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ABSTRACT 
Methane (CH4) has been recently focused as an alternative raw material to 

produce fuels 

promising route for converting methane to ethylene and ethane (C2

implement of OCM process has limitation due to low selectivity and yield of C2 of 

 In this study, a pseudo homogeneous one-dimension model was established 

 

consecutive bed of two catalysts (DB) to investigate feasibility of enhancing yield of C2 

(YC2) by distributing catal

La2O3/CaO (LC) and Mn/Na2WO4/SiO2 (MN) catalysts were selected as 

representative catalysts due to high activity and high selectivity, respectively

was performed for reactors operated under isothermal and adiabatic conditions at 

identical contact time (  s m-3

(T0), feed composition (molar ratio of methane to oxygen: RMO, inlet), and weight fraction of 

LC in DB (WLC) were varied in ranges of T0 = 1,023 – 1,223 K, RMO, inlet = 2 – 10, and WLC = 

– , use of DB had no 

benefits to enhance YC2 On the other hand, under adiabatic condition, 

use of DB in which LC bed was loaded in front of MN bed (DBLC-MN) with suitable weight 

fractions of the two catalysts resulted in enhancing YC2, compar

DBLC-MN also decreased degree of unsatisfactory effect of heat accumulation inside the 

adiabatic reactor

improved, less formation of undesired carbon oxide  
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Nomenclature 
 

Latin Letter 

dtube  Inner diameter of the reactor  

Fi  Molar flow rate of species i s-1  

mcatal Weight of catalyst   

RMO, inlet Methane to oxygen ratio at reactor inlet -  

SC2 Selectivity of C2  

T Temperature  

T0 Inlet temperature  

V Volume of reactor 3  

YC2 yield of C2  

XCH4 Methane conversion  

 

Greek letter 

 Contact time  s m-3  

 Volumetric flow rate 3 s-1  

STP Volumetric flow rate at STP 3 s-1  

 

Abbreviation 

DB Dual bed PBR 

LC   La2O3/CaO catalyst 

MN Mn/Na2WO4/SiO2 catalyst 

OCM Oxidative coupling of methane 

PBR    

SB Single bed PBR 
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Chapter 1 

Introduction 

Statement and Significant of The Problems 
According to decrease of amount of crude oil and higher cost of oil-based 

considered as an alternatively economical raw material 

-

(C2) from methane can be achieved via oxidative coupling of methane (OCM) which is 

a highly exothermic catalytic pro -

operating temperatures around 900 – 1,200 K are required to activate the C-H bond of 

methane before the formation of C2 

oxidation of methane to produce ethane is achieved and ethane is consecutively 

transformed to ethylene via catalytic partial oxidation and thermal dehydrogenation 

2 production through OCM process, yield of 

ethylene and ethane (YC2) is still less than 

low productivity results from formation of carbon oxides (COx: CO and CO2) by-

products via deep oxidations of methane, ethylene and ethane which are 

the generated CO2 is strongly adsorbed on active sites and subsequently inhibits the 

exothermic OCM is short-  

ss become more economically reasonable, various 

catalysts and reactor configurations have been developed 1, 6-13, 17-25  Among the 

developed metal oxide catalysts, there are two promising catalysts: La2O3/CaO (LC)

exhibiting good activity and Mn/Na2WO4/SiO2 (MN) with high stability and 1, 

3-4  Although both catalysts showed similar dependence of SC2 on CH4/O2 ratio (RMO, 

inlet), the higher RMO, inlet, the higher selectivity to C2 (SC2) and the lower YC2 7-12 , they 

had different , 9  LC showed maximum YC2 

K whereas MN showed maximum YC2 around 1,123 - K In order to improve 

efficiency of the developed catalysts, several reactor types and novel configurations, 

such as fluidized bed reactor and membrane reactor, have been proposed and 

investigated  
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Application of a novel reactor with complicated configuration may lead to high 

capital cost  Therefore, improving efficiency of existing 

catalysts in a simple reactor should be considered as an alternative way to enhance 

As an interesting strategy to improve ability of the exist 

catalysts, distribution of catalysts with different characteristics in the different zones of 

 

In this study, 

Performance of  (SB) was investigated 

to clarify different characteristics of the catalysts in identical range of operating 

parameters under 

performance of  containing both catalysts as double layer (DB) was 

investigated at vario Finally, performances of SB and DB were 

compared and benefits of application of  

 

Objectives of This Study 

To investigate the feasibility of the application of double layer loading strategy 

to enhance efficiency of C2 production using La2O3/CaO and Mn/Na2WO4/SiO2  

Scope of Study 

The most commonly used LC and MN were selected as the representatives of 

OCM catalysts with high activity and high selectivity to C2, respectively Performances 

(SBLC and SBMN -layer (DBLC-MN) were 

homogeneous one-

7 9

SBLC and SBMN and double 

layer loaded  (DB) without pressure drop were compared under 

, oxygen 

and nitrogen as balance

temperature (1,023 – 1,223 K) and ratio of methane to oxygen (RMO, inlet; 2 – 10  As for 

-    
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Chapter 2 

Literature Review 

Processes of Methane Conversion 

Methane, the main component of natural gas and biogas, has been considered 

as a promising raw material instead of crude oil for production of liquid fuel and 

Numerous processes of methane conversion into higher hydrocarbon 

have been explored and achieved via directly converting methane into higher 

hydrocarbon (direct method) and transformation of methane indirectly through the 

formation of the synthesis gas in the indi 4

routes to directly convert methane to higher hydrocarbon is a production of ethylene 

and ethane (C2) via the oxidative coupli  

Oxidative Coupling of Methane (OCM) 

Oxidative coupling of methane is a highly exothermic process with a complex 

operating temperatures around 900 – 1,220 K 

these operating conditions, methane is converted to methyl radicals (CH3
+) on the 

and couples into ethane as the primary product in gas-

generated via dehydrogenation of ethane on the catalyst surface as well as via thermal 

dehydrogenation of ethane in the gas-  

Although OCM is a promising route of methane utilization, operation of OCM is 

particularly challenging owing to difficulty in activation of the methane C-H bond due 

-

temperatures are required in OCM in order to active the methane C-

the C- form the desired product C2 at the high temperatures, the 

C-H bond of desired product C2 2) and 

x)) 
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are favored thermodynamically -temperature process causing 

thermodynamically limited lower selectivity and yield of C2  

OCM Catalysts 

As a result of high reaction temperature and catalytic process of OCM, highly 

selective and stable catalysts are required in order to increase conversion of methane 

and yield of the desired product C2 

catalyst activity and selectivity are depe

13

of OCM and catalyst stability are significantly improved by doping the metal oxide 

the oxide catalysts leads to increase of basicity of catalyst, subsequently increasing 

formation of desired C2 ormance of metal oxide catalysts that generally 

Li/MgO, La2O3/CaO, Mn/Na2WO4/SiO2, Fe2O3, and SrTiO3 had been 

summarized as shown in Table 2 1 

  

Table 2 1  

 Li/MgO La2O3/CaO Mn/Na2WO4

/SiO2 

Fe2O3 SrTiO3 

T0  – 1,023 973 – 1,223 1,023 – 

 

> 973 1,173 – 

1,223 

RMO, inlet -  N/A 2-16 4 –  N/A N/A 

XCH4  45 45 32 55 - 60 N/A 

SC2  44 N/A 45 N/A 66 

YC2  12 19  < 5 25 

Metal loss Li loss - - - - 

Phase change - - - 

Inhibition 

effect of CO2 

-  - - - 

Reference 1, 6 1, 7-  1, 9 1 4 
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Li/MgO Catalyst 

Li/MgO has been considered as one of the promoting catalysts for OCM since 

incorporation of Li with MgO enhances surface basicity of the catalyst and 

subsequently causing the high activity and 6

when OCM was operated at 1,073 K with methane to oxygen ratio of 2 and GHSV higher 

than 35 h-1 

of C2  effect of Li/MgO on the performances of 

OCM, this catalyst was not practical use for OCM due to low catalyst stability associated 

with Li migration and evaporation from the oxide catalyst surface under the operating 

 

La2O3/CaO Catalyst 

Another promising catalyst for OCM is La2O3/CaO which is one of the strongest 

5 2O3-

based catalyst has a high catalyst activity at the modest temperature and provides 

significant yield and selectivity of C2 since the effective activation of methane can be 

achieved at the La3+ -O2- pair site of La2O3- 7

2O3/CaO with 10-

reported the suitable range of operation of OCM is under temperature of 973 – 1,223 

K, pressure of 100 – – 

of this catalyst must be particularly concerned when the temperature increased since 

at temperature above 923 K, the presence of CO2 led to a competitive adsorption of 

oxygen and carbon dioxide on the same active site and subsequently led to catalyst 

 

Mn/Na2WO4/SiO2 Catalyst 

Mn/Na2WO4/SiO2 catalyst is recently considered as the most effective and 

practically industrial catalysts of OCM under the high operating temperature in terms 

-

resulted from the modification of the oxide catalyst with Mn, Na, W and SiO2

active site enhanced the activation of gas-phase oxygen and phase of SiO2 from 

amorphous to cristobalite was prohibited via the presence of Mn/SiO2, the 

incorporation of Na played an important role of increasing surface basicity causing 

increase of active interaction of methane as well as preventing the total oxidation of 

methane into COx  
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Mn/Na2WO4/SiO2 catalyst can be applied in OCM under the operating 

temperature of 1,023 – – 

s m-3 9  

Fe2O3 Catalyst 

 activity (55 – 

methane conversion) and stability via using Fe2O3 catalyst at temperature higher than 

2 was achieved since the total oxidation of methane is 

enhanced by forming active -Fe2O3  

SrTiO3 Catalyst 

Galadim 3 catalyst modified with 

metal such as group IIA element under at the temperature of 1,173 – 1,223 K was not 

effective due to double-phase catalysts between SrTiO3 and SrTiO4 

Reactor Designs for the OCM 

Packed Bed Reactor (PBR) 

-

According to high temperature in OCM process, using small diameter was an excellent 

increase of temperature were obtained causing elevation of temperature in some zone 

 

RMO, inlet 

-isothermal conditions at 

inlet temperature of 973 – 1,223 K and RMO, inlet of 2 – The results showed similar 

dependence of selectivity to ethylene and ethane (SC2) on CH4/O2 ratio, the higher 

CH4/O2 ratio, the higher SC2; however, lower XCH4 and YC2  

 

Membrane Reactor 

-9, 1

can be achieved wh

the occurrence of the complete oxidation of methane which generate undesired COx 
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products and high heat in t

reactors have been considered as a potential reactor limiting the amount of oxygen 

available in the reactor tube that enhance the performance of OCM and improve 

 

Typical configuration of the membrane reactors for the catalytic OCM process 

-

catalyst 

s spatially distributed along with length of 

the catalytic bed and permeates to the membrane and reacts with methane at the 

 

Common type of membranes used to distribute oxygen can be categorized in 

to two types including permselective dense membranes and non-permselective 

 

Improving Performance of PBR by Arrangement of Catalyst 

A fixed-bed reactor loaded with double layer catalysts (Ce/TiO2 and Cu/CeO2) 

was used for 26

Ce/TiO2 catalyst exhibited good activity due to its abundant acid sites and good redox 

For Cu/CeO2 

Ce/TiO2 catalyst in front of Cu/CeO2 YCO2 was obtained 

via using a fixed-bed reactor loaded with double layer catalysts by introduce Ce/TiO2 

catalyst in front of Cu/CeO2 catalyst by using same loading weight for each catalyst, 

compared with Ce/TiO2 catalyst and (Ce + Cu)/TiO2 catalyst, but less than Cu/CeO2 

YCO2 of double layer catalysts was less than Cu/CeO2 catalyst, the 

drop of acid site on (Ce + Cu)/TiO2 catalyst and chlorine poisoning of TiO2 were 
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Chapter 3 

Research Methodology 

Performances of single- (SB) and double-(DB) bed reactor were simulated In 

this chapter  and operating 

condition, and model validation are summarized  

Kinetic Model 

ten stoichiometric reactions established by Stansch 

ten OCM reactions, Eqs ) - 

consisted of nine heterogeneous catalytic reactions and one gas-

(3 ), and were classified as primary, Eqs ) – ( and consecutive reaction steps, 

Eqs ) – (   

Step 1: CH4  + 2   O2    CO2   + 2 H2O    

Step 2:     2CH4  2    C2H6  +    H2O   2) 

Step 3:  CH4  +      O2    CO    +    H2O   + H2  3) 

Step 4:  CO    2     CO2    4) 

Step 5:  C2H6  2    C2H4  +    H2O   5) 

Step 6:   C2H4  + 2   O2        2 CO  + 2 H2O   6) 

Step 7:   C2H6                  C2H4  +    H2   7) 

 C2H4  + 2H2O        2 CO  + 4 H2   ) 

Step 9:   CO    + H2O   CO2  +    H2   9) 

Step 10:  CO2   + H2    CO  +    H2O    

Methane (CH4) is converted via three parallel oxidative reactions, Eqs ) – 

( 2H6) is formed via partial oxidation of CH4 through , while 

oxidations of CH4 through 2 

Ethylene (C2H4) is consecutively formed by partial oxidation of C2H6  

and thermal gas-phase dehydrogenation of C2H6 
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Kinetics parameters, as shown in Table 3 1 and Table 3 2, and rate equations 

 for La2O3/CaO (LC) 

and Mn/Na2WO4/SiO2 (MN),  Rate of partial oxidation of CH4 

-Watson type of rate equation with consideration of 

inhibiting effects of O2 and CO2  

– In case of MN catalyst, no inhibiting effect 

of CO2 i term 

of inhibiting effect of CO2 is  Rates of non-

– for both catalysts are expressed via 

power-law rate -  

 

, =  , / , , , /
, , , / , , , /  

, =  , /
,  , , / , j = 1, 3-6   

= , /   

= , /   

= , /  

= , /  

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพื่อการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 
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Table 3 1 [7]  

step 
k0  

g-1 s-1 Pa-(m+n)  

Ea 

mol-1  

K0, CO2  
-1  

Had, CO2 

mol-1  

K0, O2  
-1  

Had, O2 

mol-1  
mj -  nj -  

1  10-6   10-13 -175 0 0   

2  101   10-14 -   10-12 -124   

3  10-7   10-14 -  0 0   

4  10-4 104  10-13 -  0 0   

5  10-1 157  10-13 -166 0 0   

6  10-2 166  10-13 -211 0 0   

7  107 226 0 0 0 0  0 

  103 300 0 0 0 0  0 

9  10-4 173 0 0 0 0   

10  10-2 220 0 0 0 0   
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Table 3 2 Kinetic parameters of MN [9]  

step 
k0  

g-1 s-1 Pa-(m+n)  

Ea 

mol-1  

K0, CO2  
-1  

Had, CO2 

mol-1  

K0, O2  
-1  

Had, O2 

mol-1  
mj -  nj -  

1  10-7  0 0 0 0   

2 2 94  101  0 0  10-11 -   

3  10-   0 0 0 0   

4  10-4  0 0 0 0   

5  10-3  0 0 0 0   

6  10-1  0 0 0 0   

7  107  0 0 0 0  0 

  102  0 0 0 0   

9  10-6  0 0 0 0   

10  10-3  0 0 0 0   
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Reactor Model 

The performances of SB and DB under isothermal and adiabatic reactors were 

numerically evaluated based on a pseudo homogeneous one-dimension model with 

assumptions of steady state, ideal gas behavior, isobaric, and no diffusion in both axial 

and radial dir

 

Mole balance:  =     

Energy balance:  , =     

where i is species: CH4, O2, C2H6, C2H4, CO2, CO, H2O, H2, and N2 

Reactor Configuration and Operating Conditions 
Performances of SB (Figure 3 1(a)) and DB (Figure 3 1(b)) were simulated at 

identical contact time (  s m-3) where overall weight of catalyst (mcatal) was 

5  10-6  The reactor used was assumed as a cylindrical tube reactor with the inner 

diameter (dtube) of 6 x 10-3  A mixture of methane, oxygen, and nitrogen was fed into 

the reactor with a flow rate at STP ( STP, inlet) of 4 x 10-6 m3 s-1  Methane was feed with 

varied according to 

methane to oxygen ratio (RMO, inlet  

 

 
Figure 3 1  
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The following operating parameters; inlet temperature (T0), feed compositions 

(ratio of CH4 to O2; RMO, inlet), and weight fraction of LC in the double layer (WLC); were 

varied in the ranges of T0 = 1,023 – 1,223 K, RMO, inlet = 2 – 10, and WLC = 0  –  

 

Evaluation of Reactor Performance 

The performances of SB and DB in terms of conversions of reactants (XCH4 and 

XO2), overall selectivities of C2 products (SC2) and by-product COx (SCOx), and yield of C2 

products (YC2 –  
 =  ,  ,    

 =  ,    

 =  ,     

 =  ,    

 

Solution Approach 

The model was used to simulate performances of SB and DB under isothermal 

and  equation expressing mole 

balance of each species Under adiabatic condition, both 

equation expressing mole balance of each species  

d  The systems of differential equations were solved using Runge-

Kutta method compiling with MATLAB   

At the inlet of reactor (V = 0 m3), molar flow rates of all species were calculated 

Inlet temperature (T0) was additionally used as initial 

condition for calculation under adiabatic condition only  

 

Model Validation 

Model validations for LC and MN were performed based on the experimental 

7  9

Table 3 3  In เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพื่อการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 
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case of LC, XCH4 at the reactor outlet from the simulated results were compared to 

the experimental results, while in case of MN, XCH4 at any mcatal/  were used for the 

  

 

Table 3 3  

Catalyst mcatal  

 
STP, inlet 

3 s-1
 

-  T0 

 CH4 O2 N2 

LC -5 4 x 10-6    1,023 
-5 4 x 10-6    1,073 
-5 4 x 10-6    1,103 
-5 4 x 10-6    973 
-5 4 x 10-6    1,023 
-5 4 x 10-6    1,103 

MN -4  x 10-7   0  
-4  x 10-7   0 1,223 

 

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพื่อการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 
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Chapter 4 

Results and Discussion 

Model Validation 

(XCH4) between the experimental and simulated results of isothermal SBLC and SBMN, 

for SBLC and SBMN stablished model will be used for further 

 

 
Figure 4 1  XCH4  

 

Performance of Isothermal Single Bed PBR 

Performances of SBLC and SBMN were simulated under isothermal condition to 

emperature (T0) and 

feed compositions (ratio of CH4 to O2: RMO, inlet) on the reactor performances were 

investigated in ranges of 1,023 – 1,223 K and 2 – 

performances of SBLC and SBMN at various operating conditions showed similar trends 

at all operating conditions, the results at RMO, inlet = 6 and T0 = 1,123 K were selected 

as representatives to clarify the effects of T0 and RMO, inlet  

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพื่อการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 
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ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกท้ังห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกคร้ังที่มีการนำไปใช้ 
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Isothermal SBLC 

Figure  shows the changes of conversion of reactants, selectivity of each 

both XCH4 and XO2 gradually increased with almost constant rate through the reactor, 

as shown in Figure (a)

On the other hand, profiles of SC2 and SCOx were 

 At the lowest T0 (1,023 K), SC2 and SCOx were nearly 

constant through the bed while, at higher T0, SC2 decreased and SCOx increased along 

the bed and the Figure (d) 

shows that profile of YC2 In range of low T0 

K), YC2 constantly increased through the bed whereas, at the highest T0 (1,223 K), 

increase of YC2 around the inlet of reactor was steeper than the increase around the 

 

 

 
Figure 4 2 XCH4 and XO2, (b) SC2, (c) SCOx, and (d) YC2 along isothermal 

SBLC at RMO, inlet  

 

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพื่อการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 
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As shown in Figure (a), increase of T0 resulted in increase of conversion of 

reactants obtained at the reactor outlet, XCH4 and XO2, indicating that the activity of 

catalyst continuously increased with On the other hand, the selectivities 

of desired (SC2) and undesired (SCOx

 as shown in 

(c) The presence of SC2, max and SCOx, max was considered as a result of the different 

influences of T0 on selectivities in the different ranges of T0 as observed in Figures 

There are two important characteristics observed from the results: deep 

oxidations of methane to carbon monoxide and carbon dioxide were more favorable 

at high temperature and the production of ethane was much more favorable than that 

 This behavior agreed well with the ones reported 

6  

 

 
Figure 4 3 T0 on (a) conversion of reactants, (b) selectivity of C2 

products, (c) selectivity of COx products, and (d) yield of C2 products 

of isothermal SBLC at RMO, inlet  
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Figure  shows the changes of conversion of reactants, SC2, SCOx, and YC2 along 

 At any RMO, inlet, XCH4 and XO2 constantly increased through the 

reactor as shown in Figure  ivities, SC2 gradually decreased while SCOx 

gradually increased with almost constant rate through the reactor as shown in Figures 

Figure  (d) shows that change of YC2 was dependent on RMO, inlet  

At the lowest RMO, inlet (RMO, inlet = 2), the steep of increase of YC2 at around reactor inlet 

was slightly higher than the steep at around reactor outlet while at higher RMO, inlet, YC2 

constantly increased through the bed  

 

 
Figure 4 4 XCH4 and XO2, (b) SC2, (c) SCOx, and (d) YC2 along isothermal 

SBLC at T0 = 1,123 K 
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Figure  shows that when the amount of oxygen in feed stream was 

decreased (high RMO, inlet), less oxygen existing in the reactor, less amount of methane 

was consumed while larger fraction of methane was converted to the desired C2 

compared to the undesired COx

produced compared with ethane in the whole range of RMO, inlet

CO and CO2 were produced in comparable amounts and RMO, inlet slightly affected the 

RMO, inlet (RMO, inlet = 2), the amounts of methane converted to carbon monoxide and to 

carbon dioxide were nearly equal and the ratio of these amounts increased with  

RMO, inlet RMO, inlet 

methane tended to convert to C2 an  

 

 
Figure 4  Influence of RMO, inlet on (a) conversion of reactants, (b) selectivity of 

C2 products, (c) selectivity of COx products, and (d) yield of C2 

products of isothermal SBLC at T0 = 1,123 K 
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Isothermal SBMN 

Figure  shows the changes of conversion of reactants, SC2, SCOx, and YC2 along 

XCH4 and XO2 were obtained with 

constant steepness through the bed as shown in Figure 

SC2 and SCOx remained constant through the bed 

Figure (d) shows that YC2 slightly increased with 

 

Figure (a) shows that XCH4 and XO2 obtained at outlet of reactor slightly 

increased with temperature, indicating that the activity of catalyst was insignificantly 

SC2 and 

SCOx in the different manners; gradual increase of SC2 and gradual decrease of SCOx as 

2H4 was 

negligible compared to the production of C2H6

with temperature while selectivity to CO2  

 
Figure 4   Profiles of (a) XCH4 and XO2, (b) SC2, (c) SCOx, and (d) YC2 along isothermal 

SBMN at RMO, inlet  
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Figure 4 7 Influence of T0 on (a) conversion of reactants, (b) selectivity of C2 

products, (c) selectivity of COx products, and (d) yield of C2 products 

of isothermal SBMN at RMO, inlet  

 

Figure  shows the changes of conversion of reactants, SC2, SCOx, and YC2 along 

 RMO, inlet, XCH4 and XO2 constantly increased through the 

reactor SC2 and SCOx 

YC2  

Figure  shows that when the amount of oxygen in feed stream was 

decreased (high RMO, inlet), less oxygen existing in the reactor resulted in lower 

consumption of methane and fraction of methane converted to C2 was larger than 

fraction of methane converted to COx  As shown in Figure (b), SC2 gradually increased 

with increase of RMO, inlet 

RMO, inlet fraction of 

methane converted to SC2H4 Figure (c) shows that 

SCOx gradually decreased with increase of RMO, inlet from 2 to 6 and reached a trough at 

RMO, inlet At the lowest RMO, inlet (RMO, inlet = 2), the amounts of 
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methane converted to carbon monoxide was almost equal to the amount of methane 

RMO, inlet was further increased, SCO  

 

 
 

Figure 4 8 XCH4 and XO2, (b) SC2, (c) SCOx, and (d) YC2 along isothermal 

SBMN at T0 = 1,123 K 
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Figure 4 9  Influence of RMO, inlet on (a) conversion of reactants, (b) selectivity of 

C2 products, (c) selectivity of COx products, and (d) yield of C2 

products of isothermal SBMN at T0 = 1,123 K  

Performance of Adiabatic Single Bed PBR 

In this section, performances of SBLC and SBMN were simulated to understand 

(T0) and feed compositions (ratio of CH4 to O2: RMO, inlet) on performance of reactor were 

investigated in ranges of 1,023 – 1,223 K and 2 – 

performances of SBLC and SBMN at various operating conditions showed similar trends 

at all operating conditions, the results at RMO, inlet = 4 and T0 = 1,123 K were selected 

as representatives to clarify the effects of T0 and RMO, inlet  

Adiabatic SBLC 

Figure  shows the changes of conversion of reactants, temperature, 

selectivity of each product and yield of desired products along the bed of catalyst 

Figure (a), at the lowest T0, 1,023 K, 

conversions of both reactants were gradually increased along the bed, both reactants 
เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพื่อการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกทั้งห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกครั้งที่มีการนำไปใช้ 

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพ่ือการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกท้ังห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกคร้ังที่มีการนำไปใช้ 



24 

 

were partially consumed and catalyst in the whole bed was effective to oxidative 

coupling of methane whereas at higher inlet temperature,T0 ,123 K, oxygen was 

completely consumed before reaching the reactor outlet and left some amounts of 

shown in Figure 

temperature, T0 = 1,023 K, while at the higher operating temperatures, T0 = 1,123 and 

1,  of 

 -3

 

2 and to 

undesired COx T0 (1,023 K), SC2 

  SCOx gradually 

decreased from 62  

coupling of methane was more favorable than deep oxidations of methane throughout 

T0 (1,223 K), SC2 

SCOx 

 

and oxygen (  = 0- -3), the decrease of SC2 and the increase of SCOx were more 

completely con -3, the slopes of the decrease of SC2 and the 

increase of SCOx 

methane was more favorable than deep oxidations of methane only at the zone near 

to the inlet of reactor, deep oxidations of methane became more significant while the 

amount of oxygen was getting less and after oxygen was completely consumed in the 

bed (   -3), reverse water gas shift reaction played significant role on the 

the middle T0 (1,123 K), SC2 
-3

compensation of the increase of SC2 due to oxidative coupling of methane and the 

decrease of SC2 

coexisted with methane (  - -3), steep decrease of SC2 and steep increase 

of SCOx ted significant effect of deep oxidations of  
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Figure 4 10 Profiles of (a) XCH4 and XO2, (b) T, (c) SC2, (d) SCOx, and (e) YC2 along 

adiabatic SBLC at RMO, inlet  

 

oxygen (  -3), only reverse water gas 

SC2 slightly decreased and SCOx 

 

Figure (e) shows that YC2 continuously increased through the reactor under 

the condition of coexisting of methane and oxygen where oxidative coupling of 

methane played significant role, T0 T0, 1,123 and 1,223 K, profiles of 

YC2 showed their maximum values inside the reactor since the performance in the front 
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part of the bed was dominated by oxidative coupling of methane whereas the 

 

Figure  shows reactor performance at various T0 T0 was increased, 

XCH4 and XO2 

T0 1,043-1,073 K and XCH4 and XO2 reached 

T0 

LC 

that were not effective in reaction between methane and oxygen at T0  1,073 K due 

Figure 

of T0 Tmax illustrated in Figure nt at 1,043-

Tmax (550 K) appeared at T0 Tmax 

slightly decreased at higher T0 Tmax should be expected under the 

condition that oxygen still remained in the reactor because oxidative coupling of 

methane is highly exothermic, large quantity of heat released and remained in the 

T0 > 1,073 K, by considering the decreases of XCH4 and XO2 in Figure 

Tmax should be expected because after oxygen was 

completely consumed, endothermic reverse water gas shift reaction can go further 

 It should 

be noted that another highly endothermic reaction, conversion of ethylene to carbon 

monoxide, simultaneously occurred but the simulation results revealed that the heat 

 

As shown in SC2 and SCOx had the maximum 

Figure 

(c) shows that SC2 gradually increased when T0 was increased from 1,023 to 1,043 

K and further increase of T0 from 1,043 to 1,073 K resulted in rapid decrease of SC2

T0  1,073 K, SC2 gradually decreased with increase of T0 In the investigated range  

(T0 = 1,023 – 1,223 K), production of C2H4 was negligible compared to production of 

C2H6 SC2, SCOx showed opposite effect; slight decrease at 1,023-

1,043 K, steep increase at 1,043-1,073 K and gradual increase at T0  1,073 K, Figure 

 In addition, the amounts of CO and CO2 produced from the reaction were 

T0  1,073 K, trends of CO and CO2 profiles were similar, however, 

under condition of T0 > 1,073 K, the trends of CO and CO2 were different; at higher 

temperature, higher selectivity to CO but lower selectivity to CO2  
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Figure 4 11  Influence of T0 Tmax, (c) selectivity 

of C2 products, (d) selectivity of COx products, and (e) yield of C2 

products of adiabatic SBLC at RMO, inlet = 4 

 

the condition that methane and oxygen coexisted through the catalyst bed, T0  1,073 

K, effects of T0 on SC2 and SCOx were similar to the ones observed in isothermal SBLC, 

T0 (  

1,073 K), where some amounts of catalyst in the bed were ineffective to oxidative 

coupling of methane, agree Tmax in the 

range of high T0, Figure (b), the more extent of reverse water gas shift reaction 
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results in higher selectivity to CO and lower selectivity to CO2 Figure (e) shows 

that under the condition of excess oxygen, YC2 increased with T0 while under the 

condition that oxygen was completely consumed in the front part of catalyst bed YC2 

decreased with T0

order to obtain high yield of the desired C2  

Figure  shows change of reactor performance along the bed of catalyst at 

Figure (a), at the highest RMO, inlet (RMO, inlet 

= 10), XCH4 increased gradually along the catalyst bed to 12 

change of XO2 was more significant and slope of the profile was steeper at the longer 

Figure 

 

RMO, inlet, RMO, inlet = 6 and 2, oxygen was totally consumed in the front part of the bed 

and steep increase of temperature along the bed before complete consumption was 

bed should be considered as a result from significant effect of reverse water gas shift, 

as previously discussed in Figure s 

moderate temperature (1,123 K), at all RMO, inlet, SC2 and SCOx were nearly constant when 

Significant drop of SC2 and increase of SCOx were observed just before total 

   -3 at RMO, inlet    
-3 at RMO, inlet  was further increased, SC2 was slightly decreased whereas 

SCOx ar to the one observed in Figures 

(c) and (d) at T0 = 1,123 K and RMO, inlet Figure (e), the 

highest YC2  

Figure  shows performance of reactor operated at 1,123 K for various  

RMO, inlet As shown in Figure (a), except for RMO, inlet d by 

oxygen under these conditions and conversion of methane continuously decreased 

with RMO, inlet

the decrease of XCH4, as shown in Figure (b) s d that 

conversion of methane to C2 was more preferable than the conversion to COx under 

the condition that methane and oxygen were partially consumed, RMO, inlet 

highest efficiency of SBLC for production of C2 obtained at RMO, inlet 
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Figure 4 12  Profiles of (a) XCH4 and XO2, (b) T, (c) SC2, (d) SCOx, and (e) YC2 along 

adiabatic SBLC at T0 = 1,123 K  

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพื่อการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกทั้งห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกครั้งที่มีการนำไปใช้ 

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพ่ือการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกท้ังห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกคร้ังที่มีการนำไปใช้ 



30 

 

 
Figure 4 13 Influence of RMO, inlet Tmax,  

(c) selectivity of C2 products, (d) selectivity of COx products, and  

(e) yield of C2 products of adiabatic SBLC at T0 = 1,123 K 
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Adiabatic SBMN 

Figure  shows the changes of conversion of reactants, temperature, 

selectivity of each product, and yield of desired products along the reactor under 

Figure (a), at any T0, XCH4 and XO2 slightly increased 

with constant increment through the bed of catalyst, indicating that the catalyst in the 

gher 

Figure (b) shows that temperature slightly increased along the bed 

d to be similar to the 

  SC2 

slightly increased and SCOx Figure (d) 

shows that YC2  

Figure (a) shows that XCH4 and XO2 

T0 (1123 –  increment in the low range of T0 

(1023 – 

Figure Tmax 

T0 (1,023 – Tmax 

T0, the behavior was similar 

to the behavior un T0 on both SC2 and SCOx 

was corresponded to the influence of T0 in isothermal SBMN: slight increase of SC2 from 

SCOx

converted to carbon monoxide and carbon dioxide were comparable at the highest T0 

C2 more than carbon monoxide and carbon dioxide Figure (d) shows that YC2 

 

Figure  shows change of reactor performance along the bed of catalyst 

operated at T0 = 1,123 K and various RMO, inlet Figure (a) shows that the increments 

of XCH4 and XO2 were constant along the bed

obtained at the reactor outlet were low: the maximum XCH4 and XO2 
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mption of both reactants, adiabatic temperature slight 

increased with constant increment through the bed of catalyst and corresponded to 

the increase of XCH4, as shown in Figure 

for selectivity, both SC2 and SCOx remained constant along the bed, as shown in Figures 

Figure (d) shows that YC2 slightly increased through the bed of 

 

 

 
Figure 4 14 (a) XCH4 and XO2, (b) T, (c) SC2, (d) SCOx, and (e) YC2 along 

adiabatic SBMN at RMO, inlet = 4 
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Figure 4 T0 on (a) conversion of reactants, (c) selectivity of C2 

products, (d) selectivity of COx products, and (e) yield of C2 products 

of adiabatic SBMN at RMO, inlet = 4  
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Figure 4 (a) XCH4 and XO2, (b) T, (c) SC2, (d) SCOx, and (e) YC2 along 

adiabatic SBMN at T0 = 1,123 K 

 

Figure  shows performance of reactor operated at 1,123 K for various  

RMO, inlet Figure (a) shows that XCH4  

RMO, inlet Figure (b), adiabatic 

temperature decreased with RMO, inlet RMO, inlet on both SC2 and SCOx 

was corresponded to the influence of RMO, inlet in isothermal SBMN: slight increase of SC2 

SCOx 
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methane tended to convert to C2 products than COx products at less amount of 

Figure (e) shows that YC2  

 

 
Figure 4 17 Influence of RMO, inlet Tmax,  

(c) selectivity of C2 products, (d) selectivity of COx products, and  

(e) yield of C2 products of adiabatic SBMN at T0 = 1,123 K  
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Performance of DBLC-MN  

To investigate possibility of enhancing yield of desired C2 

reactor loaded with two catalysts as double layer, performance of a PBR loaded with 

LC in the first layer and subsequently MN in the second layer (DBLC-MN) was simulated 

for various weight fractions of LC (WLC 

(  s m-3 T0 and RMO, inlet), were varied in the 

range of 1,023 – 1,223 K and 2 – WLC on performance 

of DBLC-MN had similar trends at various T0 and RMO, inlet in the investigated range, result 

obtained at one particular condition was selected for discussion on improvement of 

YC2  

In isothermal case, simulation result at T0 = 1,123 K and RMO, inlet = 6 was 

Figure  shows YC2 obtained from isothermal DBLC-MN at various WLC, 

compared with isothermal SBLC (WLC = 1) and isothermal SBMN (WLC 

revealed that the highest YC2 was obtained from isothermal SBLC

concluded that using DBLC-MN had no benefits to enhance YC2 under isothermal 

 

 
Figure 4 18 WLC on YC2 of isothermal DBLC-MN at T0 = 1,123 K and  

RMO, inlet  

 

Since oxidative coupling of methane is extremely highly exothermic reaction, it 

is difficult to operate OCM reactor isothermally and heat accumulated in the reactor 

rison of DBLC-MN with SBLC and SBMN 

was considered under adiabatic condition in order to show the possibility of 

improvement of YC2 by application of DBLC-MN Figure 
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 shows simulation result at T0 = 1,123 K and RMO, inlet Figure (a), 

the highest YC2 LC-MN with WLC 

the possibility of enhance YC2 

DBLC-MN improvement over SBLC (YC2 

improvement over SBMN (YC2  

 

 
Figure 4 19 Influence of WLC on performance of adiabatic DBLC-MN at T0 = 1,123 K 

and RMO, inlet = 4  

 

To find the highest YC2 possibly obtained from each adiabatic reactor (SBLC, SBMN 

and DBLC-MN), simulation was further performed in the whole range of operating 

condition (T0 = 1,023 – 1,223 K, RMO, inlet = 2- Table , using DBLC-

MN with WLC YC2 

superior to SBLC and SBMN expected from the 

application of DBLC-MN are the decrease of degree of unsatisfactory effect from heat 

accumulation inside the adiabatic reactor and less consumption of methane to 

undesired COx LC-MN was about 169 K lower than the 

adiabatic temperature of SBLC and SC2 obtained from DBLC-MN 

SC2 from SBLC LC-MN led to less unsatisfactory 

effect from heat accumulation and more utilization of methane to the desired C2  
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Table 4 1 YC2, max 

PBR T0  

 

RMO, inlet 

-  
 

s m-3  

SC2 

 

YC2, max 

 

T 

 

DBLC-MN 1,073 2    1,463 

SBLC 1,073 4    1,632 

SBMN 1,223 2    1,253 
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Conclusion 
 

A pseudo homogeneous one-dimensional model was used for simulation in 

order to predict the performances, in terms of conversion of reactants, selectivity of 

ethane and ethylene (SC2), and yield of ethane and ethylene (YC2) 

reactors loaded with single catalyst (SB): La2O3/CaO (SBLC) and Mn/Na2WO4/SiO2 (SBMN) 

and dual bed loaded with La2O3/CaO in the first layer and Mn/Na2WO4/SiO2 in the 

second layer (DBLC-MN) The performance of DBLC-MN was compared with SBLC and SBMN 

at identical contact time (  s m-3) and various condition (T0 = 1,023 – 1,223 

K, RMO, inlet = 2 – 10)  

The present study revealed that using DBLC-MN under isothermal condition has 

no benefits to enhance YC2 compared to SBLC and SBMN As for adiabatic condition, YC2 

was more enhanced by the application of DBLC-MN compared to SBLC and SBMN

highest YC2  was achieved at WLC T0 = 1,073 K, and RMo, inlet 

operating condition, the highest YC2 of adiabatic DBLC-MN YC2 

with SBLC and SBMN LC-MN did not only enhance YC2, but also reduced 

degree of unsatisfactory effect from heat accumulation inside the adiabatic reactor 

and the utilization of methane to desired C2 was  
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Performances of La2O3/CaO (LC) and Mn/Na2WO4/SiO2 (MN) for production of ethylene and ethane (C2)
through oxidative coupling of methane (OCM) in packed bed reactors with single and double layer catalytic 
bed were investigated. Performances of single layer loaded PBR were evaluated in terms of selectivity to 
C2, yield of C2 and product composition (H2/CO) under isothermal, adiabatic and non-adiabatic/non-
isothermal conditions. Using isothermal reactor, MN showed better performance in OCM reaction 
compared with LC over all the range of inlet temperature (973 - 1,223 K) and methane to oxygen ratio 
(CH4/O2; 2 - 16). The maximum yield of C2 obtained from LC under adiabatic condition were at 973 K and 
CH4/O2 of 10 whereas MN exhibited the maximum yield at 973 K and CH4/O2 of 12. Performances of 
double layer loading of LC-MN and MN-LC in a packed bed reactor operated under adiabatic condition at 
CH4/O2 of 10 and mcat/VSTP (1.25 kg s m-3) were compared. It was found that performance of PBR was 
improved by using double layer loading LC-MN and the maximum yield of C2 was obtained at 1,173 K 
with weight fraction of LC of 0.3. 

1. Introduction
Methane has been considered as a promising raw material in production of liquid fuel and chemical 
feedstocks (Karakaya and Kee, 2016). Production of ethylene and ethane (C2) via oxidative coupling of 
methane (OCM) is one of the most important routes for methane utilization. Kinetics of OCM has been 
extensively investigated over various catalysts (Gambo et al., 2017). La2O3/CaO (LC) and 
Mn/Na2WO4/SiO2 (MN) are representatives of effective OCM catalysts which could be used in wide range 
of operating conditions. Their performances are significantly depended on temperature and feed 
composition, especially CH4/O2 ratio. In a packed bed reactor (PBR), the maximum yield of ethylene and 
ethane (YC2) was obtained at 1,098 K for LC (Tye et al., 2002), whereas it was found around 1,123 - 1,148 
K in the case of MN (Daneshpayeh et al., 2009). Both catalysts showed similar dependence of selectivity 
to ethylene and ethane (SC2) on CH4/O2 ratio, the higher CH4/O2 ratio, the higher SC2. Although the 
production of C2 from methane is an economical feasible process even for a small-scale process using 
biomethane as raw material (Penteado et al., 2017), it is necessarily to enhance the efficiency of this 
process for implementation of commercial scale production. Efficiency of PBR in C2 production was 
experimentally improved by loading two catalysts with different catalytic properties as a double layer bed 
(Liang et al., 2018). Compared with the reactor packed with a single layer of Mn-Na2WO4/SiO2, the reactor 
packed with double layer of the more active Ag-Mn-Na2WO4/SiO2 followed by the more selective Ce-Mn-
Na2WO4/SiO2 decreased reaction temperature, increased selectivity and broadened the temperature 
range in which high selectivity could be achieved. In this present work, performances of two important 
OCM catalysts for C2 production, La2O3/CaO (LC) and Mn/Na2WO4/SiO2 (MN), were mainly focused. A 
pseudo homogeneous one-dimensional model was applied to simulate performance of an isothermal, an 
adiabatic and a non-adiabatic/non-isothermal PBRs. with single layer loading of LC and MN. Finally, the 
feasibility of the application of double layer loading strategy to enhance C2 production efficiency in a 
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2. Mathematical model
2.1 Kinetics model

Kinetics of OCM based on 10 stoichiometric reactions and kinetics parameters reported by Stansch et al. 
(1997) and Daneshpayeh et al. (2009) were used for La2O3/CaO (LC) and Mn/Na2WO4/SiO2 (MN). The 
OCM reactions, Eq(1) to Eq(10), consisted of nine heterogeneous catalytic reactions and one gas-phase 
reaction, Eq(7), and could be classified as primary, Eq(1) to (3), and consecutive reaction steps, Eq(4) to 
Eq(10).

Step 1: CH4 + 2O2 CO2 + 2H2O (1) Step 6: C2H4 + 2O2 2CO + 2H2O (6)
Step 2: 2CH4 + 0.5O2 C2H6 + H2O (2) Step 7: C2H6 C2H4 + H2 (7)
Step 3: CH4 + O2 CO + H2O + H2 (3) Step 8: C2H4 + 2H2O 2CO + 4H2 (8)
Step 4: CO + 0.5O2 CO2 (4) Step 9: CO + H2O CO2 + H2 (9)
Step 5: C2H6 + 0.5O2 C2H4 + H2O (5) Step 10: CO2 + H2 CO + H2O (10)

Over LC catalyst, the rate of oxidation of methane to ethane was Hougen-Watson type where inhibiting 
effects of carbon dioxide and oxygen were considered and was expressed as Eq(11). For other oxidation 
steps, Eq(1) and Eq(3) to Eq(6), the inhibiting effect of oxygen was ignored and the rates were expressed 
as Eq(12). For remained reactions, Eq(7) to Eq(10), the power-law type rate equations were used. For 
OCM over MN catalyst, similar set of rate equations were used. However, no inhibiting effect of carbon 
monoxide was considered in the oxidation reactions, Eq(1) to Eq(6). As a result, the last term in 
denominator was neglected from Eq(11) and Eq(12).

, =  , / , , , /
, , , / , , , / (11)

, =  , /
,  , , / , j = 1, 3-6 (12)

= , /  (13)

= , /  (14)

= , / (15)

= , / (16)

2.2 Reactor model

A pseudo homogeneous one-dimensional model was used to investigate the performance of a packed 
bed reactor operated at steady-state. The calculation was performed for three modes of operation; 
isothermal, adiabatic and non-adiabatic/non-isothermal. Only mole balance, Eq(17), was used for the 
isothermal reactor while both mole and energy balances, Eq(17) and Eq(18), were used in the cases of 
adiabatic and non-adiabatic/non-isothermal reactors. In addition, the last term in Eq(18) was omitted in 
the case of adiabatic reactor. =  (17)

,   =  + 4 ( ) (18)

2.3 Reactor configuration and operating conditions

The reactor was a cylindrical tube with an inner diameter of 6 10-3 m. The feed was a mixture of methane 
and air and its flow rate was set at 4 10-6 m3 s-1 at STP. The simulation was performed with various 
methane to oxygen ratios 2 to 16 and inlet temperatures (973 - 1,223 K). For the comparison of 
characteristics of LC and MN, the calculation was performed at the condition of total consumption of 
oxygen, XO2 = 1. To investigate the feasibility of enhancing reactor performance of C2 production, 
performances of single layer of LC and MN loadings and double layer loadings of LC-MN and MN-LC with 
various weight fractions of LC (WLC) and MN (WMN) were simulated at identical overall catalyst weight of 
5 10-6 kg (mcat/VSTP = 1.25 kg s m-3). The performance of the reactor was evaluated based on 
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conversions of methane and oxygen, Eq(21), overall selectivity to ethylene and ethane (SC2; Eq(22)) and 
overall yield of ethylene and ethane (YC2; Eq(23)). =  ,   ,   (21)

=  2 +,  (22)

=  2 +, (23)

3. Results and discussion
3.1 Model validation

Model validations were performed based on the experimental results reported by Tye et al. (2002) for LC 
and Daneshpayeh et al. (2009) for MN. Conditions used in LC case were summarized in Table 1 and MN 
case was validated at 1,048 and 1,223 K. As shown in Figure 1, the data points distributed in both sides 
of the diagonal line of the parity plot. The errors were within the acceptable range reported in literature. In 
other words, the model reasonably well predicted the performances of LC and MN.

Figure 1. Parity plots of methane conversion for (a) LC and (b) MN.

Table 2: Conditions used in validation of LC model (Tye et al., 2002)

Feed molar ratio 1 (1,023 K) 2 (1,073 K) 3 (1,103 K) 4 (973 K) 5 (1,023 K) 6 (1,103 K)
CH4 0.612 0.612 0.612 0.699 0.699 0.699
O2 0.051 0.051 0.051 0.095 0.095 0.095
N2 0.337 0.337 0.337 0.206 0.206 0.206

3.2 Performance of packed bed reactor with single catalyst 

3.2.1 La2O3/CaO catalyst (LC)

Figures 2a – 2c show the performance of LC, in terms of selectivity to C2 (SC2), yield of C2 (YC2) and by-
product composition (H2/CO), obtained at oxygen conversion of 100 % under isothermal condition. As 
shown in Figures 2a and 2b, when inlet temperature (T0) was increased from 973 to 1,273 K, both SC2

and YC2 increased to the maximum values of 72.3 and 16.2 at T0 around 1,080 K. Beyond this temperature, 
both SC2 and YC2 decreased with the increase of T0 due to consumption of C2H4 through Eq(8) and 
consecutive reactions of C2H6 through Eqs(7) and (8). Figure 2c shows that H2/CO monotonically 
decreased with the increase of T0. Feed composition (CH4/O2) affected on SC2 and YC2 in different 
manners; higher SC2 and lower YC2 were obtained at higher CH4/O2 due to insufficiency of oxygen at higher 
CH4/O2. Effect of feed composition on H2/CO depended on the range of operating temperature. Increasing 
CH4/O2 from 2 to 16 resulted in decrease of H2/CO in low range of T0 (973 K to 1,080 K), while the increase 
of CH4/O2 from 2 to 12 decreased H2/CO to the minimum values and further increase of CH4/O2 to Eq(16) 
resulted in increase of H2/CO in the high range of T0 (1,080 K to 1,273 K).
Figure 2d – 2f show the performance of LC in the adiabatic reactor at various operating conditions. As 
shown in Figure 2d, SC2 was significantly influenced by CH4/O2 but insignificantly influenced by T0. In 
addition, the effect of CH4/O2 ratio on SC2 observed in the adiabatic reactor was similar to the effects 
observed in the isothermal reactor. Figure 2e shows that YC2 was insignificantly affected by T0 whereas 
varying CH4/O2 in the range of 2 to 16 resulted the maximum value of YC2 at around CH4/O2 of 10 at all 
T0 in the investigated range. As shown in Figure 2f, at low T0, H2/CO increased with increasing of CH4/O2. 
At high T0, on the contrary, higher CH4/O2, lower H2/CO was obtained. The increase of CO in the product 
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should be resulted from acceleration of steam reforming of ethylene, Eq(8), and consecutively produced 
carbon monoxide. 

 

Figure 2. Influence of operating parameters on performance of single layer LC in PBR under (a) – (c)
isothermal and (d) – (f) adiabatic conditions; XO2 = 100 %.

Figure 3a shows temperature profiles inside PBR with single layer of LC operated under non-
isothermal/non-adiabatic condition with various overall heat transfer coefficients (U). Although 
temperature decreased due to heat removal from the reactor, the temperature inside the reactor was in 
range of the suitable temperature of OCM reaction. As a result, XO2 = 100 % could be achieved and 
insignificant effect of U on the performance of reactor was observed, as shown in Figure 3b.

Figure 3. Effect of overall heat transfer coefficient on (a) temperature profile and (b) performance of single 
LC layer loaded non-adiabatic/non-isothermal reactor: ( ) XCH4, ( ) XO2 and ( ) YC2; CH4/O2 =
10, T0 = 973 K.

3.2.2 Mn/Na2WO4/SiO2 catalyst (MN)

Figures 4a and 4b show that effects of T0 and CH4/O2 on YC2 under isothermal in the case of MN was 
similar to those observed in LC catalyst. It should be noted that the optimum T0 was at around 1,123 K in 
MN case while it was around 1,080 K in LC case. The minimum value of H2/CO (c.a. 0.07) was obtained 
at the lowest T0 and CH4/O2 in the investigated range (973 K and 2). At any T0, the maximum value of 
H2/CO was obtained at CH4/O2 of 12. Figure 4d and Figure 4e show the effects of T0 and CH4/O2 on YC2

for MN under adiabatic conditions. It should be noted that T0 and CH4/O2 affected on YC2 of MN in the 
same manner with previously mentioned LC case. Figure 4f illustrates that using higher T0 and lower 
CH4/O2 resulted in higher H2/CO. 
Figure 5a shows that temperature inside the single MN layer loaded PBR operated under non-
isothermal/non-adiabatic condition decreased rapidly around the inlet. This significant drop of temperature 
should be considered as a result of the larger amount of heat was removed from the reactor through 
conduction, compared with insignificant amount of heat generated from the OCM reactions. The profiles 
shown in Figure 5b agreed reasonably well with those observed in Figure 5a. The reactor with high heat 
transfer rate resulted in the lower efficiency in C2 production; OCM became insignificant and water gas เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพื่อการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกทั้งห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกครั้งที่มีการนำไปใช้ 

เอกสารนี้เป็นเอกสารที่สงวนไว้สำหรับการใช้งานเพ่ือการศึกษาเท่านั้น ไม่อนุญาตให้นำไปใช้ประโยชน์ด้านการค้า 

ไม่ว่ากรณีใดๆ ทั้งสิ้น อีกท้ังห้ามมิให้ดัดแปลงเนื้อหา และต้องอ้างอิงถึงเจ้าของเอกสารทุกคร้ังที่มีการนำไปใช้ 



 

 

shift reaction dominated the reactor performance and carbon dioxide, carbon monoxide and water were 
largely produced.

 

Figure 4. Influence of operating parameters on performance of single layer MN in PBR under (a) – (c)
isothermal and (d) – (f) adiabatic conditions; XO2 = 100 %.

Figure 5. Effect of overall heat transfer coefficient on (a) temperature profile and (b) performance of single 
MN layer loaded non-adiabatic/non-isothermal reactor: ( ) XCH4, ( ) XO2 and ( ) YC2; CH4/O2 =
10, T0 = 973 K.

3.3 Comparison of LC and MN performances in single layer loaded PBR

With operating under isothermal condition, higher selectivity and yield of C2 was achieved from MN, 
compared with LC, in all the range of temperature from 973 to 1,223 K and methane to oxygen ratio from 
2 to 16. In adiabatic model, the maximum yields of C2 of both catalysts were found at 973 K. At low 
methane to oxygen ratio (2 - 6), C2 yield from the OCM reaction over LC was higher than MN in all the 
range of temperature. However, when the methane to oxygen ratio was greater than 6, the performance 
of OCM over MN exhibited the higher yield of C2 in all the range of temperature. In addition, low hydrogen 
to carbon monoxide from OCM reaction over MN was obtained at higher methane to oxygen ratio. 
Consequently, using double layer loading by loading LC in front of MN under adiabatic condition should 
be enhanced the performance of OCM. 

3.4 Double-layer bed

Performance of LC-MN loaded PBR operated under adiabatic condition was simulated at mcat/VSTP = 1.25 
kg s m-3 and CH4/O2 = 10 for various WLC. As shown in Figure 6a, high SC2 was achieved at WLC of 0, only 
MN. This result corresponded well with the results in section 3.2, MN gave SC2 higher than LC. Figure 6b
shows that in the range of low T0, 973 – 1,023 K, YC2 gradually increased when WLC was increased from 
0 to 1 while at higher T0, in the lower fraction of LC, YC2 significantly increased with WLC and reached the 
maximum value of YC2, i.e. YC2, max = 5.8 at T0 = 1,223 K, and then slightly decreased with further increase 
of WLC. In all the range investigated in this study, the maximum of YC2 (6.7 %) was obtained at T0 = 1,173 
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K and WLC = 0.3. Figure 6c shows that H2/CO obtained from double layer loaded PBR was much lower 
than those obtained from single layer loading of MN or LC, especially when T0 was high (1,073 – 1,223 
K).

Figure 6. Influence of LC fraction on performance of double layered LC-MN adiabatic PBR at various T0,
mcat/VSTP = 1.25 kg s m-3.

4. Conclusions
A pseudo homogeneous one-dimensional model was used to predict catalytic performance of La2O3/CaO 
(LC) and Mn/Na2WO4/SiO2 (MN) for oxidative coupling of methane in a packed bed reactor. Under 
isothermal condition, yields of ethylene and ethane (YC2) for LC and MN were improved by decreasing 
CH4/O2 and the maximum YC2 were obtained at 1,080 K and 1,123 K for LC and MN, respectively. At the 
optimum condition, YC2, max of MN was about 1.1 times of LC and H2/CO of MN was about 5.6 times of 
LC. Under adiabatic condition, YC2 was improved by decreasing temperature at the reactor inlet and YC2,
max of LC and MN were obtained at CH4/O2 of 10 and 12. At the optimum condition, YC2, max of MN was 
about 1.3 times higher than YC2, max of LC and H2/CO of MN was about 0.87 times of LC. At the same 
mcat/VSTP (1.25 kg s m-3), YC2 of adiabatic reactor with single loading of LC was higher than MN and it was 
improved by using double layer loading of LC followed by MN. YC2, max of LC-MN was obtained at CH4/O2

= 10, T0 = 1,173 K and weight fraction of LC = 0.3. In addition, it was 1.1 and 8.25 times of YC2,max, LC 
and YC2,max, MN.

Nomenclature

,   molar flow rate of reactant “i" at reactor inlet [mol/s]
molar flow rate of reactant “i" at reactor outlet [mol/s]
overall selectivity to ethylene and ethane [-]
weight fraction in double layer loading [-]
conversion of reactant “i" at reactor outlet [-]
overall yield of ethylene and ethane [-]
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