 2.50 
Cu-Cr 9.27 73.6 11.4 12.7 0.9 0.1 1.3 26.4 2.45 
La-Cu 19.79 88.5 6.2 4.5 0.5 0.0 0.3 11.5 2.27 
Cu-Ti 20.86 93.0 3.0 3.6 0.2 0.0 0.2 7.0 1.47 
Cu-Ni 57.18 99.6 0.0 0.1 0.0 0.0 0.2 0.4 0.20 
 

 

 

Fig. I-S4. % C2+ yield of silica-supported binary catalysts for OCM reaction.  
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Fig. I-S5. % C2+ selectivity of silica-supported binary catalysts for OCM reaction.  

 

 

Fig. I-S6. % CH4 conversion of silica-supported binary catalysts for OCM reaction.  
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Table I-S4. Performance results for Na2WO4-Mn/SiO2 catalysts at different weight ratios of Na2WO4:Mn with a 
total weight loading of 10 wt%  on SiO2. Testing conditions:  reactor temperature =  700 °C at atmospheric 
pressure, CH4:O2:N2 = 3:1:0, total flow rate = 35 mL/min (GHSV = 50,000 h−1), catalyst amount = 8.0 mg. 

Na2WO4: Mn 
ratio 

CH4 
conversion 

(%) 

Selectivity (%) C2+ yield 
(%) COX C2H4 C2H6 C3H6 C3H8 C4H10 C2+ 

0:10 14.27 71.3 16.1 10.3 1.4 0.1 0.8 28.7 4.09 
1:9 16.39 68.6 19.6 9.4 1.7 0.2 0.6 31.4 5.15 
2:8 16.72 66.4 20.4 10.3 1.7 0.2 1.0 33.6 5.61 
3:7 16.99 64.1 22.5 10.1 2.1 0.2 1.0 35.9 6.09 
4:6 23.16 63.3 23.3 8.9 3.1 0.5 0.9 36.7 8.49 
5:5 25.36 63.8 26.6 6.6 2.1 0.3 0.7 36.2 9.18 
6:4 29.14 50.4 35.7 9.5 2.9 0.3 1.2 49.6 14.44 
7:3 23.42 63.6 26.1 7.2 2.2 0.3 0.7 36.4 8.52 
8:2 21.20 63.6 25.8 7.9 2.0 0.2 0.7 36.4 7.72 
9:1 18.80 62.3 24.9 9.3 2.3 0.2 0.9 37.7 7.08 
10:0 9.76 62.6 19.6 15.1 1.7 0.0 1.0 37.4 3.65 
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Table I-S5.  Performance results for Na2WO4-Mn/ SiO2 catalysts at different total weight loadings from 2. 5 to 
30.0 wt% on SiO2, with the Na2WO4:Mn weight ratio of 6:4. Testing conditions: reactor temperature = 700 °C 
at atmospheric pressure, CH4:O2:N2 = 3:1:0, total flow rate = 35 mL/min (GHSV = 50,000 h−1), catalyst amount 
= 8.0 mg. 

Weight metal 
loading (wt%) 

CH4 
conversion 

(%) 

Selectivity (%) C2+ yield 
(%) COX C2H4 C2H6 C3H6 C3H8 C4H10 C2+ 

2.5 18.01 68.7 19.0 9.9 1.7 0.2 0.6 31.3 5.64 
5.0 27.74 62.2 26.6 7.8 2.2 0.4 0.7 37.8 10.49 
7.5 28.43 60.6 28.3 7.9 2.2 0.3 0.8 39.4 11.21 
10.0 29.14 50.4 35.7 9.5 2.9 0.3 1.2 49.6 14.44 
12.5 27.84 56.7 31.9 7.3 2.7 0.3 1.0 43.3 12.06 
15.0 23.18 58.9 31.8 7.2 1.4 0.2 0.5 41.1 9.53 
17.5 21.42 61.8 27.7 7.9 1.5 0.3 0.8 38.2 8.17 
20.0 18.79 64.0 24.3 8.6 2.0 0.2 0.9 36.0 6.77 
22.5 12.36 59.2 23.5 13.7 2.1 0.2 1.3 40.8 5.05 
25.0 11.42 58.4 23.7 14.0 2.0 0.2 1.8 41.6 4.75 
27.5 7.66 53.9 22.2 18.7 2.0 0.1 3.1 46.1 3.53 
30.0 7.21 51.7 24.5 19.8 1.3 0.1 2.5 48.3 3.48 
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Table I-S6. Na2WO4-Mn/SiO2 catalysts at different catalyst weights, with Na2WO4:Mn weight ratio of 6:4, total 
weight loading of 10 wt% on SiO2. Testing conditions: reactor temperature = 700 °C at atmospheric pressure, 
total flow rate = 35 mL/min. For the condition w/o N2 feeding; CH4:O2:N2 = 3:1:0, catalyst weight = 2–75 mg 
(GHSV =210,000–5,500 h−1). 

Mass catalyst 
w/o N2 feed 

(mg) 

CH4 
conversion 

(%) 

Selectivity (%) C2+ yield 
(%) COX C2H4 C2H6 C3H6 C3H8 C4H10 C2+ 

2.0 7.44 60.5 19.2 17.7 1.6 0.0 1.0 39.5 2.94 
4.0 10.16 57.5 23.1 16.4 2.1 0.0 1.0 42.5 4.32 
6.0 16.03 56.7 29.3 10.8 2.0 0.2 1.0 43.3 6.94 
8.0 27.70 53.9 33.9 8.4 2.7 0.3 0.8 46.1 12.76 
10.0 29.14 50.4 35.7 9.5 2.9 0.3 1.2 49.6 14.44 
15.0 30.26 48.4 36.2 10.6 3.1 0.4 1.3 51.6 15.61 
20.0 30.37 47.9 35.6 11.8 3.1 0.4 1.3 52.1 15.83 
30.0 31.15 46.1 36.7 11.7 3.4 0.4 1.7 53.9 16.77 
40.0 30.40 47.4 35.2 12.1 3.3 0.4 1.6 52.6 16.00 
50.0 29.53 49.1 34.9 11.2 3.3 0.4 1.2 50.9 15.04 
60.0 28.88 49.2 35.0 11.0 3.3 0.4 1.2 50.8 14.67 
 

 

Table I-S7. Performance results for Na2WO4-Mn/SiO2 catalysts at different catalyst weights, with Na2WO4:Mn 
weight ratio of 6:4, total weight loading of 10 wt% on SiO2. Testing conditions: reactor temperature = 700 °C 
at atmospheric pressure, total flow rate =  35 mL/min.  For the condition w/  N2 feeding; CH4:O2: N2 =  3: 1: 4, 
catalyst amount = 20–200 mg (GHSV =17,000–2,000 h−1). 

Mass catalyst 
w/ N2 feed (mg) 

CH4 
conversion 

(%) 

Selectivity (%) C2+ yield 
(%) COX C2H4 C2H6 C3H6 C3H8 C4H10 C2+ 

20.0 15.09 47.2 30.7 18.7 2.4 0.3 0.7 52.8 7.97 
30.0 28.14 46.9 35.8 13.4 2.6 0.5 0.8 53.1 14.93 
40.0 33.05 45.6 36.0 13.9 2.9 0.6 1.1 54.4 17.99 
50.0 33.82 45.0 35.4 14.4 3.2 0.6 1.4 55.0 18.59 
60.0 33.67 45.2 35.1 14.6 3.1 0.6 1.5 54.8 18.47 
75.0 32.94 45.2 35.0 14.6 3.2 0.6 1.4 54.8 18.06 
100.0 32.43 46.9 34.5 13.5 3.2 0.5 1.3 53.1 17.22 
150.0 30.92 49.2 33.2 12.6 3.1 0.5 1.4 50.8 15.71 
200.0 28.96 49.2 36.2 10.1 3.3 0.2 1.0 50.8 14.71 
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Table I-S8.  Performance results for Catalyst stability test of Na2WO4-Mn/SiO2 catalysts, with the Na2WO4:Mn 
weight ratio of 6: 4.  Testing conditions:  reactor temperature =  700 °C at atmospheric pressure, CH4:O2:N2 = 
3:1:4, total flow rate = 35 mL/min (GHSV = 14,500 h−1), catalyst amount = 50.0 mg. 

TOS 
(h) 

CH4 conversion 
(%) 

Selectivity (%) C2+ yield 
(%) COX C2H4 C2H6 C3H6 C3H8 C4H10 C2+ 

1 33.67 45.0 36.3 13.5 3.3 0.6 1.4 55.1 18.53 
2 33.82 40.6 38.6 15.3 3.6 0.6 1.5 59.4 20.11 
3 34.41 39.5 39.9 14.7 3.7 0.5 1.6 60.5 20.80 
4 37.12 39.7 41.2 13.4 3.6 0.5 1.7 60.3 22.40 
5 38.32 40.1 40.9 13.2 3.6 0.5 1.7 59.9 22.95 
6 39.60 40.6 40.1 13.6 3.5 0.5 1.7 59.4 23.54 
7 39.67 41.1 40.0 13.5 3.5 0.5 1.6 58.9 23.38 
8 39.29 41.1 40.0 13.3 3.4 0.5 1.7 58.9 23.16 
9 39.05 41.0 40.3 13.3 3.4 0.5 1.4 59.0 23.03 
10 38.33 40.9 40.9 12.7 3.7 0.5 1.3 59.1 22.64 
11 38.29 40.8 41.2 12.3 3.6 0.3 1.7 59.2 22.65 
12 38.46 40.8 41.1 12.6 3.6 0.2 1.7 59.2 22.78 
13 38.35 41.0 41.7 11.8 3.6 0.4 1.6 59.0 22.61 
14 38.56 41.2 41.7 11.7 3.6 0.4 1.5 58.8 22.68 
15 38.57 41.3 41.7 11.6 3.5 0.4 1.5 58.7 22.64 
16 38.59 41.9 41.3 11.5 3.6 0.4 1.3 58.1 22.43 
17 38.80 41.7 41.6 11.2 3.6 0.3 1.6 58.3 22.64 
18 38.88 41.7 41.8 11.1 3.6 0.3 1.6 58.3 22.69 
19 38.71 41.3 42.6 11.0 3.5 0.2 1.5 58.7 22.74 
20 38.64 41.1 42.3 11.2 3.6 0.3 1.5 58.9 22.76 
21 38.17 41.5 42.0 11.1 3.6 0.3 1.5 58.5 22.32 
22 38.04 41.7 41.9 11.1 3.6 0.3 1.4 58.3 22.19 
23 38.02 41.7 41.9 11.0 3.6 0.3 1.5 58.3 22.15 
24 38.21 42.2 41.6 10.9 3.5 0.3 1.4 57.8 22.08 
25 37.93 42.0 41.7 10.9 3.5 0.3 1.4 58.0 22.00 
26 38.11 42.3 41.9 11.0 3.1 0.2 1.5 57.7 22.00 
27 38.05 42.3 41.6 11.2 3.2 0.4 1.2 57.7 21.95 
28 37.65 42.2 41.7 11.3 3.1 0.4 1.3 57.8 21.77 
29 37.13 41.7 41.6 11.7 3.4 0.4 1.3 58.3 21.65 
30 36.79 41.6 41.7 11.8 3.0 0.4 1.5 58.4 21.48 
31 36.45 41.2 42.3 11.7 2.9 0.4 1.4 58.8 21.43 
32 36.58 41.4 42.1 11.2 3.4 0.4 1.6 58.6 21.43 
33 35.82 40.9 42.6 11.5 3.5 0.4 1.2 59.1 21.18 
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34 35.40 41.5 42.3 11.3 3.4 0.4 1.1 58.5 20.73 
35 35.24 42.1 42.7 10.8 3.2 0.4 0.9 57.9 20.42 
36 35.29 42.6 42.6 10.4 3.1 0.4 0.8 57.4 20.24 
37 35.45 42.9 42.5 10.3 3.1 0.4 0.8 57.1 20.26 
38 35.35 43.0 43.0 10.0 3.0 0.4 0.8 57.0 20.16 
39 34.83 43.1 41.7 10.9 3.2 0.4 0.8 56.9 19.81 
40 34.70 42.7 42.2 10.9 3.0 0.3 0.8 57.3 19.89 
41 34.51 42.6 41.5 10.8 3.8 0.4 0.9 57.4 19.81 
42 34.64 43.4 41.5 10.7 3.2 0.4 0.9 56.6 19.62 
43 34.11 44.4 41.1 10.4 3.1 0.4 0.7 55.6 18.98 
44 34.30 44.8 40.9 10.2 3.0 0.4 0.7 55.2 18.92 
45 33.42 44.6 41.1 10.3 3.1 0.4 0.7 55.4 18.52 
46 32.94 44.5 41.0 10.4 3.1 0.4 0.7 55.5 18.29 
47 33.25 45.4 40.4 10.2 3.0 0.4 0.7 54.6 18.15 
48 32.97 44.6 41.1 10.2 3.0 0.4 0.6 55.4 18.25 
49 32.86 44.8 40.9 10.3 3.0 0.4 0.7 55.2 18.13 
50 33.30 44.6 41.1 10.2 3.0 0.4 0.7 55.4 18.44 
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Table I-S9. The characteristic XRD values (2θ) of crystalline phases found from the samples.  

Crystalline phase ICDD No. 2θ (degree) 

α-Tridymite-Silicon Oxide (α-SiO2) 00-001-0378 25.552, 27.735, 31.500, 43.203, 55.371, 57.142 

α-Cristobalite-Silicon Oxide (α-SiO2) 00-001-0438 22.109, 28.553, 31.500, 36.148, 43.203, 44.848, 47.086, 48.829, 57.142, 58.643, 62.064 

Sodium Tungsten Oxide (Na2WO4) 00-012-0772 16.876, 27.735, 32.392, 43.203, 48.829, 52.079, 57.142, 58.643, 78.317 

Manganese Oxide (Mn2O3) 00-001-1061 33.140, 38.145, 44.848, 48.829, 65.796 

Manganese Oxide (Mn3O4) 00-018-0803 28.918, 32.392, 36.148, 38.145, 58.643, 59.997 
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CO2-TPD procedure: 

The basicity of catalysts were determined using CO2-temperature programmed desorption (CO2-TPD). The 
measurements were carried out to achieve CO2-TPD profiles by operating in continuous-flow Inconel tube reactor. 
Each sample was initialized by introducing Ar gas at a feed flow rate of 35 cc/min at 35-500 °C with a heating rate 10 
ºC/min and holding at 500 °C for 2 hours to reduce and clean catalyst’s surface. After that, it was cooled down to 50 
°C. The CO2/Ar mixture gas (10% CO2) was then introduced into the catalyst bed at 50 ºC and a total flow rate of 35 
cc/min for 2 hours. Next, the excess CO2 over surface catalyst was purged by introducing Ar gas at 35 cc/min for 2 
hours. The CO2 consumption was continuously monitored using a TCD-equipped GC (Shimadzu GC-2014). The 
temperature was risen from 50 to 800 °C with a heating rate of 10 °C/min. 

 

Fig. I-S7. CO2-TPD of Na2WO4:Mn catalysts at different weight ratios, fixing the total metal loading on SiO2 at 10 wt%.  
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Fig. I-S8. CO2-TPD of Na2WO4-Mn/SiO2 catalysts at different total metal loadings on SiO2, fixing the Na2WO4:Mn ratio 
at 6:4. 

 

TGA-DTG Analyst: 

 Thermal gravimetrical analyzer (TGA-DTG, PerkinElmer Pyris 1 TGA) measured the thermal decomposition 
of the as catalysts. The catalyst 15 mg were loaded in to an alumina crucibles and heated in a flow of air zero 100 
mL/min (Lab grade purity, Thai Standard Gas Co., Ltd (TSG), Thailand) from room temperature to 1000 °C with a 
heating rate of 10 ºC/min. 
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Part II : Synthesis of Light Hydrocarbons via Oxidative Coupling of Methane over Silica-
supported Na2WO4-TiO2 Catalyst 

II-1.   Introduction 
 

Methane (CH4) 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 CO2 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 O2 or air 
to directly react with CH4 to produce useful hydrocarbons (C2+) 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 ºC [3]. OCM can produce CO and CO2 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 MnOx modified with different 
types of co-catalysts, supports and promotors, such as oxides of Mg, Na, and Ce. However, the C2+ yields and C2+ 

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 Na2WO4-MnOx has 
been widely investigated because this metal combination was identified as an active material for the OCM reaction. 
The modified Na2WO4-MnOx catalysts reported include MOx-Na2WO4-MnOx/SiO2 (M = Ni, Co, Fe, Li, Al, Ba, Ca, Na, 
and K) [9], TiO2-Na2WO4/MnOx/SiO2 [10], and Ce2O3-MnOx-Na2WO4/SiO2 [7]. The C2+ yields and C2+ selectivities of 
those Na2WO4-MnOx catalysts increased compared to the single catalysts of its component and the other metal 
combinations due to synergistic catalyst effects between Na2WO4 and MnOx [11-14]. The additions of the promoters 
(e.g. TiO2, Ce2O3) onto the Na2WO4-MnOx 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, SiO2 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 Na2WO4, MnOx, and/or 
SiO2 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 TiO2 onto the Na2WO4/SiO2 catalyst without MnOx can 
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also substantially improve the C2+ yield. This combination of TiO2 and Na2WO4 on SiO2 has never been reported in 
detail. Herein, we report on various studies on the activity of Na2WO4 mixed with TiO2 on SiO2 support. The studies 
include catalyst optimization, catalyst stability, operating condition for the reaction, and catalyst characterization. 
 
II-2.   Experimental section 
 
II-2.1.   Catalyst preparation 
 

All of the catalysts were synthesized using co-impregnation of predetermined weights of SiO2 as follows. An 
aqueous solution of Na2WO4 (sodium tungstate dihydrate, 98.0~101.0%, Daejung) andTi4+(titanium (IV) isopropoxide, 
97+%, Alfa Aesar) in ethanol (99.9%, QREC) were determined and pipetted into amorphous fume silica (SiO2, surface 
area of 85-115 m2/g, Alfa Aesar) to obtain a desired weight percentage of the metal components (TiO2 and/or Na2WO4) 
on the SiO2 support. Note that the weight percentage of TiO2 or Na2WO4 on the support was determined on the basis 
of the mass of Ti(0) or Na2WO4, respectively. The mixture was continuously stirred at 120 ºC until dry. The obtained 
powder was then taken to calcine in an air furnace at 800 ºC for 4 h. After the calcination, a fine white powder was 
obtained. 
 
II-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 ºC. 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 sandwiched between two 
layers of quartz wool. The feed gas consisted of (N2, 99.999% purity, Praxair), methane (CH4, 99.999% purity, Praxair), 
and oxygen (O2, 99.999% purity, Praxair) at a volume ratio of (N2:CH4:O2) = (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 hourly 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, CO2, and CH4) and a flame ionization detector (FID; for analyzing C2H4, 
C2H6, C3H6, C3H8 and C4H8, and C4H10). The catalytic activities are expressed in terms of %CH4 conversion, %C2+ 
selectivity, %COx selectivity, and %C2+ yield, which are shown in equations (1)–(4). The data were collected after the 
system had reached the set point for 2h. 
 

% CH4 conversion= 
moles of CH4 input - moles of CH4output

moles of CH4 input
×100 (1) 
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% C2+ selectivity= 
moles of C2+

Total moles of products
×100 (2) 

 

% COx selectivity= 
moles of COx

Total moles of products
×100 (3) 

 

% C2+ yield= 
% CH4conversion × % C2+selectivity

100
 (4) 

 
II-2.3.   Catalyst characterization  
 

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

The pore volumes, pore-sizes, and specific surface areas of the samples were evaluated using N2-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 (Bruker 
TENSOR2, 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, Kratos Axis Ultra DLD) with Al Kα for the X-ray source. 

The metal-support and metal-metal interactions were analyzed using the H2- temperature programmed reduction 
(H2-TPR) technique. The H2-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% H2 

in 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 H2 consumption. 
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II-3.   Results and discussion 
 
II-3.1.   Activity of TiO2/SiO2, Na2WO4/SiO2, and TiO2-Na2WO4/SiO2 catalysts 
 

The 10wt% TiO2/SiO2, 10wt% Na2WO4/SiO2, and (5wt% TiO2-5wt% Na2WO4)/SiO2 catalysts were prepared 
and tested for OCM reaction, as presented in Fig. II-1. The performance of each catalyst was described using the C2+ 
selectivity, CH4 conversion, and C2+ yield. It should be noted that the C2+ yield is the criterion used to identify a superior 
catalyst when comparing the activities of catalysts. The C2+ yield of the Na2WO4-TiO2/SiO2 catalyst was obtained at 
2.7 %, clearly greater than that of the single TiO2/SiO2 or Na2WO4/SiO2 catalysts, approximately 1.5 or 3.8 times the 
C2+ yield of the TiO2/SiO2 or Na2WO4/SiO2 catalysts, respectively. However, the C2+ selectivity for these three catalysts 
was similar (approximately 39–42%) but the CH4 conversion of the TiO2/SiO2 and Na2WO4/SiO2 catalysts was lower 
than that of the Na2WO4-TiO2/SiO2 catalyst. The results indicated that the combination of TiO2 and Na2WO4 on the 
SiO2 support reveals a synergistic catalysis effect.   
 

 
 
Fig. II-1. C2+ selectivity, CH4 conversion, and C2+ yield of 10wt% TiO2/SiO2, 10wt% Na2WO4/SiO2, and TiO2-
Na2WO4/SiO2 catalysts. 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 ºC.  
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II-3.2.   Effect of TiO2 loading on Na2WO4-TiO2/SiO2 

 
The Na2WO4-TiO2/SiO2 catalyst was further studied by varying the amount of TiO2. In a previous study, 5wt% 

Na2WO4 loaded on SiO2 using incipient-wetness impregnation was reported to produce an optimum yield for the OCM 
reaction [17]. However, the effect of TiO2 loading on Na2WO4/SiO2 has never been studied.  In the present study, 
different amounts of TiO2 on Na2WO4/SiO2 were studied by varying the amounts of TiO2 from 0 to 30% on the catalyst 
and keeping the amount of Na2WO4 on every catalyst unchanged at 5 wt%, as plotted in Fig. II-2. As increasing TiO2 
loading, the C2+ selectivities slowly increased from 38.0 to 44.9%, while the CH4 conversion steadily decreased from 
6.4 to 4.3%. Nevertheless, the C2+ yield had an optimum yield at 5 wt% loading (2.7% C2+ yield). This confirmed that 
the addition of TiO2 into Na2WO4/SiO2 enhances C2+ formation. However, TiO2 loadings over 5 wt% decreased the C2+ 
yield of each catalyst. Thus, Na2WO4-TiO2/SiO2 catalyst at a total metal loading of 10 wt% and a TiO2:Na2WO4 weight 
ratio of 1:1 (i.e. 5 wt% Na2WO4 + 5 wt% TiO2) was chosen for the optimum catalyst for further studies.       
 
II-3.3.   Effect of N2/(4CH4:1O2) feeding gas ratio and reactor temperature  
 

The optimal catalyst was further investigated at various N2/(4CH4:1O2) feeding gas ratios (N2/(4CH4:1O2) = 
0.0–1.5) and reactor temperatures (600–800 ºC). For the previous studies in sections 3.1 and 3.2, the testing conditions 
were fixed at a CH4:O2 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 ºC and atmospheric pressure. In this section, N2 gas (a diluent gas) was co-fed with CH4:O2 by fixing 
the volume ratio of CH4:O2 = 4:1 and varying the volume ratio of N2/CH4:O2 from 0.0 to 1.5, and also varying the 
reactor temperature from 600 to 800 ºC, while the total feed flow rate was fixed at 50 mL/min. The C2+ yield, C2+ 
selectivity, and CH4 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. II-2. TiO2 loadings onto Na2WO4/SiO2 from 0–30 wt% by fixing the amount of Na2WO4 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 ºC. 
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Fig. II-3. a) C2+ selectivity, b) CH4 conversion, and c) C2+ yield of the optimum TiO2-Na2WO4/SiO2 catalyst at 
N2/(4CH4:1O2) feeding gas ratios of 0.0–1.5 by volume, reactor temperatures of 600–800 ºC, and total feed flow rate 
of 50 mL/min. 
 

Comparing the C2+ selectivities at one reactor temperature (Fig. II-3(a)), the C2+ selectivity mostly increased as 
the N2/(4CH4:1O2) feeding gas ratio increased. The maximum C2+ selectivity obtained was 91.5% with a N2/(4CH4:1O2) 
feeding gas ratio of 1.5 by volume and a reactor temperature of 650 ºC but the CH4 conversion and the C2+ yield were 
low at 1.9% and 1.7%, respectively. However, the C2+ yield at every testing temperature decreased when the 
N2/(4CH4:1O2) feeding gas ratio was over 1.0 by volume because the reactant gases (i.e. CH4 and O2) were too diluted. 
In other words, the reactants were not sufficient for the active sites of the catalyst. In contrast, the C2+ yield of the 
N2/(4CH4:1O2) 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 C2+ yields for these two conditions were relatively low.     

Considering the catalytic activities at one N2/(4CH4:1O2) feeding gas ratio; the catalytic activities increased when 
the reactor temperatures was increased from 600 to 700 ºC. However, at reactor temperatures above 700 ºC, the C2+ 
selectivities decreased with increasing CH4 conversion, and thus the overall C2+ production (i.e. C2+ yields) decreased 
because the combustion of CH4 to COx products is favored at high reaction temperature [3], as well as the C2+ products 
being able to further react with some active species of the catalyst or to react with O2 gas in the gas phase to further 
produce COx [18]. As seen in Fig. II-3(c)), the optimal C2+ yield was achieved at 4.9% with 71.7% C2+ selectivity and 



52 

 
 

 

 

6.8% CH4 conversion when the operating conditions were an N2/(CH4:O2) feed gas ratio of 1.0 by volume and 700 ºC. 
These conditions were then chosen for a further study on the stability of the catalyst.  
 
II-3.4.   Catalytic stability of Na2WO4-TiO2/SiO2  
 
 The catalytic stability of the Na2WO4-TiO2/SiO2 catalyst was investigated under the optimal conditions found in 
section 3.3. The activities of the catalyst over 24 h are presented in Fig. II-4. Promisingly, the C2+ 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 C2+ 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 Na2WO4-TiO2/SiO2 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.    
    

 
 
Fig. II-4. Catalytic performance of Na2WO4-TiO2/SiO2 catalyst, testing conditions: N2/(4CH4:1O2) feeding gas ratio of 
1.0, reactor temperature of 700 ºC, total feed flow rate of 50 mL/min, atmospheric pressure, and 24 h of testing.     
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II-3.5.   Characterization of TiO2/SiO2, Na2WO4/SiO2, and Na2WO4-TiO2/SiO2 catalysts 
 

The XRD pattern of the Na2WO4-TiO2/SiO2 catalysts compared with that of the TiO2/SiO2 and Na2WO4/SiO2 
catalysts are presented in Fig. II-5. The TiO2/SiO2 catalyst exhibited two small peaks at 2𝜃 of 25.2 and 48.5, indicating 
the presence of crystalline TiO2 (anatase). It was also noticed that the SiO2 support was in the amorphous phase. For 
the Na2WO4/SiO2 catalyst, two crystalline compounds were observed. The first one was the crystalline Na2WO4, 
showing the characteristic peaks at 2𝜃 of 1 6 . 7 , 27.5, 32.4 and 48.4. The other was the presence of α-cristobalite 
(one of the crystalline forms of SiO2), exhibiting the characteristic peaks at 2𝜃 of 21.9, 28.3, 31.3, 36.0, 47.8, and 
56.9. It was surprising to observe the formation of α-cristobalite at low a calcination temperature (800 ºC) in the 
presence of Na2WO4 because this crystalline form of SiO2 normally occurs at calcination temperatures above 1,500 
ºC [19]. Similarly, the α-cristobalite phase was observed in the Na2WO4-TiO2/SiO2 catalyst as clearly indicated by the 
characteristic XRD pattern. It was more interesting to observe that the characteristic peaks of TiO2 were clearly seen 
for the Na2WO4-TiO2/SiO2 catalyst compared to those peaks in the Na2WO4-TiO2/SiO2 catalyst. This suggested that the 
environment in this catalyst enhanced the crystallinity of TiO2. Thus, the important factor that promotes the formation 
of C2+ products of the Na2WO4-TiO2/SiO2 catalyst was the formation of the crystalline components (α-cristobalite, 
Na2WO4, and TiO2).  
 

 
 
Fig. II-5. XRD patterns of TiO2/SiO2, Na2WO4 /SiO2, and Na2WO4-TiO2/SiO2. 
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The surface morphologies of the three catalysts imaged using FE-SEM were compared with the pure SiO2 support 
and these are illustrated in Fig. II-6(a)–Fig. II-6(f). The SiO2 support (Fig. II-6(a)) and the TiO2/SiO2 catalyst (Fig. II-
6(b)) are similar, in that the particles are irregular in shape with sizes ranging from 20 to 50 nm. These particles were 
observed mostly in the amorphous SiO2 support. The particles of the Na2WO4/SiO2 catalyst (Fig. II-6(c) and Fig. II-
6(d)) were also irregular in shape. Interestingly, the typical shape of the amorphous SiO2 was completely transformed 
to a new shape, which was larger in size and possessed coral-reef like structures (approximately > 0.5 µm in diameter). 
This new structure was the crystalline α-cristobalite as identified by the XRD pattern. The Na2WO4-TiO2/SiO2 catalyst 
(Fig. II-6(e) and Fig. II-6(f) had similar the size and shape to the particles of the Na2WO4/SiO2 catalyst. However, some 
small particles (approximately 50-100 nm in diameter) were observed throughout the catalyst. These particles were 
identified as TiO2 crystals. 

The TEM images of the Na2WO4-TiO2/SiO2 catalyst compared with those of the TiO2/SiO2 and Na2WO4/SiO2 
catalysts are shown in Fig. II-7. The shape and size of each catalyst corresponded to the observation in the FE-SEM 
images (Fig. II-6). The TEM images of the Na2WO4/SiO2 (Fig. II-7(c) and 7(d)) and Na2WO4-TiO2/SiO2 (Fig. II-7(e) and 
7(f)) catalysts confirmed that the amorphous SiO2 support transformed to α-cristobalite when adding Na2WO4, in 
agreement with a previous report [20]. For the Na2WO4-TiO2/SiO2 catalyst, crystalline TiO2 particles were clearly 
observed with sizes ranging between 50 and 100 nm. 

 
Fig. II-6.  SEM images of pure SiO2 support (a), TiO2/SiO2 (b), Na2WO4/SiO2 (c, d), and Na2WO4-TiO2/SiO2 (e, f).   
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Fig. II-7. TEM images of TiO2/SiO2 (a, b), Na2WO4/SiO2 (c, d), and Na2WO4-TiO2/SiO2 (e, f). 
 

The BET surface areas, pore sizes, and pore volumes of the catalysts were measured using an N2-sorption 
analyzer. For comparison, the commercial SiO2 support (surface area of 85–115 m2/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 II-1 and Fig. II-8, the isotherm plot of the 
SiO2 support was similar to that of the TiO2/SiO2 catalyst, in which no hysteretic loop was observed. This indicated 
that the SiO2 support and the TiO2/SiO2 catalyst are 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 TiO2/SiO2 catalyst, suggesting that the TiO2 particles potentially deposited on the surface of SiO2 and create 
new surfaces, and thus the surface area of the TiO2/SiO2 catalyst increased. The surface areas of the Na2WO4/SiO2 
and Na2WO4-TiO2/SiO2 catalysts were much lower than those of the SiO2 support and the TiO2/SiO2 catalyst. This was 
consistent with the observations from using the FE-SEM (Fig. II-6.) & TEM (Fig. II-7.) images, in which the particle 
sizes of the catalysts containing Na2WO4 were larger than those of the TiO2 catalyst. The hysteretic loops of the 
Na2WO4/SiO2 and Na2WO4-TiO2/SiO2 catalysts were similar, 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 Na2WO4-TiO2/SiO2 



56 

 
 

 

 

catalyst had a quite small specific surface area, this catalyst had the highest C2+ yield, indicating that the synergistic 
catalyst effect or the selected active components plays a significant role in the catalytic performance.  

 
Table II-1. BET surface area (S.A.), pore size, and pore volume of TiO2/SiO2, Na2WO4/SiO2, and Na2WO4-TiO2/SiO2 
compared with pure SiO2 support. 
 

Material 
S.A. 

(m2/g ) 

Pore size 

(nm) 

Pore volume 

(cm3/g ) 

SiO2   86.5 22.2 0.480 

Na2WO4 / SiO2     6.5 9.1 0.015 

TiO2 / SiO2 106.2 17.5 0.460 

Na2WO4-TiO2/ SiO2     5.4 10.0 0.013 

 
 
The FT-IR patterns of the catalysts are presented in Fig. II-9. All three catalysts displayed the Si—O—Si rocking, 

the Si—O—Si bending, and the Si—O—Si stretching peaks appearing around 490, 800, and 1100 cm-1, respectively. 
There was one different peak appearing at 621 cm-1 for Na2WO4-TiO2/SiO2 and Na2WO4/SiO2, specifying the existence 
of α-cristobalite [19] in these two catalysts, in good agreement with the findings in Fig. II-5. As can be seen by the 
catalyst activities presented in Fig. II-1, the Na2WO4-TiO2/SiO2 catalyst had a C2+ yield greater than those of the two 
single catalysts. Thus, one of the important keys that can be considered to improve the C2+ yield is to have a catalyst 
consisting of α-cristobalite interacting with an active crystalline metal oxide. 
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Fig. II-8. Isotherm plots of (a) Na2WO4/SiO2 catalyst, (b) TiO2/SiO2 catalyst, (c) Na2WO4-TiO2/SiO2 catalyst, and (d) 
pure SiO2 support 
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Fig. II-9. FT-IR spectra of Na2WO4-Ti/SiO2, Na2WO4/SiO2, and TiO2/SiO2 catalysts. 
 

 
Fig. II-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 Na2O (1s = 1071.5 eV) WO4
2-(4f5/2 = 37.6 eV, 4f7/2 = 35.3 eV 

) for Na2WO4/SiO2 and (4f5/2 = 37.8 eV, 4f7/2 = 35.3 eV) for Na2WO4-TiO2/SiO2, and TiO2 (2p3/2 = 464.2 eV, 2p1/2 = 459.2 
eV) for TiO2/SiO2 and (2p3/2 = 464.5 eV, 2p1/2 = 458.8 eV) for Na2WO4-TiO2/SiO2. Of interest was that the peaks of 
WO4

2-and TiO2 shifted toward a higher binding energy when Na2WO4 and TiO2 were present in the same catalyst. This 
was because the Ti or W species are more likely to attach to WO4

-2 or O2- 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 
H2-TPR technique (see Fig. II-11). For the TiO2/SiO2 catalyst, no clear H2 reduction peak could be seen in this 
temperature range, consistent with previous reports [21, 22]. For Na2WO4/SiO2, a broad reduction peak starting from 
450 ºC to above 900 ºC with a maximum H2 consumption at about 800 ˚C was observed, indicating the reduction of 
W species [22].  The reduction behavior of the Na2WO4-TiO2/SiO2 catalyst was related to that of the Na2WO4/SiO2 

catalyst. However, the starting reduction temperature and the maximum temperature of the Na2WO4-TiO2/SiO2 catalyst 
shifted toward a higher temperature (approximately 50 ºC greater than those of the Na2WO4/SiO2 catalyst). This 
suggested that the redox properties of these metal species substantially change, probably because there is a strong 
interaction between the WO4

2- component and the TiO2 crystals [22]. 
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Fig. II-10. XPS spectra of Na2WO4-Ti/SiO2, Na2WO4/SiO2, and TiO2 /SiO2 showing scanning in the (a) Na, (b) W, and 
(c) Ti ranges. 
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Fig. II-11. H2-TPR patterns of Na2WO4-TiO2/SiO2, Na2WO4/ SiO2, and TiO2/SiO2. 
 

In previous reports on the activity of catalysts containing Na2WO4 and SiO2 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 α-
cristobalite phase was a critical necessity for the C2+ formation of catalysts containing Na2WO4 and SiO2 for OCM 
reaction [9]. Elkins, et al. claimed that the interaction between the α-cristobalite structure and the WO4

2− tetrahedron 
structure was crucial in the generation of C2+ and the inter-phase between these two components was the active 
surface species. Moreover, the WO4

2− tetrahedron could stabilize the Mn2O3 and Na2WO4 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 MnOx-Na2WO4/SiO2 catalysts by acting as both a chemical and a structural promoter 
[24, 25]. From these reports, it can be certainly claimed that the presence of the α-cristobalite structure, the crystalline 
Na2WO4, and the anatase-TiO2 crystals in the Na2WO4-TiO2/SiO2 catalyst strongly enhances the activity of the catalyst 
and is crucial for the formation of C2+ in the reaction.  

 
II-4.   Conclusions 
 
The combination of 5wt% TiO2 and 5wt% Na2WO4 on SiO2 support (i.e. Na2WO4-TiO2), prepared using the co-
impregnation method, was superior to the single catalysts of its component (i.e. Na2WO4/SiO2, TiO2/SiO2). In studying 
the operating conditions by co-feeding N2 gas as a diluent gas into the reactant gases at different volume ratios and 
different temperatures, the maximum C2+ yield was found at an N2/(4CH4:1O2) feeding gas ratio 1:1 by volume and at 
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700 ºC. The Na2WO4-TiO2 catalyst produced the highest C2+ yield at 4.9% with 71.7% C2+ 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 Na2WO4-TiO2 catalyst using XRD and FT-IR showed that α-cristobalite and 
crystalline anatase-TiO2 were present. These two crystal components played a significant role in the formation of C2+ 
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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Part III : Investigation of metal oxide additives onto Na2WO4-Ti/SiO2 catalysts for oxidative 
coupling of methane to value-added chemicals 

III-1. Introduction 

Methane (CH4) is the primary component of natural gas and biogas. It is considered a greenhouse gas 
about 25 times stronger than CO2 if these two gases are released to the atmosphere in the same amount [1]. 
Since CH4 is abundant on Earth, it is highly attractive to worldwide researchers to explore strategies to transform 
it into more useful products. One of the most challenging methods is the oxidative coupling of methane (OCM), 
which is a type of chemical reaction using air or oxygen directly reacting with CH 4 to produce useful 
hydrocarbons such as ethylene, ethane, propene, propane, etc. (C2+) [2-5]. In the absence or presence of a 
catalyst, the OCM reaction is exothermic and normally takes place in reaction temperatures of 600–1,000 °C 
[6]. Moreover, CO and CO2 can be produced as byproduct. However, it is believed that if a suitable catalyst 
is present, the products can be controlled and the extreme reaction temperature can be reduced. 

Previously, several potential catalysts have been reported for the OCM reaction to C 2+, especially Mn 
modified with a variety of co-catalysts, supports, and/or promoters, such as oxides of Mg, Na, and Ce. The 
activity of those catalysts was approximately <16% C2+ yield and 25–78% C2+ selectivity. Lately, a solid mixture 
of Na2WO4-Mn supported on SiO2 has been greatly attractive to researchers worldwide, because this 
combination is highly active for the OCM reaction. The catalyst has also been modified with many metals (e.g. 
Li, Na, K, Ba, Ca, Fe, Co, Ni, Al, Ti, Ce, etc.) [7-9]. Some of these modified catalysts, especially Na2WO4-
Mn/SiO2 doped with TiO2 [10, 11], exhibited an improvement on both C2+ yield and selectivity (i.e. 16.8% C2+ 
yield and 73% C2+ selectivity). The addition of a promoter into the Na2WO4-Mn/SiO2 catalyst (e.g. LiCl, NaCl, 
KCl, or CsCl) has also been found to result in the incorporation of the promoter into the catalytic material, thus 
increasing the number of strong basic sites, thereby enhancing the catalyst activity [12-14]. 

Recently, we have found a combination of Na2WO4 and Ti-supported SiO2 exhibiting high activity for the 
OCM reaction, giving 4.9% C2+ yield with 71.7% C2+ selectivity and 6.8% CH4 conversion at a reactor 
temperature of 700 °C and atmospheric pressure [15]. The activity of the catalyst had good stability over 24 h 
of on-stream testing. Moreover, a crystalline structure of α-cristobalite of SiO2 that was present along with TiO2 
crystals was found to substantially enhance the activity of the catalyst for the OCM reaction to C2+. Therefore, 
improve the activity of this catalyst is of great interest. Herein, we modify the catalyst by adding a metal oxide 
additive into the Na2WO4-Ti/SiO2 catalyst. The selected metal oxide additives include Co, Mn, Cu, Fe, Ce, Zn, 
La, Ni, Zr, Cr, and V. The most active catalyst is subsequently chosen to optimize the C2+ yield by varying 
operating conditions. Additionally, advanced instrument techniques are also used to analyze the prepared 
catalysts to acquire their physicochemical properties to relate with their catalytic activity. 
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III-2. Experimental 

III-2.1. Catalyst preparation 
 All of the catalysts were prepared using co-impregnation as follows. Weights of Na2WO4 (Na2WO4•2H2O, 
98.0~101.0%, Daejung), Ti (C12H28O4Ti, 97+%, Alfa Aesar), and X (X = Co, Mn, Cu, Fe, Ce, Zn, La, Ni, Zr, Cr, or V) 
were determined and pipetted from each stock precursor solution into amorphous fume SiO2 (surface area of 
85-115 m2/g, Alfa Aesar) to obtain a desired weight percentage of the metal components. Note that the precursor 
of the 11 elements was in the form of metal nitrate hydrate, and the weight percentage of each component on 
the support was calculated based on the formula appearing in each catalyst’s name. For example, for the 
Na2WO4-Ti-Mn/SiO2 catalyst, the weights of Na2WO4, Ti(0), and Mn(0) were determined and loaded onto the 
SiO2 support. After that, the mixture was stirred at room temperature for 2 h and heated to 120 °C until dried. 
Then, the dried powder was set to calcine in an air furnace at 800 °C for 4 h. Finally, the powder was ground 
until a fine powder was obtained. The weight percentage of each component for each catalyst will be elaborated 
in the results and discussion of that mentioned figure. 
 

III-2.2 Catalytic activity test 

The activity of each prepared catalyst for the OCM reaction was evaluated in a plug flow reactor at 
atmospheric pressure. The reactor temperature was set in the range of 600–800 °C. A catalyst (8–72 mg) 
was packed in a quartz tube reactor (0.5 cm inner diameter) and sandwiched between layers of quartz wool. The 
feed gas consisted of methane (CH4, 99.999%, Praxair), oxygen (O2, 99.999%, Praxair), and nitrogen (N2, 
99.999%, Praxair) at a volume ratio of CH4:O2:N2 = 3:1:0, 3:1:2, or 3:1:4 with a total feed flow rate in the range 
of 35–95 mL/min. The effluent gas was evaluated using an online gas chromatograph (SHIMADZU, GC-14A) 
equipped with a flame ionization detector (FID; for analyzing C2H4, C2H6, C3H6, C3H8 and C4H8, and C4H10) 
and a thermal conductivity detector (TCD; for analyzing CO, CO2, and CH4). The activity of each catalyst was 
analyzed after the system had reached a set point of 2 h.  Equations (1)–(4) show the formulas for calculating 
the %CH4 conversion, %C2+ selectivity, %COx selectivity, and %C2+ yield. 

 

% CH4 conversion =  
moles of CH4input−moles of CH4output

moles of CH4 input
× 100 (1) 

% C2+ selectivity =  
moles of C2+

Total moles of products
× 100   (2) 

% COx selectivity =  
moles of COx

Total moles of products
× 100   (3) 
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% C2+ yield =  
% CH4conversion×% C2+selectivity

100
    (4) 

 

III-2.3. Catalyst characterization 

The X-ray diffraction (XRD) patterns of each catalyst were obtained using a powder X- ray diffractometer 
(PXRD; JEOL JDX-3530 and Philips X-Pert, using Cu-Kα radiation, 45 kV and 40 mA). The electronic states of 
selected elements in each catalyst were examined using X-ray photoelectron spectroscopy (XPS; Kratos Axis 
Ultra DLD) with Al Kα for the X-ray source. The surface morphology of the samples was imaged using a 
scanning electron microscope (SEM, FE-SEM: JEOL JSM7600F).  
 
III-3. Results and discussion 

III-3.1. Activity of Na2WO4-Ti/SiO2 added metal oxide additives 
In catalyst screening experiments for the OCM reaction in our laboratory, we have found that 5wt% 

Na2WO4 + 5 wt% Ti on SiO2 (denoted as Na2WO4-Ti/SiO2) showed a priming result for C2+ production. We also 
found, from an XPS measurement of the catalyst, that the form of Ti was TiO2 (data are not shown here). In 
this work, the Na2WO4-Ti/SiO2 catalyst was further investigated by adding 11 elements, Co, Mn, Cu, Fe, Ce, 
Zn, La, Ni, Zr, Cr, and V. These 11 elements were selected from the transition metals because of their availability, 
non-toxicity, inexpensiveness, and, more importantly, inactiveness for CH4 combustion [16]. All of the Na2WO4-
Ti/SiO2 catalysts with added metal oxide additive were prepared using a metal ratio of Na2WO4:Ti:X = 5:5:2 
(where X is an metal oxide additive and its weight is calculated on the basis of the metallic form). The total 
metal loading was 12 wt% for every catalyst, except Na2WO4-Ti/SiO2 (i.e. 5wt% Na2WO4 + 5 wt% Ti). The 
activity test results of the catalysts are presented in Fig. III-1. 

Under the same testing conditions, the catalyst without metal oxide additive exhibited 4.43% C2+ 
yield with 33.8% C2+ selectivity and 13.34% CH4 conversion. The most promising catalyst was the addition of 
Mn into the Na2WO4-Ti/SiO2 catalyst, yielding 9.97% with 35.0% C2+ selectivity and 29.48% CH4 conversion. 
The other metal oxides, which were added into the Na2WO4-Ti/SiO2 catalyst and gave a C2+ yield higher 
than that of the catalyst without metal oxide additive, were (in order) Co > Fe > Ce > Zn, giving C2+ 
yield in a range of 4.50–7.65%. The addition of Mn clearly greatly improved the activity of Na2WO4-Ti/SiO2. The 
characterization using XRD and XPS of these catalysts will reveal how the activities of some catalysts improve, 
which will be presented in the next section. 
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Fig. III-1. Catalyst activity of Na2WO4-Ti/SiO2 added metal oxide additives. Reaction conditions: CH4:O2:N2 ratio = 
3:1:0, catalyst weight = 8 mg, total feed flow rate of 35 mL/min, reactor temperature = 700 °C. 
 
III-3.2. XRD and XPS analyses of Na2WO4-Ti/SiO2 added metal oxide additives 

XRD patterns of the Na2WO4-Ti/SiO2 catalysts with added metal oxide additives are presented in Fig. 
III-2. The characteristic peaks of α-cristobalite (2theta = 22.1, 28.6, 31.5, 36.1, 41.2, 42.9, and 44.9 (ICDD No. 
00-001-0438)) appeared for all catalysts. A small XRD peak indicating the presence of α-tridymite (2theta = 
21.8, 23.3, 27.3, and 30.1 (ICDD No. 00-003-0227)) was also observed. The characteristic peaks of Na2WO4 
(16.9, 27.8, 32.4, 48.8, 52.1, and 57.1 (ICDD No. 01-074-2369)) appeared in the Na2WO4 catalysts with no 
added (-), Zn, Ni, Mn, Fe, Cu, and Co. The characteristic peaks of TiO2 (2theta = 25.2, 37.0, 48.0, 54.1, and 
55.0 (ICDD No. 01-073-1764)) were seen in the Na2WO4 catalysts with no added (-), Zr, Zn, V, La, and Ce. It 
should be noted that the most active catalyst presented in Fig. III-1 was Na2WO4-Ti-Mn/SiO2. As shown in Fig. 
III-2, this catalyst consisted of α-cristobalite, crystalline Na2WO4, and crystalline Mn2O3 (2theta = 33.1, 38. 1, 
and 44.8 (ICDD No. 00-002-0896)). Hence, the presence of these crystalline phases is essential for the OCM 
reaction. For the role of Ti, its combination with Mn has been proposed in the form of the MnTiO3 phase; then, 
the MnTiO3 phase plays an important role in remarkably improving the catalyst activity [10, 11]. However, no 
XRD peaks of MnTiO3 can be observed in Fig. III-2, probably because a small amount of Mn was loaded and/or 
the crystal species is too small to be detected. 
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The XPS spectra of all catalysts in the range of W (4f) and Ti (2p) regions are presented in Fig. III-3 
and 4, respectively. The observed peaks corresponded to 2-WO4

2- (4f5/2 ~ 37.6 eV, 4f7/2 ~ 35.4 eV) and TiO2 
(2p1/2 ~ 464 eV, 2p3/2 ~ 459 eV). Of interest was that the peaks of WO4

2-and TiO2 of each catalyst were not 
identical. Perhaps, the addition of metal oxides influences the interaction of WO4

2- or Ti bonding with O2-, thus 
leading to shifts of the binding energies [17-19]. 
 

 

 

Fig. III-2. XRD patterns of Na2WO4-Ti/SiO2 catalyst added metal oxide additives, fixing wt% of Na2WO4:Ti:X = 5:5:2 
and SiO2 balance. 
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Fig. III-3. XPS spectra of Na2WO4-Ti/SiO2 added different metal oxide additives showing binding energy in the range 
of W4f. 

 
Fig. III-4. XPS spectra of Na2WO4-Ti/SiO2 added different metal oxide additives showing binding energy in the range 
of Ti2p. 
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The most interesting results are presented in Fig. III-5, showing the plots of CH4 conversion of each 
catalyst versus its binding energy of W 4f7/2 (Fig. III-5a) and Ti 2p3/2 (Fig. III-5b). The plots in each figure can 
be divided into two groups: group 1 (the catalysts containing Mn, Fe, Co, and Cr) and group 2 (the catalysts 
containing Cu, Zn, Ce, La, Ni, Zr, and V). The catalysts in group 1 possessed binding energies in a range of 
35.12–35.24 eV for W 4f7/2 and 457.90–458.20 eV for Ti 2p3/2, while the catalysts in group 2 gave the XPS 
signal in a range of 35.36–35.56 eV for W 4f7/2 and 458.34–458.68 eV for Ti 2p3/2. It is interesting to see that 
the CH4 conversions of the catalysts in group 1 were significantly higher than those in group 2. Moreover, the 
catalysts in group 1 clearly exhibited binding energies lower than the catalysts in group 2. Importantly, these 
findings suggest that the metal additives—that are able to shift the binding energies of W 4f and Ti 2p toward 
lower binding energies when added into the Na2WO4-Ti/SiO2 catalyst—are highly active for the OCM reaction. 
It is possible that when the binding energy of W 4f or Ti 2p shifts toward a lower binding energy, the energy to 
remove an electron from the outer electron layer of W or Ti will become lower [18]. This reveals that it becomes 
easier for an oxygen atom bonding with W or Ti to dissociate or leave from the center. In other words, when an 
oxygen molecule adsorbs onto an active site—WO4

2- associated with Ti2+—it will dissociate and bond with the 
center of W or Ti. Due to the influence of a metal oxide additive added into the catalyst, the oxygen atom can 
easily detach from and leave the active metal center as H2O [18]. This proposed behavior can significantly 
enhance the reaction mechanism for OCM. As a result, the catalysts in group 1 exhibit a higher CH 4 conversion 
relative to those in group 2. Future studies, to deeply understand the reaction mechanism, are required. 
 

   
 

Fig. III-5. Plots of correlation between CH4 conversions and binding energies of a) W 4f7/2 and b) Ti 2p1/2. 
 
III-3.3. Optimization of Na2WO4-Ti-Mn/SiO2 catalyst for production of C2+ 

The Na2WO4-Ti-Mn/SiO2 catalyst was further optimized to increase C2+ yield by first varying the weight 
percentage of Mn into Na2WO4-Ti/SiO2 from 0.0 to 2.5 wt%. The results are shown in Fig. III-6. The C2+ yield 
was found to be optimized at 0.5 wt% Mn loading (12.16% C2+ yield with 39.7% C2+ selectivity and 30.62% CH4 
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conversion, then the C2+ yields slightly decreased to approximately 9.6%). The decrease in the activity of the 
catalysts with Mn loading over 0.5 wt% could be due to the formation of MnOx multilayers, which affects the 
generation of nucleophilic oxy species (e.g. O2

–, O2
2–, and O–) [20]. SEM images of the catalysts shown in Fig. 

III-6 are illustrated in Fig. III-7. As shown, the surface morphology and particle size of all catalysts are similar. 
All the particles are irregularly shaped with various sizes, ranging from 50 nm to about 1 µm in diameter of coral 
reef-shaped particles. Nevertheless, the catalytic activity of each catalyst is different, probably due to differences 
in the distribution of the active Mn species (Mn2O3, MnTiO3) in each catalyst. 

The best Na2WO4-Ti-Mn/SiO2 catalyst found in Fig. III-6 was further investigated by varying catalyst 
amounts and reactant gas feeding ratios, while the total feed flow rate was fixed at 35 mL/min for every condition.  
Three reactant gas feeding ratios of CH4:O2:N2 were used, including CH4:O2:N2 = 3:1:0, 3:1:2, and 3:1:4. 
The results are plotted in Fig. III-8. As expected, the activity of the catalyst increased on increasing the 
catalyst amount because the number of active sites increase as the catalyst amount increases. Consequently, 
more CH4 can react with the active sites, thereby increasing the C2+ yields. The catalyst amount of each reactant 
gas feeding ratio that delivered the highest C2+ yield was 24, 48, and 64 mg, giving a C2+ yield of 19.19%, 
19.61%, and 18.70% when the reactant gas feeding ratio of CH4:O2:N2 was 3:1:0, 3:1:2, and 3:1:4, respectively. 
It should be noted that the optimal point of each condition is the point where the O2 gas is completely 
consumed. Thus, after the optimal points, the CH4 conversions should have been steady. However, the C2+ 
conversions minimally decreased with gradual decreases of C2+ yields, potentially because the C2+ products 
can further react with some special active sites to produce CO, CO2, and even CH4 [21-27]. Thus, the CH4 
conversion decreased as the catalyst amount increased. 

 

 
Fig. III-6. Effect of Mn loading into Na2WO4-Ti/SiO2. Reaction conditions: CH4:O2:N2 ratio = 3:1:0, catalyst weight = 8 
mg, total feed flow rate of 35 mL/min, reactor temperature = 700 °C. 
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Fig. III-7. SEM images of Na2WO4-Ti-Mn/SiO2 catalysts at different Mn loadings: a) 0 wt%, b) 0.5 wt%, c) 1.0 wt%, 
d)1.5 wt%, e) 2.0 wt%, and f) 2.5 wt%. 

The optimal catalyst amount of each condition found in Fig. III-8 was selected to study the effect of 
reactor temperature at three different CH4:O2:N2 feeding gas ratios, as shown in Fig. III-9. For every feeding gas 
ratio, the C2+ selectivities, CH4 conversions, and C2+yields increased with increase in reactor temperatures, 
reaching an optimal value at 700 °C. The highest C2+ yield was achieved at 19.61% with 60.40% C2+ selectivity 
and 32.48% CH4 conversion when the CH4:O2:N2 feeding gas ratio was 3:1:2. At reactor temperatures above 
700 °C, the catalyst activity for C2+ formation rapidly dropped, while the CH4 conversions slowly decreased. It 
is possible that the C2+ products quickly combust in the presence of O2 or react further easily with active sites 
at high reactor temperatures.  Similar to the results   in Fig. III-8, the slow decreases of CH4 conversion as 
reactor temperature rose were due to the additional CH4 from the decomposition of C2+ [17, 28-31]. 
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Fig. III-8. Activity of Na2WO4-Ti-Mn/SiO2 catalyst at different catalyst amounts and different CH4:O2:N2 feeding gas 
ratios. 

 

 
Fig. III-9. Activity of Na2WO4-Ti-Mn/SiO2 catalyst at different reactor temperatures and different CH4:O2:N2 feeding 
gas ratios. Reaction conditions: catalyst weight = 24, 48, and 64 mg for CH4:O2:N2 = 3:1:0, 3:1:2, and 3:1:4, 
respectively, total feed flow rate = 35 mL/min. 
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In general, a fuel-rich condition (i.e. CH4:O2 ratio > 1.0) is more favorable for C2+ production in the 
OCM reaction. The complete combustion of CH4 is strongly favorable under fuel-lean conditions. Therefore, 
the effect of CH4:O2 ratio on the activity of the optimal catalyst was studied, as shown in Fig. III-10. The 
CH4:O2 ratios were varied from 1.0 to 3.0, for which the conditions ranged from fuel-lean to fuel-rich. The results 
evidently showed that the C2+ yields slowly increased as the CH4:O2 ratios were lowered. In other words, O2 
increases into the feed resulted in increases of C2+ yields and CH4 conversions. Nonetheless, the C2+ 
selectivities significantly decreased. The results suggest that O2 increases into the feed enhance the 
formations of CO and CO2 more than those of C2+ products [9, 26, 27]. 

 

 

 

Fig. III-10. Effect of varying CH4:O2 ratio of Na2WO4-Ti-Mn/SiO2 catalyst. Reaction conditions: (CH4+O2):N2 ratio 
= 2:1, catalyst weight = 48 mg, total feed flow rate = 35 mL/min, reactor temperature = 700 °C. 

The effect of total feed flow rate of the Na2WO4-Ti-Mn/SiO2 catalyst for OCM reaction was also 
investigated as presented in Fig. III-11. In general, a short resident time inside a porous catalyst favors C2+ 
selectivity because it reduces chances of combustion of C2+ products. The results remarkably showed that the 
C2+ yields and selectivities were achieved at approximately 20–22% and 60–62%, respectively, while the CH4 
conversions were slightly changed at approximately 32–35% when the total feed flow rate was in the range of 
45–75 mL/min. At above 75 mL/min, the activity of the catalyst slowly decreased, potentially because the 
residence time or the contact time between the reactants and the catalyst was greatly reduced. 
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Lastly, a time-on-stream experiment over 24 h of the Na2WO4-Ti-Mn/SiO2 catalyst at the optimized 
operating conditions was conducted to monitor its catalyst stability. The plots are presented in Fig. III-12. It was 
found that the CH4 conversions and the C2+ yields slightly decreased from the second to the last hour, while 
the C2+ selectivity remained virtually unchanged. The C2+ yield was reduced from 21 to 16% within 24 h of 
experiment. The catalyst used for 24 h was then observed to examine why the catalyst deactivated using SEM 
and XRD analyses, as shown in Fig. III-13. Apparently, the particle sizes of the used catalyst were much 
larger (about 50 times) than those of the fresh catalyst. This indicated that one possible cause of the 
gradual deactivation of the catalyst was the aggregation of the particles (i.e. catalyst sintering). Comparison 
of the XRD spectra of the fresh and used catalysts shows that the peaks of α-tridymite (2θ = 21.8, 23.3, 
27.3, and 30.1 (ICDD No. 00-003-0227)) were clearer compared to those of the fresh catalyst, while the 
NaWO4 peaks of the used catalyst were smaller relative to those of the fresh catalyst. The peaks of α-
cristobalite and TiO2, however, exhibited no substantial change. This might suggest that the crystallite size 
of α-tridymite could grow after many hours of testing. However, it has been reported that the change of 
α-cristobalite and α-tridymite does not substantially influence the activity of Na2WO4-MnOx-containing 
catalysts for OCM reactions [32]. Thus, it is not only catalyst sintering that causes the gradual deactivation, 
but also the loss of Na2WO4. 

 
 
Fig. III-11. Effect of varying total feed flow rate on catalytic performance of Na2WO4-Ti-Mn/SiO2. Reaction conditions: 
CH4:O2:N2 ratio = 3:1:2, catalyst weight = 48 mg, reactor temperature = 700 °C. 
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Fig. III-12. Catalyst performance of Na2WO4-Ti-Mn/SiO2 of OCM reaction as a function of time on stream over 24 h. 
Reaction conditions: CH4:O2:N2 ratio = 3:1:2, catalyst weight = 48 mg, total feed flow rate = 75 mL/min, reactor 
temperature = 700 °C. 
 

 
 

Fig. III-13. SEM images (top) and XRD spectra (bottom) of fresh and used Na2WO2-Ti-Mn/SiO2 catalyst. 

III-4. Conclusion 
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The purposes of this work were to study the effects of metal oxide additives on the performance of the TiO2-
Na2WO4/SiO2 catalyst for the OCM reaction to value-added chemicals and to optimize the C2+ yield of the most 
promising catalyst. The plots between the CH4 conversions and the binding energies of W 4f7/2 and Ti 2p3/2 of 
the prepared catalysts have revealed that the catalysts that exhibited lower binding energy values possessed 
high catalytic activity. This is because the bond strength between W or Ti with O becomes weaker, thereby 
promoting the OCM reaction. Moreover, the addition of Mn into the Na2WO4-Ti/SiO2 catalyst was the most active 
catalyst. The crystalline phases of α-cristobalite, Na2WO4, and Mn2O3 were present in the most promising 
catalyst. In the attempts to optimize the C2+ yield by varying operating conditions, the maximum C2+ yield of the 
Na2WO4-Ti/SiO2 catalyst added 0.5 wt% Mn was achieved at 22.09% with 62.3% C2+ selectivity and 35.43% 
CH4 conversion. The optimal conditions were a reaction temperature of 700 °C, a CH4:O2:N2 feeding gas ratio 
of 3:1:2, a total feed flow rate of 75 mL/min, and 48 mg of the catalyst. The stability of the catalyst was also 
investigated, concluding that the catalyst gradually deactivated with time on stream because of catalyst sintering 
and the loss of Na2WO4 content. How to prevent catalyst deactivation and improve the C2+ selectivity of the 
Na2WO4-Ti-Mn/SiO2 catalyst will be of great interest to further studies. 
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A B S T R A C T

A combinatorial approach was applied to explore active binary catalysts for oxidative coupling of
methane (OCM) to value-added hydrocarbons (C2+). A screening of 25 selected single components
on SiO2 for OCM reaction identified the top-14 single active components as follows:
La > Ce > Ga > Al > Ca > Cr > Ba > Na2WO4>Mn > Cu > Ti > Zn > Rb > Ni. Binary catalyst
screening was then performed and resulted in a combination of Na2WO4 and Mn producing the most active
binary catalyst. X-ray powder diffraction measurement of the Na2WO4-Mn/SiO2 catalyst revealed that the
presence of α-cristobalite phase was essential for the activation of methane. Moreover, the X-ray photoelectron
spectroscopy spectrum of the Na2WO4-Mn/SiO2 catalyst showed that the binding energy of W4f and Mn 2p
shifted toward a lower binding energy, thereby enhancing the catalytic activity. Optimization of C2+ production
of the catalyst by varying Na2WO4:Mn weight ratios, total metal loadings, catalyst weights, and feeding gas
compositions, achieved maximum C2+ yield of 23.54% with 60.5% selectivity and 39.67% methane conversion.
Furthermore, the activity of the Na2WO4-Mn/SiO2 catalyst was monitored with time-on-steam for 50 h, revealing
good catalyst stability.

1. Introduction

Methane (CH4) is the primary constituent of natural gas and biogas.
Since it is abundant in natural resources, it is of great interest for
conversion of CH4 into value-added chemicals (C2+) such as ethylene
and ethane. Oxidative coupling of methane (OCM) using solid catalysts
is one of the most attractive chemical reactions to directly convert CH4
into value-added hydrocarbons. This catalytic reaction has been of in-
terest to industrial and academic researchers since the 1980s. In a
condition where O2 is present without a catalyst being used, CH4 can be
directly oxidized at high temperatures (> 700 °C), known as direct gas-
phase oxidation of CH4. The input energy can break the CeH bonds of
CH4 into a methyl radical, which can further react with another methyl
radical to form ethane. Additionally, ethylene, other C2+, and COx can
form under such uncontrollable pathways [1–3]. Therefore, selective
solid catalysts have been researched for use in the OCM reaction.

In the past several years, many solid catalysts have been in-
vestigated for this transformation. Potential catalysts have been re-
ported including Mn modified with various types of supports and co-
catalysts [4–9], such as oxides of Mg [10,11], Na [12,13], Li [14,15],

and Na2WO4 [16,17]. The C2+ yields and C2+selectivities were ap-
proximately< 16.0% and 25.3–60.5%, respectively. Binary catalysts of
Na2WO4-Mn have been widely investigated because this metal combi-
nation is highly active for OCM [18–24], providing 2.1–26.4% C2+
yields and 42.8–80.0% C2+ selectivities. Other metal oxide catalysts
and mixed metal oxides have also been found active for OCM including
LaXO3 [25–27], Ag/SrFeO3 [28], Metal or PtSn/SiO2 [29–32], Me-
tal–Mg [33–36], and La2O3/CaO [37–39]. However, a viable catalyst
that meets the industrial requirements (i.e. C2+ selectivity plus C2+
yield> 110) has yet to be found. Therefore, the search for new cata-
lysts for OCM reaction is still continuing.

For the rapid search of new active catalysts from large numbers of
experiments to test via reactions, combinatorial synthesis and screening
can be applied effectively [40]. Here, we present a successful attempt to
rapidly search for binary catalysts for OCM by applying the combina-
torial approach. First, a number of elements/components were selected
from active ones that have been reported in the literature as well as
taking onto account their availability. A screening test was then quickly
made to attain active single components. Subsequently, a binary
screening was carried out, which delivered a highly active binary
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catalyst. The catalyst discovered was then carefully investigated to
achieve the optimal C2+ yield at a certain reactor temperature, and also
intensively characterized to understand why it was highly active in the
OCM reaction.

2. Experimental

2.1. Catalyst preparation

All catalysts were prepared using impregnation. In total, 25 single
component catalysts and 91 binary catalysts were prepared on SiO2
(amorphous fumed silica powder, surface area of 85-115m2/g, Alfa
Aesar) at 5 and 10wt%, respectively. The binary catalysts used a metal
weight ratio of 1:1. Briefly, each metal precursor (see Table S1) was
dissolved in DI water. Then, each metal ion solution was determined
and pipetted into the SiO2 support to achieve the desired weight per-
centages and metal weight ratio. The mixture was stirred at room
temperature for 2 h, then heated to 115 °C and stirred until dried. The
obtained powder was calcined at 800 °C for 4 h in an air furnace at a
heating rate of 5 °C/min. After the calcination, a fine powder was ob-
tained.

2.2. Catalyst activity test

Catalytic activity for OCM reaction of each catalyst was examined in
a traditional packed bed reactor at atmospheric pressure and in a re-
actor temperature of 700 °C. Each prepared catalyst (2–200mg) was
packed in a quartz tube (0.5 cm in inner diameter) and sandwiched
between two quartz wools. The feed gases were CH4 (Praxair,
99.995%), O2 (Praxair, 99.95%), and N2 (Praxair, 99.999%) at a vo-
lume ratio of CH4:O2:N2=3:1:0 or 3:1:4 at a total flow rate of 35mL/
min (GHSV=210,000–2000 h−1) controlled by mass flow controllers
(Aalborg GFC17). The effluent gas was analyzed by gas chromato-
graphy (SHIMADZU, GC-14A) equipped with a thermal conductivity
detector (TCD, for detecting CO, CO2, and CH4) and a flame ionization
detector (FID, for detecting C2+ products, i.e. C2H4, C2H6, C3H6, C3H8,
C4H8, and C4H10). The activity of the catalyst was evaluated after the
system had reached the set point for 2 h. The %CH4 conversion, %C2+
selectivity, %COx selectivity, and %C2+ yield were calculated using
Eqs. (1)–(4).

= ×% CH conversion moles of CH in-moles of CH out
moles of CH in

1004
4 4

4 (1)

= ×+
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Total moles of products
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2
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2.3. Catalyst characterization

The XRD patterns of the samples were conducted using X-ray
powder diffraction (X-Ray Diffractometer, XRD: Philips: X’Pert, using
Cu-Kα radiation, 40 kV and 30mA, 0.02° step size, 0.5 s step time). The
surface morphology of the catalysts was imaged using a scanning
electron microscope with an energy dispersive X-ray spectrometer (FE-
SEM/EDS, FE-SEM: JEOL JSM7600 F). The surface area, pore volume,
and pore size of the catalysts were analyzed using N2-physisorption
(BET: 3Flex Physisorption Micromeritics). The electronic states of si-
licon (Si 2p), tungsten (W 4f), manganese (Mn 2p), and sodium (Na 1 s)

for the catalysts were characterized using X-ray photoelectron spec-
trometry (XPS, Kratos Axis Ultra DLD, using Al Kα for the X-ray source).
Coke formation of fresh used catalysts was also analyzed using ther-
mogravimetric analysis-derivative thermogravimetry (TGA-DTG,
Perkin Elmer Pyris 1 TGA). A sample of 10mg was loaded into an
alumina crucible. Each sample was initialized by introducing air (zero
gas, Lab grade purity, Thai Standard Gas Co., Ltd (TSG)) gas at a feed
flow rate of 100mL/min. The system was then heated from room
temperature to 1000 °C with a heating rate of 10 °C/min.

3. Results and discussion

The catalytic activity for OCM reaction of each single component
catalyst compared with a blank test (without a catalyst used) is pre-
sented in Fig. 1 (also see Table S2 & Fig. S1–S3). It should be noted that
some elements/components were not chosen for the screening test be-
cause they are expensive (Ru, Rh, Pd, Ir, Pt, and Au), unstable at high
temperatures (Ag), toxic, or unavailable. In addition, the elements that
generally yielded a high CH4 combustion to COx (Ru, Rh, Pd, Ir, and Pt
[41]) were not of interest. Moreover, it is important to note that the
C2+ yield was the criterion used to identify a superior catalyst when
comparing the activities of catalysts.

From Fig. 1, La/SiO2 had the highest C2+ yield at 5.56% with 52.8%
C2+ selectivity and 10.53% CH4 conversion under the test conditions.
Surprisingly, the catalytic performance of the blank test conducted
under the same test conditions was relatively high compared to these
catalysts, giving 3.72% yield, 38.6% C2+ selectivity and 9.64% CH4
conversion. This indicated that the gas phase reaction for the OCM
reaction could take place at this reactor temperature (700 °C) [1,8,42].
The top-14 active catalysts that with a C2+ yield higher than that of the
blank test were (in order), giving 5.56–3.83% C2+ yields. The other
single component catalysts had a C2+ yield lower than that of the blank
test, suggesting that those single components are inactive for the OCM
reaction.

The search of binary catalysts (combinations of two main active
components that exhibit a synergistic catalyst effect for the OCM re-
action) was the primary purpose of this work. A number of active
components must be chosen for binary screening. Practically, all of the
components could be chosen for the binary catalyst screening test.
However, it is believed that a combination of a relatively high active
component mixed with another high active component is more likely to

Fig. 1. C2+ selectivity, CH4 conversion, and C2+ yield of single component
catalysts (10 wt%) compared with a blank test. Testing conditions: reactor
temperature =700 °C at atmospheric pressure, CH4:O2:N2=3:1:0, total flow
rate =35mL/min (GHSV=50,000 h−1), catalyst amount =8.0mg.
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exhibit a synergistic catalyst effect as evidenced in previous works
[41,43].

In order to narrow the choices of active components and shorten the
time of the screening test, the top-14 single components achieving a
C2+ yield higher than that of the blank test shown in Fig. 1 were chosen
for further binary catalyst screening. These 14 components were made
into binary catalysts, which were prepared by combining each one with
the other 13 in turn, providing 91 binary catalysts in total. Each catalyst
was prepared using a co-impregnation method that involved an active
component ratio of 1:1 and a total weight loading of the active com-
ponent on SiO2 of 10 wt%. The results of the screening test are pre-
sented in Fig. 2 a)–d) and the values of the products and the byproducts
are presented in Table S3. It was found that the outstanding catalyst
was the combination of Na2WO2 and Mn on the SiO2 support (Na2WO4-
Mn/SiO2), giving the highest C2+ yield of 9.18% with 36.2% C2+ se-
lectivity and 25.36% CH4 conversion. Several other catalysts also pro-
vided a C2+ yield higher than that of the blank test. It is interesting to
see that many of the binary catalysts made from Ga (including Ga-Za,
Ga-Rb, Ga-Cr, Ga-Al, and Ga-Na2WO4) were in the top-23 active binary
catalysts (Fig. 2a). Moreover, the binary catalyst that offered the
highest selectivity was Ca-La, yielding 44.7% C2+ selectivity with
4.96% C2+ yield and 11.10% CH4 conversion. These catalysts are of
great interest for future study.

The Na2WO4-Mn/SiO2 catalyst was further studied by varying the
weight ratio of Na2WO4:Mn, while the total weight loading was main-
tained at 10 wt%. The results are plotted in Fig. 3 and the distributions

of the products and the byproducts are listed in Table S4. Promisingly,
when the Na2WO4:Mn was 6:4, the values of all of the activities—C2+
selectivity, CH4 conversion, and C2+ yield—were the highest at 49.6%,

Fig. 2. a)–d) C2+ selectivity, CH4 conversion, and C2+ yield of binary catalysts (weight ratio of 1:1 and total weight loading of 10 wt% on SiO2) compared with a
blank test. Testing conditions: reactor temperature =700 °C at atmospheric pressure, CH4:O2:N2=3:1:0, total flow rate =35mL/min (GHSV=50,000 h−1), catalyst
amount =8.0mg.

Fig. 3. C2+ selectivity, CH4 conversion, and C2+ yield of Na2WO4-Mn/SiO2
catalysts at different weight ratios of Na2WO4:Mn with a total weight loading of
10 wt% on SiO2.Testing conditions: reactor temperature =700 °C at atmo-
spheric pressure, CH4:O2:N2=3:1:0, total flow rate =35mL/min
(GHSV=50,000 h−1), catalyst amount =8.0mg.
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29.14%, and 14.44%, respectively. As seen in the XRD patterns is
presented in Fig. 4 (also see Table S9), the characteristic peaks of α-
cristobalite appeared for catalysts containing Na2WO4, while for cata-
lysts containing Mn, the characteristic peaks of Mn2O3 were dominant
compared to those of Mn3O4. Furthermore, as seen in the SEM images
Fig. 5, the particle size and shape of the catalyst at the Na2WO4:Mn
ratio of 6:4 were uniform throughout the sample. At low Na2WO4:Mn
ratios, amorphous SiO2 could still be observed and at high Na2WO4:Mn
ratios, very large particles (α-cristobalite) formed. These indicated that
the formation of α-cristobalite and crystalline manganese oxides and
the particle size are essential for catalytic activity.

Moreover, N2-physisorption was used to determine the surface area
of the catalysts presented in Fig. 4, as shown in Table 1. The catalyst
impregnated with only Mn (Na2WO4:Mn ratio= 0:10) had the largest
BET surface area (80.01 m2/g) among the catalysts. The BET surface
area of the catalysts containing Na2WO4 was relatively much smaller
(< 5 m2/g) than that of the catalyst impregnated with only Mn because

the combinations of Na2WO4 and silica result in the occurrence of the
α-cristobalite phase, which has large particle sizes and very small pore
volumes, in good agreement with the observations in Figs. 4 and 5. In
addition, the basicity of each catalyst in Fig. 4 was determined using
CO2-TPD, as shown in Figs. S7. It was found that only the catalyst
impregnated with only Mn had one clear peak at 213 °C—assigned to be
a weak basic site—while no clear peaks could be observed for the other
catalysts. It was possible that the catalysts containing Na2WO4 had such
a small BET surface area that a trace amount of CO2 could be adsorbed
and desorbed and/or the catalytic materials themselves possessed a low
CO2 adsorption capacity. This implies that the basicity of the catalysts
containing Na2WO4 and Mn on SiO2 did not play a significant role in
OCM reaction due to the fact that the active site or the active compo-
nent is the key to the reaction.

Furthermore, the effect of the total weight loading of Na2WO4 and
Mn on SiO2 was investigated, as presented in Fig. 6. The products and
byproducts are also presented in Table S5. Clearly, the total weight
loading of the active components strongly influenced the catalytic ac-
tivity. Increasing the total weight loading from 2.5 to 10wt% resulted
in sharp increases in the C2+ selectivity, CH4 conversion, and C2+ yield.
The optimal C2+ yield occurred at a total weight loading of 10 wt%,
yielding 14.44% C2+ yield with 49.6% C2+ selectivity and 29.14% CH4
conversion. Above 10 wt%, the C2+ yield and the CH4 conversion
steadily decreased; while the C2+ selectivity slowly decreased until

Fig. 4. XRD patterns of Na2WO4-Mn/SiO2 catalysts at different weight ratios,
fixing the total metal loading on SiO2 at 10 wt%.

Fig. 5. FE-SEM images of Na2WO4:Mn catalysts at different weight ratios, fixing the total metal loading on SiO2 at 10 wt%.

Table 1
BET surface area, pore volume, and pore size of Na2WO4-Mn/SiO2 catalysts at
different Na2WO4:Mn weight ratios. The total metal loading on SiO2 of each
catalyst was fixed at 10 wt%.

Weight ratio of
Na2WO4:Mn

BET surface area
(m2/g)

Pore volume
(cm3/g)

Pore size (Å)

0:10 80.01 0.6728 336.36
2:8 4.97 0.0166 134.43
4:6 2.65 0.0082 124.41
6:4 2.06 0.0077 150.25
8:2 0.95 0.0032 132.72
10:0 2.12 0.0071 135.20
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20wt%, and then slightly increased from 36.0% to 48.3% at 30wt%. As
observed from the XRD patterns is presented in Fig. 7 (also see Table
S9) and the SEM images Fig. 8, the particle size and shape of the cat-
alyst at 10 wt% loading were noticeably more uniform and smaller than
those of the catalysts at> 10wt%. When comparing the catalysts be-
tween 5wt% and 10wt%, it was more likely that there were fewer
small particles (ca. 50 μm, being manganese oxides particles) of the
catalyst at 5 wt% than at 10 wt%, which indicated that the catalyst at
10 wt% had the highest activity.

Furthermore, the BET surface areas, pore sizes, and pore volumes of
the catalysts in Fig. 7 were determined using N2-physisorption, as
presented in Table 2. Increasing the total metal loadings from 5 to 25wt
% resulted in reductions in the BET surface areas and pore volumes, in
good agreement with the observation based on the SEM images in
Fig. 8. However, the BET surface area of the catalyst at 30 wt% loading
increased slightly, perhaps because the amount of α-cristobalite struc-
ture was the smallest relative to the other catalysts, due to the smallest
amount of SiO2 being used, resulting in more Na2WO4 and MnOx par-
ticles being present on the surface, which caused the creation of rough
surfaces and thereby increased the surface area of the 30wt% catalyst.
CO2-TPD measurements of the catalysts in Fig. 7 were also investigated,
as presented in Fig. S8. Similar to Fig. S7, all the catalysts had very low
basicity as described earlier.

The surface chemistries of the MnOx/SiO2, Na2WO4/SiO2 and op-
timal Na2WO4-Mn/SiO2 catalysts were analyzed using XPS, as pre-
sented in Fig. 9. Multiple scan spectra were conducted in the Si, Mn, Na
and W regions. These spectra confirmed that the Na2WO4-Mn/SiO2
catalyst comprised SiO2 (2p= 103.5 eV), Mn2O3 (2p3/2= 641.3 eV,
2p1/2= 653.6 eV), Na2O (1 s= 1071.5 eV) and WO3 (4f7/2= 33.2 eV,
4f5/2= 35.3 eV) [44]. Of note was that the characteristic XPS peaks of

Fig. 7. XRD patterns of Na2WO4-Mn/SiO2 catalysts at different total metal
loadings on SiO2, fixing the Na2WO4:Mn ratio at 6:4.

Fig. 8. FE-SEM images of Na2WO4-Mn/SiO2 catalysts at different total metal loadings on SiO2, fixing the Na2WO4:Mn ratio at 6:4.

Table 2
BET surface area, pore volume, and pore size of Na2WO4-Mn/SiO2 catalysts at
different total metal loadings. The metal ratio of Na2WO4:Mn was fixed at 6:4.

Total metal loading of
Na2WO4-Mn on SiO2

BET surface area
(m2/g)

Pore volume
(cm3/g)

Pore size (Å)

5wt% 2.38 0.0086 144.87
10wt% 2.06 0.0077 150.25
15wt% 0.84 0.0035 170.07
20wt% 0.46 0.0035 303.74
25wt% 0.35 0.0019 222.20
30wt% 1.20 0.0046 154.32

Fig. 6. C2+ selectivity, CH4 conversion, and C2+ yield of Na2WO4-Mn/SiO2
catalysts at different total weight loadings from 2.5 to 30.0 wt% on SiO2, with
the Na2WO4:Mn weight ratio of 6:4. Testing conditions: reactor temperature
=700 °C at atmospheric pressure, CH4:O2:N2= 3:1:0, total flow rate =35mL/
min (GHSV=50,000 h−1), catalyst amount =8.0mg.
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Si (Fig.9a) of the Na2WO4/SiO2 and Na2WO4-Mn/SiO2 catalysts relative
to the Mn/SiO2 catalyst shifted from 103.5 to 103.2 eV because the SiO2
phase in the Mn/SiO2 catalyst is amorphous, but the SiO2 phases in the
Na2WO4/SiO2 and Na2WO4-Mn/SiO2 catalysts are α-cristobalite. For
Na 1 s (see Fig. 9c), no substantial shift of the peaks was found. Inter-
estingly, significant changes in binding energies were observed in
Fig. 9b and d, as the binding energies of Mn 2p and W 4f of the
Na2WO4-Mn/SiO2 catalyst shifted toward lower binding energies
compared to the binding energies of Mn and W of the single Mn/SiO2
and Na2WO4/SiO2 catalysts, respectively. This suggested that the bond
strengths of WeO and MneO became weaker, resulting in an im-
provement in the oxygen mobility over the surface of the Na2WO4-Mn/
SiO2 catalyst, thereby enhancing the activation of CH4 [22].

The optimal catalyst was further investigated for two feeding gas
conditions—with and without N2 gas feedings—and at different catalyst
amounts in the reactor by fixing the total feed gas flow rate at 35mL/
min. The results and the details of the two conditions are shown in
Fig. 10 and the values of the products and the byproducts are presented
in Table S6 and S7. For the condition without N2 feeding, the C2+
productivity increased rapidly with increasing catalyst amounts from 2
to 30mg. Note that the GHSV values were lowered with increased
catalyst amounts due to the increased catalyst volume. The C2+ yield
reached an optimal point of 16.77% with 53.9% C2+ selectivity and
31.15% CH4 conversion. After the optimal point, the activity of the
catalyst slowly decreased. For the condition with N2 feeding at a ratio of
CH4:O2:N2=3:1:4, the catalyst amount was in a range from 20 to
200mg. Similarly, the C2+ productivity increased sharply when the
catalyst amount increased from 20 to 50mg, achieving the optimal C2+
yield of 18.59% with 55.0% C2+ selectivity and 33.82% CH4 conver-
sion. Above 50mg, the C2+ productivity gradually decreased.

It can be noticed that when adding the inert gas to the feeding
system, the optimal C2+ yield shifted toward a higher catalyst amount.
This can be explained by considering that at the same catalyst amount
(such as 20mg), the chance for the reactant gases to interact with the
active sites of the condition without N2 feeding is lower than that of the
condition with N2 feeding, and thus more catalyst is required; conse-
quently all of the reactant gases can interact with the active sites before

leaving the catalyst bed. In addition, the optimal C2+ yield of the
condition with N2 feed was slightly higher than that of the condition
without N2, suggesting that lowering the concentration of the reactant
gases using an inert gas favored the conversion of methane. This could
occur because the diffusion of the reactants and other species over the
catalyst’s surface in the diluted condition of the reactants is unlimited.
It is also interesting to see that after the optimum catalyst amounts, the
CH4 conversion and the C2+ selectivity minimally reduced, resulting in
a gradual decrease of the C2+ yield. It is possible that the C2+ products
further reacted with other active sites of the catalyst to produce COx
and/or a partial amount of the detected CH4 had been generated from

Fig. 9. XPS spectra of a) Si 2p, b) Mn 2p, c) Na 1 s and d) W 4f regions obtained from Mn/SiO2, Na2WO4/SiO2 and Na2WO4-Mn/SiO2 catalysts.

Fig. 10. C2+ selectivity, CH4 conversion, and C2+ yield of Na2WO4-Mn/SiO2
catalysts at different catalyst weights, with Na2WO4:Mn weight ratio of 6:4,
total weight loading of 10 wt% on SiO2. Testing conditions: reactor temperature
=700 °C at atmospheric pressure, total flow rate =35mL/min. For the condi-
tion w/o N2 feeding; CH4:O2:N2=3:1:0, catalyst weight= 2–75mg
(GHSV=210,000–5500 h−1).For the condition w/ N2 feeding;
CH4:O2:N2= 3:1:4, catalyst amount= 20–200mg (GHSV=17,000–2000
h−1).
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the C2+ products [2,45–47]. Thus, the C2+ productivity decreased with
increasing CH4 conversion.

The stability test of the Na2WO4-Mn/SiO2 catalyst using the optimal
conditions for 50 h is shown in Fig. 11 (see also Table S8. for the values of
each product and byproduct). The performance of the catalyst constantly
increased from the beginning to the maximum C2+ yield in the sixth hour
of testing. The maximum C2+ yield was achieved at 23.54% with 60.5%
C2+ selectivity and 39.67% CH4 conversion. After that, the performance of
the catalyst slightly decreased until the end of testing, resulting in a
18.44% C2+ yield with 55.4% C2+ selectivity and 33.30% CH4 conver-
sion, which was a C2+ yield reduction of approximately 21.7% from the
maximum point. Hence, the catalyst was quite good during the 50 h
period. The used catalyst was then taken to further analyze using SEM,
XRD, and TGA-DTG, and these results were compared with those of the

fresh catalyst in order to identify any causes of the slow deactivation of the
catalyst, as presented in Fig. 12. The SEM images of the fresh and used
catalysts (see Fig. 12a and b, respectively) revealed that the particle size of
the used catalyst increased to approximately four times the fresh catalyst.
The difference in the XRD patterns of the fresh and used catalysts (see
Fig. 12c) was the appearance of the α-tridymite phase in the used catalyst.
This implied that a phase transformation of α-cristobalite to α-tridymite
slowly occurred during the reaction, considerably slowing the deactivation
of the catalyst. The TGA-DTG profiles (see Fig. 12d) had no peak for coke
decomposition. Generally, the peak for coke decomposition can be seen at
about 500–600 °C [48]. Therefore, it was concluded that the slow deac-
tivation of the catalyst resulted from the catalyst sintering and the phase
transformation of α-cristobalite to α-tridymite without coke deposition on
the catalyst’s surface.

4. Conclusion

In the pursuit of binary catalysts for the OCM reaction, 25 single
components were first charily selected and prepared on amorphous
SiO2. The screening of these single catalysts provided 14 single catalysts
that achieved a %C2+ yield higher than that of the blank test. The 14
components were then chosen to prepare binary catalysts by combining
each one with the other 13 in turn, giving 91 binary catalysts in total.
Subsequently, binary catalyst screening was carried out, revealing
several active binary catalysts. The most active binary catalyst was the
combination of Na2WO4 and Mn. Optimization of this catalyst was
further investigated carefully by varying the Na2WO4:Mn ratio, the
total metal loading on SiO2, the catalyst amount, and the stability test,
resulting in the highest C2+ yield of 23.54%, with 60.5% C2+ se-
lectivity and 39.67% CH4 conversion. The measurements of the binding
energies of W and Mn using XPS revealed that the bond strengths of
WeO and MneO became weaker, thereby enhancing the catalytic ac-
tivity of the Na2WO4-Mn/SiO2 catalyst. Moreover, the stability of the
catalyst was monitored during 50 h of testing, disclosing that the cat-
alyst very slowly deactivated due to the catalyst sintering and the phase
transformation of α-cristobalite to α-tridymite.

Fig. 11. Catalyst stability test of Na2WO4-Mn/SiO2 catalysts, with a
Na2WO4:Mn weight ratio of 6:4. Testing conditions: reactor temperature
=700 °C at atmospheric pressure, CH4:O2:N2= 3:1:4, total flow rate =35mL/
min (GHSV=14,500 h−1), catalyst amount =50.0mg.

Fig. 12. The used Na2WO4-Mn/SiO2 catalyst was taken to further analyze, a) FE-SEM images of fresh catalysts, b) FE-SEM images of used catalysts, c) XRD patterns of
fresh and used catalyst, and d) TGA-DTG profiles of fresh and used catalyst. With Na2WO4:Mn weight ratio of 6:4, total weight loading of 10 wt% on SiO2.
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Abstract.   Methane is of great interest for conversion into high-value hydrocarbons (C2+) 
and olefins, via oxidative coupling of methane (OCM) using catalysts. In this work, 
Na2WO4-TiO2/SiO2 catalyst, along with the single catalysts of its components 
(Na2WO4/SiO2 and TiO2/SiO2), was investigated for OCM reaction to C2+. We found 
that 5 wt% Na2WO4+ 5 wt% TiO2 on the SiO2 support was a superior catalyst for OCM 
reaction compared to the single catalysts. The maximum C2+ formation of the Na2WO4-
TiO2/SiO2 catalyst was found under test conditions of a N2/(4CH4:1O2) feed gas ratio of 
1:1, a reactor temperature of 700 ºC, and gas hourly space velocity of 9,500 h−1, exhibiting 
71.7% C2+ selectivity, 6.8% CH4 conversion, and 4.9% C2+ yield. Moreover, the activity of 
the catalyst had good stability over 24 h of on-stream testing. The characterizations of the 
Na2WO4-TiO2/SiO2 catalyst using XRD, FT-IR, XPS, FE-SEM, and TEM revealed that a 
crystalline structure of α-cristobalite of SiO2 was present along with TiO2 crystals, 
substantially enhancing the activity of the catalyst for OCM reaction to C2+. 
 
Keywords: Catalyst, light hydrocarbons, oxidative coupling of methane, sodium tungsten 
oxide, titanium oxide. 
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1. Introduction 
 
Methane (CH4) 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 CO2 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 O2 or air to directly react with CH4 to produce useful hydrocarbons 
(C2+) 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 ºC [3]. OCM can produce CO and 
CO2 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 MnOx modified with 
different types of co-catalysts, supports and promotors, such as oxides of Mg, Na, and Ce. However, the 
C2+ yields and C2+ 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 Na2WO4-MnOx has been widely investigated because this metal 
combination was identified as an active material for the OCM reaction. The modified Na2WO4-MnOx 
catalysts reported include MOx-Na2WO4-MnOx/SiO2 (M = Ni, Co, Fe, Li, Al, Ba, Ca, Na, and K) [9], TiO2-
Na2WO4/MnOx/SiO2 [10], and Ce2O3-MnOx-Na2WO4/SiO2 [7]. The C2+ yields and C2+ selectivities of 
those Na2WO4-MnOx catalysts increased compared to the single catalysts of its component and the other 
metal combinations due to synergistic catalyst effects between Na2WO4 and MnOx [11-14]. The additions of 
the promoters (e.g. TiO2, Ce2O3) onto the Na2WO4-MnOx 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, SiO2 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 Na2WO4, MnOx, 
and/or SiO2 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 TiO2 
onto the Na2WO4/SiO2 catalyst without MnOx can also substantially improve the C2+ yield. This 
combination of TiO2 and Na2WO4 on SiO2 has never been reported in detail. Herein, we report on various 
studies on the activity of Na2WO4 mixed with TiO2 on SiO2 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 SiO2 as follows. 
An aqueous solution of Na2WO4 (sodium tungstate dihydrate, 98.0~101.0%, Daejung) and Ti4+(titanium 
(IV) isopropoxide, 97+%, Alfa Aesar) in ethanol (99.9%, QREC) were determined and pipetted into 
amorphous fume silica (SiO2, surface area of 85-115 m2/g, Alfa Aesar) to obtain a desired weight 
percentage of the metal components (TiO2 and/or Na2WO4) on the SiO2 support. Note that the weight 
percentage of TiO2 or Na2WO4 on the support was determined on the basis of the mass of Ti(0) or 
Na2WO4, respectively. The mixture was continuously stirred at 120 ºC until dry. The obtained powder was 
then taken to calcine in an air furnace at 800 ºC 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 ºC. 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 (CH4, 99.999% purity, Praxair), and oxygen (O2, 99.999% purity, Praxair) at a volume 
ratio of (N2:CH4:O2) = (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 hourly 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, CO2, and CH4) and a flame ionization detector (FID; for analysis of 
C2H4, C2H6, C3H6, C3H8 and C4H8, and C4H10). The catalytic activities are expressed in terms of %CH4 
conversion, %C2+ selectivity, %COx selectivity, and %C2+ yield, which are shown in Eq. (1)–(4). The data 
were collected after the system had reached the set point for 2h. 
 

% CH4 conversion= 
moles of CH4 input - moles of CH4output

moles of CH4 input
×100 (1) 

 

% C2+ selectivity= 
moles of C2+

Total moles of products
×100 (2) 

 

% COx selectivity= 
moles of COx

Total moles of products
×100 (3) 

 

% C2+ yield= 
% CH4conversion × % C2+selectivity

100
 (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-Kα radiation with 40 mA and 

45 kV, 0.5 s step time, 0.02° step size.  
The pore volumes, pore-sizes, and specific surface areas of the samples were evaluated using N2-

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 Kα for the X-ray source. 

The metal-support and metal-metal interactions were analyzed using the H2-temperature programmed 

reduction (H2-TPR) technique. The H2-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% H2 in 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 H2 consumption. 
 

3. Results and Discussion 
 
3.1. Activity of TiO2/SiO2, Na2WO4/SiO2, and TiO2-Na2WO4/SiO2 Catalysts 

 
The 10wt% TiO2/SiO2, 10wt% Na2WO4/SiO2, and (5wt% TiO2-5wt% Na2WO4)/SiO2 catalysts were 
prepared and tested for OCM reaction, as presented in Fig. 1. The performance of each catalyst was 
described using the C2+ selectivity, CH4 conversion, and C2+ yield. It should be noted that the C2+ yield is 
the criterion used to identify a superior catalyst when comparing the activities of catalysts. The C2+ yield of 
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the Na2WO4-TiO2/SiO2 catalyst was obtained at 2.7 %, clearly greater than that of the single TiO2/SiO2 or 
Na2WO4/SiO2 catalysts, approximately 1.5 or 3.8 times the C2+ yield of the TiO2/SiO2 or Na2WO4/SiO2 

catalysts, respectively. However, the C2+ selectivity for these three catalysts was similar (approximately 39–
42%) but the CH4 conversion of the TiO2/SiO2 and Na2WO4/SiO2 catalysts was lower than that of the 
Na2WO4-TiO2/SiO2 catalyst. The results indicated that the combination of TiO2 and Na2WO4 on the SiO2 
support reveals a synergistic catalysis effect.   
 

 
 
Fig. 1. C2+ selectivity, CH4 conversion, and C2+ yield of 10wt% TiO2/SiO2, 10wt% Na2WO4/SiO2, and 
TiO2-Na2WO4/SiO2 catalysts. 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 ºC.  
 
3.2. Effect of TiO2 Loading on Na2WO4-TiO2/SiO2 
 
The Na2WO4-TiO2/SiO2 catalyst was further studied by varying the amount of TiO2. In a previous study, 
5wt% Na2WO4 loaded on SiO2 using incipient-wetness impregnation was reported to produce an optimum 
yield for the OCM reaction [17]. However, the effect of TiO2 loading on Na2WO4/SiO2 has never been 
studied.  In the present study, different amounts of TiO2 on Na2WO4/SiO2 were studied by varying the 
amounts of TiO2 from 0 to 30% on the catalyst and keeping the amount of Na2WO4 on every catalyst 
unchanged at 5 wt%, as plotted in Fig. 2. As increasing TiO2 loading, the C2+ selectivities slowly increased 
from 38.0 to 44.9%, while the CH4 conversion steadily decreased from 6.4 to 4.3%. Nevertheless, the C2+ 
yield had an optimum yield at 5 wt% loading (2.7% C2+ yield). This confirmed that the addition of TiO2 
into Na2WO4/SiO2 enhances C2+ formation. However, TiO2 loadings over 5 wt% decreased the C2+ yield 
of each catalyst. Thus, Na2WO4-TiO2/SiO2 catalyst at a total metal loading of 10 wt% and a TiO2:Na2WO4 
weight ratio of 1:1 (i.e. 5 wt% Na2WO4 + 5 wt% TiO2) was chosen for the optimum catalyst for further 
studies.  
 
3.3. Effect of N2/(4CH4:1O2) Feeding Gas Ratio and Reactor Temperature  

 
The optimal catalyst was further investigated at various N2/(4CH4:1O2) feeding gas ratios (N2/(4CH4:1O2) 
= 0.0–1.5) and reactor temperatures (600–800 ºC). For the previous studies in sections 3.1 and 3.2, the 
testing conditions were fixed at a CH4:O2 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 ºC and atmospheric pressure. In this section, N2 gas (a 
diluent gas) was co-fed with CH4:O2 by fixing the volume ratio of CH4:O2 = 4:1 and varying the volume 
ratio of N2/CH4:O2 from 0.0 to 1.5, and also varying the reactor temperature from 600 to 800 ºC, while the 
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total feed flow rate was fixed at 50 mL/min. The C2+ yield, C2+ selectivity, and CH4 conversion under each 
set of condition of the optimal catalyst are presented in Figs. 3(a), 3(b) and 3(c), respectively.  
 

 
 
Fig. 2. TiO2 loadings onto Na2WO4/SiO2 from 0–30 wt% by fixing the amount of Na2WO4 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 ºC. 

 

 

 
 
Fig. 3. a) C2+ selectivity, b) CH4 conversion, and c) C2+ yield of the optimum TiO2-Na2WO4/SiO2 catalyst 
at N2/(4CH4:1O2) feeding gas ratios of 0.0–1.5 by volume, reactor temperatures of 600–800 ºC, and total 
feed flow rate of 50 mL/min. 
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Comparing the C2+ selectivities at one reactor temperature (Fig. 3(a)), the C2+ selectivity mostly 

increased as the N2/(4CH4:1O2) feeding gas ratio increased. The maximum C2+ selectivity obtained was 
91.5% with a N2/(4CH4:1O2) feeding gas ratio of 1.5 by volume and a reactor temperature of 650 ºC but 
the CH4 conversion and the C2+ yield were low at 1.9% and 1.7%, respectively. However, the C2+ yield at 
every testing temperature decreased when the N2/(4CH4:1O2) feeding gas ratio was over 1.0 by volume 
because the reactant gases (i.e. CH4 and O2) were too diluted. In other words, the reactants were not 
sufficient for the active sites of the catalyst. In contrast, the C2+ yield of the N2/(4CH4:1O2) 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 C2+ yields for these two conditions were relatively low.     

Considering the catalytic activities at one N2/(4CH4:1O2) feeding gas ratio; the catalytic activities 
increased when the reactor temperatures was increased from 600 to 700 ºC. However, at reactor 
temperatures above 700 ºC, the C2+ selectivities decreased with increasing CH4 conversion, and thus the 
overall C2+ production (i.e. C2+ yields) decreased because the combustion of CH4 to COx products is 
favored at high reaction temperature [3], as well as the C2+ products being able to further react with some 
active species of the catalyst or to react with O2 gas in the gas phase to further produce COx [18]. As seen in 
Fig. 3(c), the optimal C2+ yield was achieved at 4.9% with 71.7% C2+ selectivity and 6.8% CH4 conversion 
when the operating conditions were an N2/(CH4:O2) feed gas ratio of 1.0 by volume and 700 ºC. These 

conditions were then chosen for a further study on the stability of the catalyst.  
 
3.4. Catalytic Stability of Na2WO4-TiO2/SiO2  
 
The catalytic stability of the Na2WO4-TiO2/SiO2 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 C2+ 

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 C2+ 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 Na2WO4-TiO2/SiO2 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. 
 

 
Fig. 4. Catalytic performance of Na2WO4-TiO2/SiO2 catalyst, testing conditions: N2/(4CH4:1O2) feeding 
gas ratio of 1.0, reactor temperature of 700 ºC, total feed flow rate of 50 mL/min, atmospheric pressure, 
and 24 h of testing. 
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3.5. Characterization of TiO2/SiO2, Na2WO4/SiO2, and Na2WO4-TiO2/SiO2 Catalysts 

 
The XRD pattern of the Na2WO4-TiO2/SiO2 catalysts compared with that of the TiO2/SiO2 and 

Na2WO4/SiO2 catalysts are presented in Fig. 5. The TiO2/SiO2 catalyst exhibited two small peaks at 2𝜃 of 
25.2 and 48.5, indicating the presence of crystalline TiO2 (anatase). It was also noticed that the SiO2 support 
was in the amorphous phase. For the Na2WO4/SiO2 catalyst, two crystalline compounds were observed. 

The first one was the crystalline Na2WO4, showing the characteristic peaks at 2𝜃 of 7.16, 27.5, 32.4 and 

48.4. The other was the presence of α-cristobalite (one of the crystalline forms of SiO2), exhibiting the 

characteristic peaks at 2𝜃 of 21.9, 28.3, 31.3, 36.0, 47.8, and 56.9. It was surprising to observe the formation 
of α-cristobalite at low a calcination temperature (800 ºC) in the presence of Na2WO4 because this 
crystalline form of SiO2 normally occurs at calcination temperatures above 1,500 ºC [19]. Similarly, the α-
cristobalite phase was observed in the Na2WO4-TiO2/SiO2 catalyst as clearly indicated by the characteristic 
XRD pattern. It was more interesting to observe that the characteristic peaks of TiO2 were clearly seen for 
the Na2WO4-TiO2/SiO2 catalyst compared to those peaks in the Na2WO4-TiO2/SiO2 catalyst. This 
suggested that the environment in this catalyst enhanced the crystallinity of TiO2. Thus, the important 
factor that promotes the formation of C2+ products of the Na2WO4-TiO2/SiO2 catalyst was the formation 
of the crystalline components (α-cristobalite, Na2WO4, and TiO2).  
 

 
 
Fig. 5. XRD patterns of TiO2/SiO2, Na2WO4 /SiO2, and Na2WO4-TiO2/SiO2. 
 

The surface morphologies of the three catalysts imaged using FE-SEM were compared with the pure 
SiO2 support and these are illustrated in Fig. 6(a)–Fig. 6(f). The SiO2 support (Fig. 6(a)) and the TiO2/SiO2 
catalyst (Fig. 6(b)) are similar, in that the particles are irregular in shape with sizes ranging from 20 to 50 nm. 
These particles were observed mostly in the amorphous SiO2 support. The particles of the Na2WO4/SiO2 
catalyst (Fig. 6(c) and Fig. 6(d)) were also irregular in shape. Interestingly, the typical shape of the 
amorphous SiO2 was completely transformed to a new shape, which was larger in size and possessed coral-
reef like structures (approximately > 0.5 µm in diameter). This new structure was the crystalline α-
cristobalite as identified by the XRD pattern. The Na2WO4-TiO2/SiO2 catalyst (Fig. 6(e) and Fig. 6(f) had 
similar the size and shape to the particles of the Na2WO4/SiO2 catalyst. However, some small particles 
(approximately 50-100 nm in diameter) were observed throughout the catalyst. These particles were 
identified as TiO2 crystals. 

The TEM images of the Na2WO4-TiO2/SiO2 catalyst compared with those of the TiO2/SiO2 and 
Na2WO4/SiO2 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 Na2WO4/SiO2 (Fig. 7(c) and 7(d)) and 
Na2WO4-TiO2/SiO2 (Fig. 7(e) and 7(f)) catalysts confirmed that the amorphous SiO2 support transformed 
to α-cristobalite when adding Na2WO4, in agreement with a previous report [20]. For the Na2WO4-
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TiO2/SiO2 catalyst, crystalline TiO2 particles were clearly observed with sizes ranging between 50 and 100 
nm. 

 
 

Fig. 6.  SEM images of pure SiO2 support (a), TiO2/SiO2 (b), Na2WO4/SiO2 (c, d), and Na2WO4-
TiO2/SiO2 (e, f). 

 
Fig. 7. TEM images of TiO2/SiO2 (a, b), Na2WO4/SiO2 (c, d), and Na2WO4-TiO2/SiO2 (e, f). 
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The BET surface areas, pore sizes, and pore volumes of the catalysts were measured using an N2-
sorption analyzer. For comparison, the commercial SiO2 support (surface area of 85–115 m2/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 SiO2 support was similar to that of the TiO2/SiO2 catalyst, in which no 
hysteretic loop was observed. This indicated that the SiO2 support and the TiO2/SiO2 catalyst are 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 TiO2/SiO2 catalyst, suggesting 
that the TiO2 particles potentially deposited on the surface of SiO2 and create new surfaces, and thus the 
surface area of the TiO2/SiO2 catalyst increased. The surface areas of the Na2WO4/SiO2 and Na2WO4-
TiO2/SiO2 catalysts were much lower than those of the SiO2 support and the TiO2/SiO2 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 Na2WO4 were larger than those of the TiO2 catalyst. The hysteretic 
loops of the Na2WO4/SiO2 and Na2WO4-TiO2/SiO2 catalysts were similar, 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 Na2WO4-TiO2/SiO2 catalyst had a quite small specific surface area, this catalyst had 
the highest C2+ yield, indicating that the synergistic catalyst effect or the selected active components plays a 
significant role in the catalytic performance.  

 
Table 1. BET surface area (S.A.), pore size, and pore volume of TiO2/SiO2, Na2WO4/SiO2, and Na2WO4-
TiO2/SiO2 compared with pure SiO2 support. 

 

Material 
S.A. 

(m2/g ) 

Pore size 

(nm) 

Pore volume 

(cm3/g ) 

SiO2   86.5 22.2 0.480 

Na2WO4 / SiO2     6.5 9.1 0.015 

TiO2 / SiO2 106.2 17.5 0.460 

Na2WO4-TiO2/ SiO2     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—Si stretching peaks appearing around 490, 800, and 1100 
cm-1, respectively. There was one different peak appearing at 621 cm-1 for Na2WO4-TiO2/SiO2 and 
Na2WO4/SiO2, specifying the existence of α-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 Na2WO4-TiO2/SiO2 
catalyst had a C2+ yield greater than those of the two single catalysts. Thus, one of the important keys that 
can be considered to improve the C2+ yield is to have a catalyst consisting of α-cristobalite interacting with 
an active crystalline metal oxide. 
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Fig. 8. Isotherm plots of (a) Na2WO4/SiO2 catalyst, (b) TiO2/SiO2 catalyst, (c) Na2WO4-TiO2/SiO2 
catalyst, and (d) pure SiO2 support. 
 

 
 
Fig. 9. FT-IR spectra of Na2WO4-Ti/SiO2, Na2WO4/SiO2, and TiO2/SiO2 catalysts. 
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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 Na2O (1s = 1071.5 eV) WO4

2-(4f5/2 = 37.6 eV, 
4f7/2 = 35.3 eV ) for Na2WO4/SiO2 and (4f5/2 = 37.8 eV, 4f7/2 = 35.3 eV) for Na2WO4-TiO2/SiO2, and 
TiO2 (2p3/2 = 464.2 eV, 2p1/2 = 459.2 eV) for TiO2/SiO2 and (2p3/2 = 464.5 eV, 2p1/2 = 458.8 eV) for 
Na2WO4-TiO2/SiO2. Of interest was that the peaks of WO4

2-and TiO2 shifted toward a higher binding 
energy when Na2WO4 and TiO2 were present in the same catalyst. This was because the Ti or W species are 
more likely to attach to WO4

-2 or O2- 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 H2-TPR technique (see Fig. 11). For the TiO2/SiO2 catalyst, no clear H2 reduction peak could be 
seen in this temperature range, consistent with previous reports [21, 22]. For Na2WO4/SiO2, a broad 
reduction peak starting from 450 ºC to above 900 ºC with a maximum H2 consumption at about 800 ºC 
was observed, indicating the reduction of W species [22].  The reduction behavior of the Na2WO4-
TiO2/SiO2 catalyst was related to that of the Na2WO4/SiO2 catalyst. However, the starting reduction 
temperature and the maximum temperature of the Na2WO4-TiO2/SiO2 catalyst shifted toward a higher 
temperature (approximately 50 ºC greater than those of the Na2WO4/SiO2 catalyst). This suggested that the 
redox properties of these metal species substantially change, probably because there is a strong interaction 
between the WO4

2- component and the TiO2 crystals [22]. 
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Fig. 10. XPS spectra of Na2WO4-Ti/SiO2, Na2WO4/SiO2, and TiO2 /SiO2 showing scanning in the (a) Na, 
(b) W, and (c) Ti ranges. 

 

 
 

Fig. 11. H2-TPR patterns of Na2WO4-TiO2/SiO2, Na2WO4/ SiO2, and TiO2/SiO2. 

 
In previous reports on the activity of catalysts containing Na2WO4 and SiO2 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 α-cristobalite phase was a critical necessity for the C2+ formation of catalysts containing 
Na2WO4 and SiO2 for OCM reaction [9]. Elkins, et al. claimed that the interaction between the α-
cristobalite structure and the WO4

2− tetrahedron structure was crucial in the generation of C2+ and the 
inter-phase between these two components was the active surface species. Moreover, the WO4

2− 

tetrahedron could stabilize the Mn2O3 and Na2WO4 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 MnOx-Na2WO4/SiO2 catalysts by acting as both a chemical and a structural 
promoter [24, 25]. From these reports, it can be certainly claimed that the presence of the α-cristobalite 
structure, the crystalline Na2WO4, and the anatase-TiO2 crystals in the Na2WO4-TiO2/SiO2 catalyst strongly 
enhances the activity of the catalyst and is crucial for the formation of C2+ in the reaction.  

 
4. Conclusions 
 
The combination of 5wt% TiO2 and 5wt% Na2WO4 on SiO2 support (i.e. Na2WO4-TiO2), prepared using 
the co-impregnation method, was superior to the single catalysts of its component (i.e. Na2WO4/SiO2, 
TiO2/SiO2). In studying the operating conditions by co-feeding N2 gas as a diluent gas into the reactant 
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gases at different volume ratios and different temperatures, the maximum C2+ yield was found at an 
N2/(4CH4:1O2) feeding gas ratio 1:1 by volume and at 700 ºC. The Na2WO4-TiO2 catalyst produced the 
highest C2+ yield at 4.9% with 71.7% C2+ 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 Na2WO4-TiO2 catalyst using XRD and FT-IR showed that α-cristobalite and 
crystalline anatase-TiO2 were present. These two crystal components played a significant role in the 
formation of C2+ 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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A B S T R A C T

The oxidative coupling of methane (OCM) is a closely related reaction process involving the transformation of
methane (CH4) and O2 mixtures into value-added chemicals such as ethylene and ethane (i.e. C2+). This work
presents the effects of metal oxide additives into the Na2WO4-Ti/SiO2 catalyst on the performance of the OCM
reaction. Several metal oxide additives—including oxides of Co, Mn, Cu, Fe, Ce, Zn, La, Ni, Zr, Cr, and V—were
investigated with the Na2WO4-Ti/SiO2 catalyst. All of the catalysts were prepared using co-impregnation and the
catalyst activity test was performed in a plug flow reactor at a reactor temperature range of 600–800 °C and
atmospheric pressure. The physicochemical properties of the prepared catalysts relating to their catalytic activity
were discussed by using the information of X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and
scanning electron microscopy (SEM) measurements. Na2WO4-Ti/SiO2 added Mn was found to be the most active
catalyst, involving shifts of binding energies of W 4f and Ti 2p toward lower binding energies. Moreover, a
variety of operating conditions—including reactant- to-nitrogen gas ratio, catalyst mass, reactor temperature,
and total feed flow rate—were intensively examined for the OCM reaction using the Na2WO4-Ti-Mn/SiO2 cat-
alyst. The maximum C2+ yield was subsequently discovered at 22.09% with 62.3% C2+ selectivity and 35.43%
CH4 conversion. Additionally, the stability of the Na2WO4-Ti-Mn/SiO2 catalyst was also monitored with time on
stream for 24 h.

1. Introduction

Methane (CH4) is the primary component of natural gas and biogas.
It is considered a greenhouse gas about 25 times stronger than CO2 if
these two gases are released to the atmosphere in the same amount [1].
Since CH4 is abundant on Earth, it is highly attractive to worldwide
researchers to explore strategies to transform it into more useful pro-
ducts. One of the most challenging methods is the oxidative coupling of
methane (OCM), which is a type of chemical reaction using air or
oxygen directly reacting with CH4 to produce useful hydrocarbons such
as ethylene, ethane, propene, propane, etc. (C2+) [2–5]. In the absence
or presence of a catalyst, the OCM reaction is exothermic and normally
takes place in reaction temperatures of 600–1,000 °C [6]. Moreover, CO
and CO2 can be produced as byproducts. However, it is believed that if
a suitable catalyst is present, the products can be controlled and the
extreme reaction temperature can be reduced.

Previously, several potential catalysts have been reported for the

OCM reaction to C2+, especially Mn modified with a variety of co-
catalysts, supports, and/or promoters, such as oxides of Mg, Na, and Ce.
The activity of those catalysts was approximately< 16% C2+ yield and
25–78% C2+ selectivity. Lately, a solid mixture of Na2WO4-Mn sup-
ported on SiO2 has been greatly attractive to researchers worldwide,
because this combination is highly active for the OCM reaction. The
catalyst has also been modified with many metals (e.g. Li, Na, K, Ba, Ca,
Fe, Co, Ni, Al, Ti, Ce, etc.) [7–9]. Some of these modified catalysts,
especially Na2WO4-Mn/SiO2 doped with TiO2 [10,11], exhibited an
improvement on both C2+ yield and selectivity (i.e. 16.8% C2+ yield
and 73% C2+ selectivity). The addition of a promoter into the Na2WO4-
Mn/SiO2 catalyst (e.g. LiCl, NaCl, KCl, or CsCl) has also been found to
result in the incorporation of the promoter into the catalytic material,
thus increasing the number of strong basic sites, thereby enhancing the
catalyst activity [12–14].

Recently, we have found a combination of Na2WO4 and Ti-sup-
ported SiO2 exhibiting high activity for the OCM reaction, giving 4.9%
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C2+ yield with 71.7% C2+ selectivity and 6.8% CH4 conversion at a
reactor temperature of 700 °C and atmospheric pressure [15]. The ac-
tivity of the catalyst had good stability over 24 h of on-stream testing.
Moreover, a crystalline structure of α-cristobalite of SiO2 that was
present along with TiO2 crystals was found to substantially enhance the
activity of the catalyst for the OCM reaction to C2+. Therefore, improve
the activity of this catalyst is of great interest. Herein, we modify the
catalyst by adding a metal oxide additive into the Na2WO4-Ti/SiO2

catalyst. The selected metal oxide additives include Co, Mn, Cu, Fe, Ce,
Zn, La, Ni, Zr, Cr, and V. The most active catalyst is subsequently
chosen to optimize the C2+ yield by varying operating conditions.
Additionally, advanced instrument techniques are also used to analyze
the prepared catalysts to acquire their physicochemical properties to
relate with their catalytic activity.

2. Experimental

2.1. Catalyst preparation

All of the catalysts were prepared using co-impregnation as follows.
Weights of Na2WO4 (Na2WO4•2H2O, 98.0∼101.0%, Daejung), Ti
(C12H28O4Ti, 97+%, Alfa Aesar), and X (X = Co, Mn, Cu, Fe, Ce, Zn,
La, Ni, Zr, Cr, or V) were determined and pipetted from each stock
precursor solution into amorphous fume SiO2 (surface area of 85-115
m2/g, Alfa Aesar) to obtain a desired weight percentage of the metal
components. Note that the precursor of the 11 elements was in the form
of metal nitrate hydrate, and the weight percentage of each component
on the support was calculated based on the formula appearing in each
catalyst’s name. For example, for the Na2WO4-Ti-Mn/SiO2 catalyst, the
weights of Na2WO4, Ti(0), and Mn(0) were determined and loaded onto
the SiO2 support. After that, the mixture was stirred at room tem-
perature for 2 h and heated to 120 °C until dried. Then, the dried
powder was set to calcine in an air furnace at 800 °C for 4 h. Finally, the
powder was ground until a fine powder was obtained. The weight
percentage of each component for each catalyst will be elaborated in
the results and discussion of that mentioned figure.

2.2. Catalytic activity test

The activity of each prepared catalyst for the OCM reaction was
evaluated in a plug flow reactor at atmospheric pressure. The reactor
temperature was set in the range of 600–800 °C. A catalyst (8–72 mg)
was packed in a quartz tube reactor (0.5 cm inner diameter) and
sandwiched between layers of quartz wool. The feed gas consisted of
methane (CH4, 99.999%, Praxair), oxygen (O2, 99.999%, Praxair), and
nitrogen (N2, 99.999%, Praxair) at a volume ratio of CH4:O2:N2 =
3:1:0, 3:1:2, or 3:1:4 with a total feed flow rate in the range of 35–95
mL/min. The effluent gas was evaluated using an online gas chroma-
tograph (SHIMADZU, GC-14A) equipped with a flame ionization de-
tector (FID; for analyzing C2H4, C2H6, C3H6, C3H8 and C4H8, and C4H10)
and a thermal conductivity detector (TCD; for analyzing CO, CO2, and
CH4). The activity of each catalyst was analyzed after the system had
reached a set point of 2 h. Equations (1)–(4) show the formulas for
calculating the %CH4 conversion, %C2+ selectivity, %COx selectivity,
and %C2+ yield.

=
−

×% CH conversion
moles of CH input moles of CH output

moles of CH input
1004

4 4

4

(1)

= ×+

+% C selectivity moles of C
Total moles of products

1002
2

(2)

= ×% CO selectivity moles of CO
Total moles of products

100x
x

(3)

=
×

+

+% C yield
% CH conversion % C selectivity

1002
4 2

(4)

2.3. Catalyst characterization

The X-ray diffraction (XRD) patterns of each catalyst were obtained
using a powder X- ray diffractometer (PXRD; JEOL JDX-3530 and
Philips X-Pert, using Cu-Kα radiation, 45 kV and 40 mA). The electronic
states of selected elements in each catalyst were examined using X-ray
photoelectron spectroscopy (XPS; Kratos Axis Ultra DLD) with Al Kα for
the X-ray source. The surface morphology of the samples was imaged
using a scanning electron microscope (SEM, FE-SEM: JEOL JSM7600 F).

3. Results and discussion

3.1. Activity of Na2WO4-Ti/SiO2 added metal oxide additives

In catalyst screening experiments for the OCM reaction in our la-
boratory, we have found that 5 wt% Na2WO4 + 5 wt% Ti on SiO2

(denoted as Na2WO4-Ti/SiO2) showed a priming result for C2+ pro-
duction. We also found, from an XPS measurement of the catalyst, that
the form of Ti was TiO2 (data are not shown here). In this work, the
Na2WO4-Ti/SiO2 catalyst was further investigated by adding 11 ele-
ments, Co, Mn, Cu, Fe, Ce, Zn, La, Ni, Zr, Cr, and V. These 11 elements
were selected from the transition metals because of their availability,
non-toxicity, inexpensiveness, and, more importantly, inactiveness for
CH4 combustion [16]. All of the Na2WO4-Ti/SiO2 catalysts with added
metal oxide additive were prepared using a metal ratio of Na2WO4:Ti:X
= 5:5:2 (where X is an metal oxide additive and its weight is calculated
on the basis of the metallic form). The total metal loading was 12 wt%
for every catalyst, except Na2WO4-Ti/SiO2 (i.e. 5 wt% Na2WO4 + 5 wt
% Ti). The activity test results of the catalysts are presented in Fig. 1.

Under the same testing conditions, the catalyst without metal oxide
additive exhibited 4.43% C2+ yield with 33.8% C2+ selectivity and
13.34% CH4 conversion. The most promising catalyst was the addition
of Mn into the Na2WO4-Ti/SiO2 catalyst, yielding 9.97% with 35.0%
C2+ selectivity and 29.48% CH4 conversion. The other metal oxides,
which were added into the Na2WO4-Ti/SiO2 catalyst and gave a C2+

yield higher than that of the catalyst without metal oxide additive, were
(in order) Co>Fe>Ce>Zn, giving C2+ yield in a range of
4.50–7.65%. The addition of Mn clearly greatly improved the activity of

Fig. 1. Catalyst activity of Na2WO4-Ti/SiO2 added metal oxide additives.
Reaction conditions: CH4:O2:N2 ratio = 3:1:0, catalyst weight =8 mg, total
feed flow rate of 35 mL/min, reactor temperature =700 °C.
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Na2WO4-Ti/SiO2. The characterization using XRD and XPS of these
catalysts will reveal how the activities of some catalysts improve, which
will be presented in the next section.

3.2. XRD and XPS analyses of Na2WO4-Ti/SiO2 added metal oxide
additives

XRD patterns of the Na2WO4-Ti/SiO2 catalysts with added metal
oxide additives are presented in Fig. 2. The characteristic peaks of α-
cristobalite (2θ = 22.1, 28.6, 31.5, 36.1, 41.2, 42.9, and 44.9 (ICDD
No. 00-001-0438)) appeared for all catalysts. A small XRD peak in-
dicating the presence of α-tridymite (2θ = 21.8, 23.3, 27.3, and 30.1
(ICDD No. 00-003-0227)) was also observed. The characteristic peaks of
Na2WO4 (16.9, 27.8, 32.4, 48.8, 52.1, and 57.1 (ICDD No. 01-074-
2369)) appeared in the Na2WO4 catalysts with no added (-), Zn, Ni, Mn,
Fe, Cu, and Co. The characteristic peaks of TiO2 (2θ = 25.2, 37.0, 48.0,
54.1, and 55.0 (ICDD No. 01-073-1764)) were seen in the Na2WO4

catalysts with no added (-), Zr, Zn, V, La, and Ce. It should be noted that
the most active catalyst presented in Fig. 1 was Na2WO4-Ti-Mn/SiO2. As
shown in Fig. 2, this catalyst consisted of α-cristobalite, crystalline
Na2WO4, and crystalline Mn2O3 (2θ = 33.1, 38.1, and 44.8 (ICDD No.
00-002-0896)). Hence, the presence of these crystalline phases is es-
sential for the OCM reaction. For the role of Ti, its combination with Mn
has been proposed in the form of the MnTiO3 phase; then, the MnTiO3

phase plays an important role in remarkably improving the catalyst
activity [10,11]. However, no XRD peaks of MnTiO3 can be observed in
Fig. 2, probably because a small amount of Mn was loaded and/or the
crystal species is too small to be detected.

The XPS spectra of all catalysts in the range of W (4f) and Ti (2p)
regions are presented in Figs. 3 and 4, respectively. The observed peaks
corresponded to WO42−(4f5/2 ∼ 37.6 eV, 4f7/2 ∼ 35.4 eV) and TiO2

(2p1/2 ∼ 464 eV, 2p3/2 ∼ 459 eV). Of interest was that the peaks of
WO42−and TiO2 of each catalyst were not identical. Perhaps, the ad-
dition of metal oxides influences the interaction of WO4−2 or Ti
bonding with O2−, thus leading to shifts of the binding energies
[17–19].

The most interesting results are presented in Fig. 5, showing the
plots of CH4 conversion of each catalyst versus its binding energy of W
4f7/2 (Fig. 5a) and Ti 2p3/2 (Fig. 5b). The plots in each figure can be
divided into two groups: group 1 (the catalysts containing Mn, Fe, Co,
and Cr) and group 2 (the catalysts containing Cu, Zn, Ce, La, Ni, Zr, and
V). The catalysts in group 1 possessed binding energies in a range of

35.12–35.24 eV for W 4f7/2 and 457.90–458.20 eV for Ti 2p3/2, while
the catalysts in group 2 gave the XPS signal in a range of 35.36–35.56
eV for W 4f7/2 and 458.34–458.68 eV for Ti 2p3/2. It is interesting to see
that the CH4 conversions of the catalysts in group 1 were significantly
higher than those in group 2. Moreover, the catalysts in group 1 clearly
exhibited binding energies lower than the catalysts in group 2. Im-
portantly, these findings suggest that the metal additives—that are able
to shift the binding energies of W 4f and Ti 2p toward lower binding
energies when added into the Na2WO4-Ti/SiO2 catalyst—are highly
active for the OCM reaction.

It is possible that when the binding energy of W 4f or Ti 2p shifts
toward a lower binding energy, the energy to remove an electron from
the outer electron layer of W or Ti will become lower [18]. This reveals
that it becomes easier for an oxygen atom bonding with W or Ti to
dissociate or leave from the center. In other words, when an oxygen
molecule adsorbs onto an active site—WO4

2- associated with Ti2+—it
will dissociate and bond with the center of W or Ti. Due to the influence
of a metal oxide additive added into the catalyst, the oxygen atom can
easily detach from and leave the active metal center as H2O [18]. This

Fig. 2. XRD patterns of Na2WO4-Ti/SiO2 catalyst added metal oxide additives,
fixing wt% of Na2WO4:Ti:X = 5:5:2 and SiO2 balance.

Fig. 3. XPS spectra of Na2WO4-Ti/SiO2 added different metal oxide additives
showing binding energy in the range of W4f.

Fig. 4. XPS spectra of Na2WO4-Ti/SiO2 added different metal oxide additives
showing binding energy in the range of Ti2p.
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proposed behavior can significantly enhance the reaction mechanism
for OCM. As a result, the catalysts in group 1 exhibit a higher CH4

conversion relative to those in group 2. Future studies, to deeply un-
derstand the reaction mechanism, are required.

3.3. Optimization of Na2WO4-Ti-Mn/SiO2 catalyst for production of C2+

The Na2WO4-Ti-Mn/SiO2 catalyst was further optimized to increase
C2+ yield by first varying the weight percentage of Mn into Na2WO4-
Ti/SiO2 from 0.0 to 2.5 wt%. The results are shown in Fig. 6. The C2+

yield was found to be optimized at 0.5 wt% Mn loading (12.16% C2+

yield with 39.7% C2+ selectivity and 30.62% CH4 conversion, then the
C2+ yields slightly decreased to approximately 9.6%). The decrease in
the activity of the catalysts with Mn loading over 0.5 wt% could be due
to the formation of MnOx multilayers, which affects the generation of
nucleophilic oxy species (e.g. O2–, O2

2–, and O–) [20]. SEM images of
the catalysts shown in Fig. 6 are illustrated in Fig. 7. As shown, the
surface morphology and particle size of all catalysts are similar. All the
particles are irregularly shaped with various sizes, ranging from 50 nm
to about 1 μm in diameter of coral reef-shaped particles. Nevertheless,
the catalytic activity of each catalyst is different, probably due to dif-
ferences in the distribution of the active Mn species (Mn2O3, MnTiO3)
in each catalyst.

The best Na2WO4-Ti-Mn/SiO2 catalyst found in Fig. 6 was further

investigated by varying catalyst amounts and reactant gas feeding ra-
tios, while the total feed flow rate was fixed at 35 mL/min for every
condition. Three reactant gas feeding ratios of CH4:O2:N2 were used,
including CH4:O2:N2 = 3:1:0, 3:1:2, and 3:1:4. The results are plotted
in Fig. 8. As expected, the activity of the catalyst increased on in-
creasing the catalyst amount because the number of active sites in-
crease as the catalyst amount increases. Consequently, more CH4 can
react with the active sites, thereby increasing the C2+ yields. The cat-
alyst amount of each reactant gas feeding ratio that delivered the
highest C2+ yield was 24, 48, and 64 mg, giving a C2+ yield of 19.19%,
19.61%, and 18.70% when the reactant gas feeding ratio of CH4:O2:N2

was 3:1:0, 3:1:2, and 3:1:4, respectively. It should be noted that the
optimal point of each condition is the point where the O2 gas is com-
pletely consumed. Thus, after the optimal points, the CH4 conversions
should have been steady. However, the C2+ conversions minimally
decreased with gradual decreases of C2+ yields, potentially because the
C2+ products can further react with some special active sites to produce
CO, CO2, and even CH4 [21–27]. Thus, the CH4 conversion decreased as
the catalyst amount increased.

The optimal catalyst amount of each condition found in Fig. 8 was
selected to study the effect of reactor temperature at three different
CH4:O2:N2 feeding gas ratios, as shown in Fig. 9. For every feeding gas
ratio, the C2+ selectivities, CH4 conversions, and C2+yields increased
with increase in reactor temperatures, reaching an optimal value at 700
°C. The highest C2+ yield was achieved at 19.61% with 60.40% C2+

selectivity and 32.48% CH4 conversion when the CH4:O2:N2 feeding gas
ratio was 3:1:2. At reactor temperatures above 700 °C, the catalyst
activity for C2+ formation rapidly dropped, while the CH4 conversions
slowly decreased. It is possible that the C2+ products quickly combust
in the presence of O2 or react further easily with active sites at high
reactor temperatures. Similar to the results in Fig. 8, the slow decreases
of CH4 conversion as reactor temperature rose were due to the addi-
tional CH4 from the decomposition of C2+ [17,28–31].

In general, a fuel-rich condition (i.e. CH4:O2 ratio> 1.0) is more
favorable for C2+ production in the OCM reaction. The complete
combustion of CH4 is strongly favorable under fuel-lean conditions.
Therefore, the effect of CH4:O2 ratio on the activity of the optimal
catalyst was studied, as shown in Fig. 10. The CH4:O2 ratios were varied
from 1.0 to 3.0, for which the conditions ranged from fuel-lean to fuel-
rich. The results evidently showed that the C2+ yields slowly increased
as the CH4:O2 ratios were lowered. In other words, O2 increases into the
feed resulted in increases of C2+ yields and CH4 conversions. None-
theless, the C2+ selectivities significantly decreased. The results suggest
that O2 increases into the feed enhance the formations of CO and CO2

more than those of C2+ products [9,26,27].
The effect of total feed flow rate of the Na2WO4-Ti-Mn/SiO2 catalyst

Fig. 5. Plots of correlation between CH4 conversions and binding energies of a) W 4f7/2 and b) Ti 2p1/2.

Fig. 6. Effect of Mn loading into Na2WO4-Ti/SiO2. Reaction conditions:
CH4:O2:N2 ratio = 3:1:0, catalyst weight =8 mg, total feed flow rate of 35 mL/
min, reactor temperature =700 °C.
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for OCM reaction was also investigated as presented in Fig. 11. In
general, a short resident time inside a porous catalyst favors C2+ se-
lectivity because it reduces chances of combustion of C2+ products. The
results remarkably showed that the C2+ yields and selectivities were
achieved at approximately 20–22% and 60–62%, respectively, while
the CH4 conversions were slightly changed at approximately 32–35%
when the total feed flow rate was in the range of 45–75 mL/min. At
above 75 mL/min, the activity of the catalyst slowly decreased, po-
tentially because the residence time or the contact time between the
reactants and the catalyst was greatly reduced.

Lastly, a time-on-stream experiment over 24 h of the Na2WO4-Ti-
Mn/SiO2 catalyst at the optimized operating conditions was conducted
to monitor its catalyst stability. The plots are presented in Fig. 12. It
was found that the CH4 conversions and the C2+ yields slightly de-
creased from the second to the last hour, while the C2+ selectivity re-
mained virtually unchanged. The C2+ yield was reduced from 21 to
16% within 24 h of experiment. The catalyst used for 24 h was then
observed to examine why the catalyst deactivated using SEM and XRD
analyses, as shown in Fig. 13. Apparently, the particle sizes of the used

catalyst were much larger (about 50 times) than those of the fresh
catalyst. This indicated that one possible cause of the gradual deacti-
vation of the catalyst was the aggregation of the particles (i.e. catalyst
sintering). Comparison of the XRD spectra of the fresh and used cata-
lysts shows that the peaks of α-tridymite (2θ = 21.8, 23.3, 27.3, and
30.1 (ICDD No. 00-003-0227)) were clearer compared to those of the
fresh catalyst, while the NaWO4 peaks of the used catalyst were smaller
relative to those of the fresh catalyst. The peaks of α-cristobalite and
TiO2, however, exhibited no substantial change. This might suggest that
the crystallite size of α-tridymite could grow after many hours of
testing. However, it has been reported that the change of α-cristobalite
and α-tridymite does not substantially influence the activity of
Na2WO4-MnOx-containing catalysts for OCM reactions [32]. Thus, it is
not only catalyst sintering that causes the gradual deactivation, but also
the loss of Na2WO4.

Fig. 7. SEM images of Na2WO4-Ti-Mn/SiO2 catalysts at different Mn loadings: a) 0 wt%, b) 0.5 wt%, c) 1.0 wt%, d)1.5 wt%, e) 2.0 wt%, and f) 2.5 wt%.

Fig. 8. Activity of Na2WO4-Ti-Mn/SiO2 catalyst at different catalyst amounts
and different CH4:O2:N2 feeding gas ratios.

Fig. 9. Activity of Na2WO4-Ti-Mn/SiO2 catalyst at different reactor tempera-
tures and different CH4:O2:N2 feeding gas ratios. Reaction conditions: catalyst
weight = 24, 48, and 64 mg for CH4:O2:N2 = 3:1:0, 3:1:2, and 3:1:4, respec-
tively, total feed flow rate =35 mL/min.
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4. Conclusion

The purposes of this work were to study the effects of metal oxide
additives on the performance of the TiO2-Na2WO4/SiO2 catalyst for the
OCM reaction to value-added chemicals and to optimize the C2+ yield
of the most promising catalyst. The plots between the CH4 conversions
and the binding energies of W 4f7/2 and Ti 2p3/2 of the prepared cat-
alysts have revealed that the catalysts that exhibited lower binding
energy values possessed high catalytic activity. This is because the bond
strength between W or Ti with O becomes weaker, thereby promoting
the OCM reaction. Moreover, the addition of Mn into the Na2WO4- Ti/
SiO2 catalyst was the most active catalyst. The crystalline phases of α-
cristobalite, Na2WO4, and Mn2O3 were present in the most promising
catalyst. In the attempts to optimize the C2+ yield by varying operating
conditions, the maximum C2+ yield of the Na2WO4-Ti/SiO2 catalyst
added 0.5 wt% Mn was achieved at 22.09% with 62.3% C2+ selectivity
and 35.43% CH4 conversion. The optimal conditions were a reactor
temperature of 700 °C, a CH4:O2:N2 feeding gas ratio of 3:1:2, a total
feed flow rate of 75 mL/min, and 48 mg of the catalyst. The stability of
the catalyst was also investigated, concluding that the catalyst

gradually deactivated with time on stream because of catalyst sintering
and the loss of Na2WO4 content. How to prevent catalyst deactivation
and improve the C2+ selectivity of the Na2WO4-Ti-Mn/SiO2 catalyst
will be of great interest to further studies.
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