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Abstract 
With the increasing production of natural gas as a result of its relatively current and expected low 

price, methane valorisation has become more important. One of the most attractive processes, which 

allows the utilization of the world’s most abundant hydrocarbon is its direct conversion, so called 

oxidative coupling of methane (OCM). The main advantage of this process is its ability to convert 

methane into higher paraffin’s and olefins (primarily C2) in a direct way, using a single reactor. 

Nevertheless, low C2+ yields have limited the commercialization of this process, despite the fact that a 

great number of attempts to prepare catalysts were conducted to make it economically viable. Due to 

these limitations, understanding the mechanism and kinetics of the reaction can be crucial to improve 

the catalysts performance.  

With most catalysts, the overall C2 product yield obtained in a single pass operation mode did not reach 

30–35%, which is generally considered the lower limit for commercialization of the OCM process [1], 

[2]. Catalysts based on manganese oxides were already suggested as good OCM catalysts [3][21]. 

Previous works done on this topic showed excellent overall C2 selectivity (80%) at moderate CH4 

conversions (20–25%), especially under oxygen limiting conditions [4] and appeared to have a much 

higher stability than other typical OCM catalysts.  For these reasons, the Mn/Na2WO4/SiO2 catalyst is 

one of the best and most promising catalysts available for the oxidative coupling of methane.  

In this report, the kinetics of oxidative coupling of methane (OCM) over a Mn/Na2WO4/SiO2 catalyst 

has been investigated in an isothermal fixed bed micro-reactor. The rates of the reactions during 

oxidative coupling of methane (OCM) were measured under differential conditions. A number of 

experiments in which the catalyst was exposed to various conditions were carried out. These 

experiments showed that a low oxygen concentration during the OCM process is sufficient to keep the 

catalyst in the oxidized state. The methane conversion and ethylene, ethane, carbon monoxide and 

carbon dioxide selectivity were obtained in a wide range of operating conditions including 

770 < T < 850 °C, 3 < CH4/O2 < 10 at P = 2 bars. 

Based on experimental data, it was determined that for oxidative coupling of methane (OCM) the 

concentration of oxygen has a crucial influence on the selectivity of the desired product formation.  

A kinetic study has also been performed using a differentially operated micro fixed bed reactor under 

different operating conditions, by quantifying the effect on CH4 conversions, C2+ yields and C2+ 

selectivity’s. Stansch’s [5] model was adopted in considering the primary and secondary reactions. 

Finally, an optimization routine was developed in order to reduce the error between the adopted 

model and the experimental data.  

The overall reaction orders and rate constants of the primary and consecutive reactions were 

determined by measuring the intrinsic reaction rates at different methane and oxygen inlet 

concentrations. The experimentally obtained data was tried to be fitted to estimate the kinetic rate 

parameters with least-squares minimization. 
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Nomenclature 

Symbol  Description     Units 

OCM   Oxidative coupling of methane   - 

XRD   X-ray diffraction    - 

TGA   Thermal Gravimetric Analysis   - 

GC   Gas Chromatogram    - 

Cat.   Catalyst     - 

C2+   Higher hydrocarbons    - 

COx   Carbon oxides     - 

X   Molar conversion      % 

S   Product selectivity    % 

Y   Yield      % 

ID   Internal diameter    mm 

A   Pre-exponential factor     - 

Ea   Activation energy      kJ/mol 

R   Universal gas constant      J/mol/⁰C 

k   Rate constant      s-1  

n   reaction order     - 

m   reaction order     - 

T   Operating temperature    ⁰C 

P   Operating total pressure   bar/kPa 

φv   Volumetric flow rate     Nm3/min, ml/min 

∆H0
298   Reaction enthalpy      kJ/mol 

r   Reaction rate of component   mol/kgcat/s 

PCH4   Partial pressure of methane   bar 

PO2   Partial pressure of oxygen   bar 

PH2O   Partial pressure of steam   bar 

PCO2   Partial pressure of carbon dioxide  bar 

 



 

 

 

PT   Total pressure      bar 

𝜂   Effectiveness factor    - 

φ   Thiele modulus     - 

kc   Mass transfer coefficient   1/s 

   

Sh   Sherwood number    - 

Re   Reynolds number    - 

Sc   Schmidt number    - 

Deff   Effective diffusivity    m2/s 

Ԑbed   Porosity bed     - 

dr   Diameter reactor    m 

dp   Diameter particle    m 

Ar   Area reactor     m2 

VP   Pore volume     cm3/g   

DP   Pore diameter     nm 

msolids   mass of solids     g    

Lsqnonlin  Least square minimization   -  

Lb   Lower bounds     - 

Ub   Upper bounds     - 

x0   Initial guesses     -   

     

  



 

1. Introduction 
Nowadays, the main energy source is the combustion of fossil fuels like coal, oil and gas as figure 1 
shows. Purification of e.g. coal and oil is becoming more costly and that is why alternative energy 
sources are now being developed. But in the meantime, an improvement in the overall efficiency of 
the currently used processes with fossil fuels as a feedstock is required. 
 

 
Figure 1: Global primary energy consumption in 2012 

Currently, the reserves of natural gas are becoming cheaper than those of liquid petroleum and it is 
predicted that this trend will continue. This trend is making the use of natural gas as a feedstock more 
promising and competitive in comparison with oil. Besides the generation of energy, fossil fuels 
account for a significant amount of raw chemicals.  Production of ethylene is a good example. Ethylene 
(C2H4) is the most demanded chemical in the industry. It is widely used for the production of bulk 
chemicals mostly used to produce plastics. Its industrial production is mostly carried out via steam 
cracking of naphtha, an intermediate of oil, as shown in figure 2. The disadvantages of this method are 
significant: the endothermic steam cracking uses a great amount of energy, it emits a large portion of 
greenhouse gases and uses the valuable and costly naphtha. Because of the rising prices of raw 
materials, the depletion of oil and the demand for cleaner and more energy-efficient processes, 
alternative process concepts for the production of ethylene are being investigated [1].  
 

 
Figure 2: Current ethylene production scheme 

The production of ethylene using natural gas as a raw material can be a feasible alternative to the 

conventional cracking of oil. The most common process to obtain C2+ hydrocarbons from natural gas is 

the Fischer-Tropsch process. This process converts natural gas into C2H4 indirectly by first producing 

synthesis gas (CO and H2) via partial oxidation or steam reforming of methane. This process 

subsequently produces higher hydrocarbons, at low or high temperatures, depending on the desired 

products. However, this process is an indirect route and many steps are required for its development, 

giving a consequential decrease in the efficiency of the process [6]. Moreover, the process is not very 

selective to ethylene, and many other sub products are obtained during the production process. The 

reaction equation of this process is as follows: 



 

(2𝑛 + 1) 𝐻2 + 𝑛 𝐶𝑂 →  𝐶𝑛𝐻(2𝑛+2) + 𝑛 𝐻2𝑂  (Fischer Tropsch) 

Oxidative Coupling of Methane (OCM) is an alternative route for obtaining C2+ hydrocarbons from 

natural gas as a feedstock directly. Research on this route demonstrates that the maximum yield 

obtained under feasible conditions is 20-25%. To consider this technique as a good alternative to the 

Fischer-Tropsch process, a minimum of 35% C2+ yield should be reached. Despite the difficulties in 

achieving higher yields, namely the typical conversion-selectivity problem (high CH4 conversions are 

associated with a relatively desired poor product selectivity with a large yield of undesired combustion 

products like COx), this reaction system is considered to be very promising, but it remains a major 

scientific and technological challenge.  

Since the 90s, research on the Oxidative coupling of methane (OCM) is not attracting the full interest 

of research scientists and companies R&Ds due to its low economic feasibility because of the low C2+ 

yield. However, due to the rising dependency on natural gas and the movement of utilizing methane 

as well as the ability to produce shale gas in a competitive way, more attention has been given to the 

OCM process in the last years, which made it one of the hottest topics in the scientific community.  

This reaction is not only allowing the utilization of methane, it is also providing the ability to convert 

methane into olefins in a single step, which make this process very economically attractive in 

comparison with the indirect routes.  

Since the first OCM article publication, many catalysts have been attempted to improve the C2 yield, 

resulting in some of the most promising catalysts for OCM: Li/MgO, La2O3/CaO and Mn/Na2WO4/SiO2. 

Although optimization of the catalyst and development of various different reactor types has led to an 

improved performance of the process, a single pass C2 yield above 30-35% has never been achieved. 

Therefore, understanding the mechanism and the kinetics of the reaction as well as investigating the 

design of the reactor will help in taking the reaction to the commercialization step. The Mn-

Na2WO4/SiO2 is less active in compared with La-based catalyst but has a higher selectivity, reaching 

selectivity’s up to 80% [7]. Despite the good performance of the catalyst and many works based on 

this catalyst in literature, there is still a lack of information regarding the kinetics of the consecutive 

reactions at OCM conditions. The current commercialization trials are being done by Siluria 

Technologies which recently announced the completion of an OCM demonstration plant using novel 

nanowire catalysts. 

Tiemersma provided a reliable kinetics about the tungsten based catalyst but took a set of just 3 

reactions into account. The importance of the C2+ reforming in the system has been demonstrated in 

previous studies in which other catalysts have been used, but is not considered in this study. According 

to the literature [5], not all the reactions occurring in the OCM process have been quantified under the 

effect of this catalyst [5]. 

The aim of this project is to accurately define the kinetics, which describes the performance of the Mn-

Na2WO4/SiO2 catalyst under OCM conditions, being especially focused on the consecutive reactions 

including C2+ reforming and combustion. The catalyst performance will also be investigated with OCM 

mixtures, containing not just CH4 and O2, but also other species like H2O and CO2, which are 

intermediates. An appropriate study of these secondary reactions is essential to have a better 

understanding of the steps that are occurring during the OCM reaction and consequently for the 

development of a suitable reactor concept. The kinetic study will be performed using a differentially 

operated micro fixed bed reactor under different operating conditions. The effect on CH4 conversions, 

C2+ yields and C2+ selectivity’s will be studied using this configuration. Stansch’s (1997) model is 

adopted as a base to consider primary and secondary reactions [5]. Finally, an optimization routine will 



 

be developed to reduce the error between the adopted model and the experimental data to estimate 

the kinetic rate parameters.  

1.1 Methane conversion 

Direct conversion of methane proves to be a big challenge in heterogeneous catalysis. It is a 

thermodynamically very stable molecule due to the lack of functional groups. Along with its strong C-

H bonds, it is a less reactive molecule than nearly all its reaction products. With the help of using 

catalysts, there are possibilities to convert methane into different products. 

Methane can get converted by different pathways like non-oxidative oligomerization to higher 

hydrocarbons and aromatics, reforming or partial oxidation to syngas (H2 and CO), direct partial 

oxidation to methanol or formaldehyde and Oxidative coupling of methane to C2 hydrocarbons. 

However, all pathways mentioned require activation of the strong carbon-hydrogen bonds, which 

generally takes place at high temperatures. These high temperatures lead to a severe reduction of the 

selectivity’s through side reactions, like homogeneous gas phase reactions and consecutive reactions 

of intermediates. [8] [9] [10] 

1.2 Oxidative coupling of methane (OCM) 

The OCM process comprises of a complex reaction system with a number of side reactions, consisting 

of primary and secondary reactions. The primary reactions are the followings: 

𝐶𝐻4 + 2𝑂2 → 𝐶𝑂2 + 2𝐻2𝑂      (1) 

2𝐶𝐻4 +
1

2
𝑂2 → 𝐶2𝐻6 + 𝐻2𝑂      (2) 

𝐶𝐻4 +
3

2
𝑂2 → 𝐶𝑂 + 2𝐻2𝑂       (3) 

The reaction was firstly reported by Keller and Bhasin in 1982 [11]. The principal product of the reaction 

is ethylene, the fundamental building block of the petrochemical industry [12]. 

 𝐶𝐻4 + 𝑂2 → 𝐶2𝐻4 + 𝐻2𝑂     (4) 

First, methyl radicals (CH3
*) are produced from methane and oxygen, after whose adsorption to an 

active site on the catalyst takes place, wherein ethane is formed in the gas phase. From ethane, there 

are two routes to form ethylene, oxidative dehydrogenation and thermal dehydrogenation. The main 

route to form ethylene from ethane is oxidative dehydrogenation because of thermodynamically being 

more favoured. Methyl radicals in the presence of oxygen would yield to carbon oxides, however, 

studies in the literature have shown that these undesired products (COx) are also due to the result of 

the secondary undesired ethylene oxidation[3] [13][14]. 

The process consists of the metal-oxide catalysed reaction of methane in the presence of oxygen to 

form C2 hydrocarbons (C2H4 and C2H6), along with the undesired products CO, CO2 and H2O. Increasing 

methane conversion, however, is a consequence of a lowered C2 selectivity. The high temperatures 

required to activate the catalyst leads to the undesired complete oxidation of CH4. Methane coupling 

has, therefore, been limited up to low conversions, to achieve reasonable selectivity’s. Beside the 

above mentioned products, less desired products such as propane as well as higher alkanes, with much 



 

lower selectivity, are also produced. In addition, complete oxidation promotes the formation of 

undesired carbon oxides. Figure 3 shows simplified reaction pathways of the OCM reaction [2], [15].  

  

Figure 3: Schematic reaction scheme for oxidative coupling of methane 

1.3 Thermodynamics 

The main reactions in OCM following the Stansch mechanism can be described by reactions 5-13. 

Although the oxidative coupling of methane reaction is exothermic, a high reaction temperature is 

needed to activate the C−H bond in methane. Moreover, high temperature also contributes to the 

selectivity towards C2+ hydrocarbons as it can be concluded from equations 5-8, which describe the 

conversion of methane. From the reaction enthalpy it can be seen that the complete- and incomplete 

combustion of methane are thermodynamically much more favoured than the oxidative coupling 

reaction. Therefore, a high temperature is required to enhance the catalytic desired reaction to occur. 

However, at high temperatures, endothermic reactions become more dominant like the steam 

reforming of ethylene which can also lower the C2+ selectivity [6][16][17]. 

Besides this happening, the thermal dehydrogenation of ethane to ethylene is also enhanced. 

Dehydrogenation of ethane, which is the only homogeneous non-catalytic reaction among the other 

reactions, can promote the subsequent dehydrogenation of ethylene to lower hydrocarbons 

(acetylene), if not controlled. The OCM process is characterized by the following set of stoichiometric 

equations:          

2𝐶𝐻4 +
1

2
𝑂2 → 𝐶2𝐻6 + 𝐻2𝑂     ∆rH0 = -87.9 kJ/mol  (5) 

𝐶2𝐻6 +
1

2
𝑂2 → 𝐶2𝐻4 + 𝐻2𝑂     ∆rH0 = -87.9 kJ/mol  (6) 

𝐶𝐻4 + 𝑂2 → 𝐶𝑂 + 𝐻2𝑂+ 𝐻2    ∆rH0 = -519.3 kJ/mol  (7)  

𝐶𝐻4 + 2𝑂2 → 𝐶𝑂2 + 2𝐻2𝑂     ∆rH0 = -802.2 kJ/mol  (8) 

𝐶𝑂 +
1

2
𝑂2 → 𝐶𝑂2      ∆rH0 = -283 kJ/mol  (9) 

1

2
𝐶2𝐻4 +  𝑂2 → 𝐶𝑂 + 𝐻2𝑂     ∆rH0 = -378.6 kJ/mol  (10) 

𝐶2𝐻4 + 2𝐻2𝑂 → 2𝐶𝑂 + 4𝐻2     ∆rH0 = +105.6 kJ/mol  (11) 

 𝐶2𝐻6 → 𝐶2𝐻4 + 𝐻2      ∆rH0 = +68.1 kJ/mol  (12) 

CO + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2     ∆rH0 = -41.2 kJ/mol  (13) 



 

1.4 Reaction Mechanism 

The reaction involves the formation of methyl radicals, which then either couple with each other in 

the gas-phase to produce ethane and higher hydrocarbons or react with oxygen to produce carbon 

monoxide, which can be further oxidized to carbon dioxide. It is widely believed that the formation of 

methyl radicals occurs on the surface of the catalyst, through the reaction of methane with surface 

oxygen. However, it was recently reported that in addition to the surface atomic oxygen mediated 

pathway, OH radical mediated pathway has a large contribution to the reaction and the formation of 

methyl radicals [6]. This pathway involves the reaction of methane in the gas-phase with OH radicals 

that were formed from the surface reaction of water with oxygen. These findings were concluded out 

of kinetic studies of Mn/Na2WO4/SiO2 catalyst at which the addition of water was analysed. 

Enhancement in methane conversion and C2 selectivity, as well as significant increase in methane 

conversion rate, were observed with increasing the water pressure. In figure 4, an image of the 

reaction mechanism of an OCM process is shown, including the OH* radicals mediated pathway 

[18][19][20]. 

 

Figure 4: Schematic overview of the surface O - mediated pathway and the OH radical mediated pathways 
involved in the OCM reaction, (Khan, 2016) 

  



 

2. Material and methods 
In this chapter, a description of the equipment’s and methods used for the experiments during the 

project are provided. 

2.1 Catalyst preparation 

The most common way to produce the Mn/Na2WO4 on SiO2 catalyst is by the two-step incipient 

wetness impregnation, with the carrier being commercially available silica. The impregnated silica is 

used to be calcined at 850 or 900 ◦C in air. The catalyst used for this work is produced and provided by 

Johnson and Matthey. 

2.2 Characterization method 
The catalyst was characterized by using an analysing technique to understand its crystal structure and 

elemental distribution in further detail.  

2.2.1 XRD 

X-ray diffraction is a technique that is widely used to study the crystallinity of samples and gives 

information about the shape and crystal phases of materials. The X-ray machine (Rigaku, miniFlex600) 

consists of an X-ray tube, sample holder and a diffractometer. The X-ray tubes are usually used as the 

X-ray source, which is generated upon the (in) elastic scattering of high- energy electrons (30-50 kV 

range) on a metal plate (anode). The X-rays incident on the sample is reflected and received by the 

detector. During X-ray, diffraction light is diffracted into different directions. The angles of the 

diffracted light are measured. This information is used to determine the crystallinity. In the 

diffractogram, the measured intensity is plotted against the 2θ angle. The X-ray diffractor used is 

shown in figure 5. 

 

Figure 5: X-ray diffractor 

This technique was used to see if there was a change in the crystal structure in the sample after getting 

exposed to OCM conditions. 

  



 

2.3 TGA 

Thermal stability values of the catalyst were determined using thermal gravimetric analysis (TGA), in 

which the weight changes of the sample were continuously recorded as a function of time. The sample 

is first inserted into a crucible which is held by the scale. The flowrate of the OCM reaction mixture for 

oxidation and methane for reduction was controlled by mass flow controllers. In figure 6 is shown a 

picture of the set up used. 

 

 

 

Figure 6: TGA set-up 

In this study, the TGA was used to track the mass of the sample, during different reduction and 

oxidation cycles, using different gas compositions. For this study, a low-pressure TGA was used. 

Nitrogen was fed during the heating up procedure. The reactor was heated up to a process 

temperature of 800 oC, which was also applied in the kinetic experiments.  

2.4 Experimental calibrations flow meters and gas analyser 

For a reliable interpretation of the results, it was necessary to calibrate the mass flow controllers and 
the gas chromatogram analyser (apparatus used to measure in- and outlet gas compositions). The 
necessity and procedure of both calibrations are shortly explained. 

 
2.4.1 Flowmeter Calibrations 

The calibration was done through feeding different flow rates for all the flow meters except steam. 

The flow was measured with a Horiba Film flow meter and was plotted against the set point, 

experimentally it was found that the correlation was linear. In figure 7 is a picture shown of the flow 

meter used for calibration. 



 

 

Figure 7: Horiba film flow meter 

A linear correlation was obtained after fitting the obtained data with a regression value (R2) above 

0.99. Detailed calibration results are in Appendix A. 

2.4.2 GC calibrations 

Calibration of the GC is one of the most important factors in getting accurate results. The GC accuracy 

varies with the concentration range and volumetric flow being measured. Therefore, it is necessary 

that the GC calibration is done in the required concentration regime of every component. In figure 8 is 

shown a picture of the GC used. 

 

Figure 8: Gas chromatography set -up 

A mixture was fed keeping the total flow rate 360 ml/min constant to keep the same residence time 

by only varying the concentrations of the components. The retention time for all the components was 

known along with the channel in which they are detected. Based on the retention time, the area was 

noted down for the respective concentration of a particular component. The relative response factor 

using nitrogen as a reference is used to calibrate the GC. The results of the GC calibration are in 

appendix B. 

2.4.3 Carbon balance 

To make sure the experimental error is acceptable and there is no carbon deposition on the catalyst 

during the experiments, a  carbon balance was made to observe if there is any carbon formation or 

any other source of experimental error. Hydrogen and oxygen balance is difficult to carry out because 

the water is condensed before the mixture goes to the Gas Chromatogram (GC).  

http://www.horiba.com/index.php?eID=tx_cms_showpic&file=49051&md5=b9349b411ad4a29061af3f7c511a60e97cda7980&parameters[0]=YTo0OntzOjU6IndpZHRoIjtzOjQ6IjgwMG0iO3M6NjoiaGVpZ2h0IjtzOjM6IjYw&parameters[1]=MCI7czo3OiJib2R5VGFnIjtzOjI0OiI8Ym9keSBiZ0NvbG9yPSIjZmZmZmZmIj4i&parameters[2]=O3M6NDoid3JhcCI7czozNzoiPGEgaHJlZj0iamF2YXNjcmlwdDpjbG9zZSgpOyI%2B&parameters[3]=IHwgPC9hPiI7fQ%3D%3D


 

Experimental errors can be introduced because of the flow meter and the GC calibration variations. 
Carbon deposition could be because of side reactions during oxidation reactions, thus leading to a 

difference between the carbon entering and leaving the reactor. A lack of carbon in the outlet would 

be an indication of possible carbon formation inside the reactor.    

 

2.5 Calculations  

To assure the accuracy of the GC measurements, every measurement is done at least five times. The 

average value of the last 3 measurements of this outcomes is taken to perform calculations. From the 

batch of experiments, the one with the closest carbon balance to 100% is considered. A carbon balance 

between 98 and 102% has been set as a range to consider the results of an experiment as acceptable. 

It is considered that the steady state is reached and consequently that the GC measurement can be 

started when the temperature inside the reactor is fluctuating less than 1 oC.  

The reactor outlet flow is a mixture of gases, due to quite some reactions which are taking place. 

Therefore, it cannot be monitored by a mass flow indicator. Nitrogen is assumed to be inert and is 

therefore used as a reference to determine the reactor outflow for each component. It is calculated as 

follows: 

𝑥𝑁2
𝑖𝑛𝜑𝑡𝑜𝑡𝑎𝑙

𝑖𝑛 =  𝑥𝑁2
𝑜𝑢𝑡𝜑𝑡𝑜𝑡𝑎𝑙

𝑜𝑢𝑡    (14) 

For other components than nitrogen, in- and outlet flows are calculated as follows: 

𝐹𝑖 =  𝑥𝑖  𝜑𝑡𝑜𝑡𝑎𝑙      (15) 

Conversions of the reactants (oxygen and methane) is calculated by: 

𝑋𝑖 = 1 −
𝐹𝑖

𝑜𝑢𝑡

𝐹𝑖
𝑖𝑛       (16) 

C2 selectivity, C2 yield and CH4 conversion rate were calculated with using the following equations: 

C2 selectivity (%) =
Carbon moles of (C2 H6 and  C2 H4   )

Carbon moles of (C2 H6, C2 H4,CO2 and   CO)
∗ 100    (17) 

C2 yield (%) =
C2 selectivity (%) ∗ CH4 converson (%)

100
      (18) 

CH4 conversion rate (μmol g−1s−1) =
       CH4 in (μmol)∗ CH4 conversion (%)

Catalyst weight (g)∗100
   (19) 

 

  



 

2.6. Procedure for kinetic experiments 

The reaction rates of the reactions occurring in the oxidative coupling of methane over a tungsten 

based catalyst (Mn/Na2WO4/SiO2), were measured under differential conditions (O2 conversion always 

below 25%). The setup used for performing experiments consists of three sections, a feed section, a 

micro fixed-bed reactor and the analysis section.  

The feeding section consists of the feed gases supplied from gas cylinders (CH4, air, N2, C2H4, C2H6 and 

CO2), steam generated by tracers from demineralized water and mass flow controllers (Brooks 5850S) 

for all the gases to set the desired flow rates. The feed mixture can be sent over a bypass to measure 

accurately the inlet composition of the mixture that is arriving at the reactor, or it can be fed to the 

reactor. The reactor is a micro-catalytic fixed bed reactor (ID = 6 mm) which has an I-shape and is made 

out of quartz to endure temperatures above 900 oC. The inlet and outlet temperatures are measured 

by two K-type thermocouples, one in the post-catalytic zone and the other one in the middle of the 

reactor bed to continuously monitor the temperature. The base of the packed bed is made of glass 

wool. The catalyst is placed on top of the glass wool to keep the bed fixed, by pushing the catalyst 

against the glass wool due to the gas flow and it is mixed with quartz with the same particle size to 

dilute the catalytic bed. On top of the fixed bed, bigger quartz particles were placed in order to ensure 

preheating of the gas until the reaction temperature, before reaching the catalytic bed. Depending on 

the inlet flow, the pressure drop that can be caused by the fixed bed should be taken into account. In 

figure 9 a picture of the micro-catalytic fixed bed reactor used for experiments is shown: 

 

Figure 9: Used reactor with its content 

Outlet gas from the reactor goes to two condensers, which are introduced to dry the gas arriving at 

the analyser. The feed and product streams are analysed by online gas chromatography (GC), with a 

Varian Micro-GC 4900 containing three columns, two 5 ˚A mol sieve columns to separate oxygen, 

nitrogen, methane, carbon monoxide and hydrogen and a PoraPLOT Q column to separate H2O, CO2, 

CO and C2 components. The columns are equipped with thermal conductivity detectors. 

The micro-GC gives the composition of the gas, but for calculating the total outlet flow nitrogen is used 

as a reference and the amount of water that has been condensed is calculated from the hydrogen 

atomic balance. Resulting errors in oxygen and carbon atom mass balances are within 1% and in most 

cases even within 0,5%.  



 

In figure 10 a schematic overview of the setup is shown:  

 

Figure 10: Process flow diagram of the experimental setup with the micro-catalytic fixed bed reactor 

The diagram above shows a schematic overview of the feed section, the micro fixed-bed reactor and 

the analysis section. The characteristics of the bed and the applied operating conditions are 

summarized in table 1:  

Table 1: Operating conditions used in kinetic experiments 

Description (unit) Value 

Particle size [mm] 0,25 – 0,35 

Temperature [oC] 750 – 850 

Total pressure [kPa] 200 

Inlet flow [L/min] 0,36 

Amount of inert [mg.] 200 – 250 

Amount of catalyst [mg.] 200  – 250 

Bed length [mm] 15 

Reactor diameter [mm] 6 

PO2 [kPa] 5  – 16 

PCH4 [kPa] 35  – 105 

  



 

2.7 Extent of homogeneous reactions 
The OCM reaction is performed at temperatures above 750 oC. At these high temperatures, gas-phase 

reactions are occurring, even without the catalyst. To gain better insights into the influence of the 

catalyst and consequently of the OCM catalytic reactions, the gas-phase reactions need to be 

minimized.  

 

Figure 11: An image of the previous used micro fixed bed reactor, right (U-shape) and the one which is finally 
used (I-shape), left. 

Different reactor configurations were tried to achieve this purpose with the U-shaped reactor. Knowing 

that the gas-phase reactions are mainly taking place in the pre-and post-catalytic zones in which the 

gas is warm enough to react, the void space in these zones should be reduced. This was done by filling 

the pre- and the post-catalytic section with quartz with a bigger particle size to minimize the void 

space. After this not giving satisfying results, a rod was used to substitute the quartz particles. 

Moreover, the warm pre and post catalytic zones were tried to be reduced, but all of this did not work 

out. After many options were discarded because of not giving satisfying results, the fluidizing sand bed 

oven was replaced by another type of oven and the U-shaped reactor was replaced by an I-shaped 

reactor to reduce the post-catalytic zone. An image of both reactor configurations is shown in figure 

11. 

  



 

3. Results & discussion 

The aim of this chapter is to present the experimental results of this research and to clarify their 

interpretations.  

3.1 Catalyst characterization 

The common way to produce Mn/Na2WO4/SiO2 catalyst is by the incipient wetness impregnation 

method with the commercially available carrier (silica). Impregnated silica is calcined in air (850-900 
oC), resulting in a catalyst containing approximately 2 wt% Mn and 5 wt% Na2WO4. To verify if active 

species of the catalyst were changed and to observe the influence on its crystallinity after exposing it 

to OCM process conditions for more than 130 operating hours, an XRD analysis was performed on 

samples before and after exposure to an OCM atmosphere.  

3.1.1 XRD 

As it has been explained before, an XRD analysis was performed on the W based catalyst used for this 

work (before and after being exposed to an OCM atmosphere). Even though the catalyst was mixed 

with quartz in the micro-reactor, an XRD analysis of pure quartz was performed. Quartz was used for 

dilution of the catalytic bed. In figure 12, the XRD data of fresh and used quartz is shown. 

 

Figure 12: XRD of fresh and used quartz 

From the graph, it can be observed that fresh quartz is amorphous, but once it got exposed to OCM 

conditions (T = 800 oC and P = 2 bars) part of the sample turn into a crystalline structure. From this 

spectrum, it will be possible to differentiate between catalyst and quartz peaks in the catalyst-quartz 

mixture XRD [21].  

  



 

Figure 13 shows data of the XRD of fresh and used catalyst, both mixed with quartz. In each spectrum 

it is determined which component corresponds to which peak.  

From figure 13, it can be observed that fresh catalyst + quartz has small peaks, which is due to quartz 

making the sample more amorphous.                                                                                               

The figure shows that at 28 o, 40 and 50 o angle, a growth of the circled peaks in red occurred due to 

the OCM reaction. The peaks correspond to a possible occurring transition, which might be due to the 

formation of Mn3O4 species from Mn2O3.   

It can be concluded from the XRD pattern of the used catalyst, that some active species (Mn2O3) of the 

catalyst are reduced due to the oxidative coupling reaction to Mn3O4. The oxidation state of the active 

species changes, whose effect can be important for the stability of the catalyst [21][22][23]. 

  

Figure 13: XRD of a fresh and used Mn/Na2WO4/SiO2 catalyst (+quartz) [Chua, 2008] 



 

3.2 TGA 

A TGA (Thermal Gravimetrical Analysis) analysis was performed over the Mn/Na2WO4 /SiO2 catalyst to 

gain insights into the influence of a long-term experiment on the catalyst (60 OCM operating hours). 

Additionally, the change of the oxidation state after co-feeding the reaction mixture with water was 

studied. Finally, experiments were performed to determine the minimum O2 required to keep the 

catalyst in an oxidized state.  

3.2.1 Long-term experiment 

Long-term experiments were done to track changes in the oxidation state of the catalyst after 60 hours 

exposure to OCM conditions. The results are shown in figure 14. 

 

Figure 14: Mass of a Mn/Na2WO4/SiO2 sample obtained with TGA at 63 hours of operation with OCM mixture 

From the results of figure 14, it can be observed that the weight of the sample at 63 hours of operation 

on stream with an OCM reaction mixture (CH4/O2 = 7) remained stable, indicating that possible changes 

in the oxidation state in the catalyst are negligible. This is in agreement with literature [3], in which 

during the OCM experiments the activity should be retained up to 97 hours of operation.  

  



 

3.2.2 Co-feeding water 

Experiments were performed to observe the influence of co-feeding steam (41 ml/min.) with the OCM 

reaction mixture (CH4/O2 = 7, with a total flow rate of 269 ml/min.) on the weight of the catalyst by 

switching flow between an OCM mixture with water and without water in cycles. 

 

 

Figure 15: Co-feeding water on OCM reaction mixture at process conditions of 800 °C 

In figure 15 it can be seen that the weight remained stable during the experiment. This suggests that 

water does not influence the oxidation state of the catalyst. 

3.2.3 Influence of reducing/oxidizing atmosphere on catalyst 

The purpose of this experiment was to determine the maximum CH4/O2 ratio required to keep the 

catalyst in an oxidized state and also to find out the amount of O2 needed to change from the reduced 

to the oxidized state. The reason is that the oxidation state of the catalyst is extremely important for 

the performance of the OCM process. According to literature [6], a reduction in the oxidation state 

would lead to a decrease in the selectivity of the catalyst. The results of the experiments are shown in 

figure 16.  

 

Figure 16: Determine the minimum oxygen required to keep the catalyst in de the oxidized state 

  



 

After a complete catalyst oxidation (by flushing the sample with air), the sample was fully reduced with 

methane, leading to a decrease in the catalyst weight of 33%. An attempt to oxidize the catalyst was 

done by feeding an OCM mixture with a CH4/O2 ratio of 10. Nevertheless, the initial weight was not 

achieved even after increasing the oxygen concentration in an OCM mixture to a CH4/O2 ratio of 7. The 

last option tried was feeding with air but the weight did not change. Thus, it can be observed that the 

initial state cannot be reached once the catalyst has been completely reduced. 

The jump (stage 4) in the graph could be explained by a density change from switching an OCM mixture 

to air. From the new oxidized state is examined if the catalyst is reduced by slowly decreasing the 

oxygen concentration with an OCM mixture from a CH4/O2 ratio of 15 to 20. The absence in weight 

change in this section indicates that the catalyst remains sufficiently oxidized at very low oxygen 

concentrations to maintain a good OCM performance, which is in agreement with literature [24], 

[25][7]. 

3.3 Mass transfer limitations 

To measure accurately the intrinsic reaction kinetics of the catalyst, it is very important to ensure the 

absence of mass transfer limitations. Especially two mass transfer limitations need to be avoided for 

a kinetic study, namely internal and external mass transfer limitations [25][7]. 

3.3.1 Influence of internal mass transfer limitations 

Intra-particle mass transfer limitations strongly depend on the particle size and can be analytically 

evaluated by calculating the overall effectiveness factor (𝜂) and the Thiele modulus (φ).   

The effectiveness factor is the ratio of the overall reaction rate in the particle to the reaction rate at 

the external surface of the particle. A factor with a value close to 1 shows that there are no diffusion 

limitations within the particle.  

Thiele modulus describes the relationship between diffusion and reaction rate in porous catalyst 

pellets. This value is generally used to determine the effectiveness factor for catalyst pellets. 

𝜑 =  
𝑅

3
√

𝑘𝑜𝑏𝑠

𝐷𝑒𝑓𝑓
   Thiele modulus    (20) 

 

η = 
3

𝜑2  (𝜑 coth(𝜑) − 1 )  Effectiveness factor  (21) 

In table 2 the results obtained from the calculations of the Thiele modulus and effectiveness factor are 

shown: 

Table 2: Effectiveness factor and Thiele modulus 

𝝋 [−] 0,02 
 

η  [−] ~ 1 

  

The analytical evaluation showed that internal mass transfer limitations are not significant. From 

literature was shown, experimentally measurements performed with different particle sizes of the 

same material, in where similar process conditions were applied to gain more insights into the particle 

size influence [7]. The observed reaction rate was independent of the particle diameter [24], [25].   



 

3.3.2 Influence of External mass transfer limitations 

For the determination of the possible presence of external mass transfer limitations, the Mear’s 
criterion was applied.  This criterion is defined as the ratio between reaction rate r’ to external mass 
transfer. 

r’

𝑘𝑐𝑎𝑐𝑐𝑖,𝑏
=  

𝑘𝑜𝑏𝑠

𝑘𝑐
∗  < 0.15       (22) 

External mass transport occurs in a stagnant layer around the particles through which reactants and 
products diffuse and can be experimentally determined by measuring reaction rates at various flow 
rates. At higher flowrates the thickness of the stagnant film will reduce and in case external mass 
transport limitations plays a role, the measured reaction rates will be higher than expected.  

kC can be calculated from the following Sherwood number correlation: 

𝑘𝑐 = 𝑠ℎ 
𝐷𝑒𝑓𝑓

𝑑𝑝
 𝑎𝑐       (23) 

 

With:    𝑠ℎ = 2 + 1.5 𝑆𝑐1/3 (1 − 𝜀) 𝑅𝑒1/2     (24) 

To determine the presence of external limitations, low inlet flowrates were used as this condition 
corresponds to the highest probability of having mass transfer limitations. The data used for this 
calculation as well as the Mears criterion value are shown in table 3. 
 

Table 3: Mears criterion parameters 

𝝆𝒄𝒂𝒕 [
𝒌𝒈

𝒎𝟑] 1100 
 

𝒎𝒄𝒂𝒕 [𝒌𝒈] 2E-04 
  

𝝓𝒕𝒐𝒕𝒂𝒍,𝒇𝒆𝒆𝒅 [
𝒎𝟑

𝒔
] 8.3E-06 

 
𝒅𝒓 [𝒎] 0.01 

  

𝑨𝒓 [𝒎𝟐] 0.0314 
  

𝒅𝒑 [𝒎] 3E-04 

  
𝜺𝒃𝒆𝒅 [−] 0.5 

  
𝑫

𝒆𝒇𝒇 [𝒎𝟐

𝒔 ]
 1E-05 

  

𝒌𝒄
∗ [

𝟏

𝒔
] 80.175 

  

𝒌𝒐𝒃𝒔 [
𝟏

𝒔
] 2.475 

  
𝑺𝒄 [−] 15.679 

  
𝑹𝒆 [−] 0.047 

  
𝑺𝒉 [−] 2.405 

  
Mears criterion MT   𝑘𝑜𝑏𝑠

𝑘𝑐
∗  ≈ 0.001  

As seen from the results, the Mears criterion value is much lower than 0.15. Therefore, external mass 

transfer limitations can be neglected. According to literature [7] experiments performed with the same 

material and in a similar setup, mass transfer limitations were also absent, so the calculations did in 

this work are consistent with literature [24], [25]. 



 

3.4 Kinetic experiments 

Kinetic measurements were carried out at 800 oC and at a pressure of 2 bars to investigate the 
influence of varying the concentrations of the reactants on the intrinsic reaction rate of products like 
C2+ (desired) and COx (undesired). Experiments with co-feeding of CO2 and H2O were also performed 
to see whether these components are influencing the OCM process. The effects of the temperature 
were also studied, the influence of ethylene reforming at OCM conditions was studied and finally, a 
long-term experiment was conducted to check if the activity of the catalyst remained stable after being 
introduced to different operating conditions. The reaction rates were measured under differential 
conditions so that the overall oxygen conversion remains below 25%. Results obtained from these 
experiments will be discussed in the following paragraphs. 

3.4.1 Varying reactants concentration 

Experiments with different reactants concentration were performed to see their influence on the OCM 

process. The contribution of homogeneous gas phase reactions was determined by using a reactor in 

which the bed was filled with only quartz particles. Finally, a reactor in which the bed was filled with 

Mn/Na2WO4/SiO2 catalyst (diluted 50% with quartz) was used to perform the catalytic experiments. 

The intrinsic reaction rate was calculated (heterogeneous contribution) by subtracting the gas phase 

reaction rate from the catalytic (total) measured reaction rate.  

Oxygen dependency 

In this set of experiments, the methane partial pressure was kept constant at 50 kPa while the oxygen 

inlet partial pressure was varied from 5 to 16 kPa. In figure 17 the results on the influence of oxygen 

on the reactants consumption rates and the production rates of carbon oxides are shown. 

 

Figure 17: Influence of PO2 on the CH4 and O2 consumption rates, the CO and CO2 production rates (constant PCH4 
= 50kPa, PO2 = 5-16 kPa, T=800 °C, P=200 kPa, ϕv = 360 ml/min and msolids = 0.5 g) 



 

Comparing the extent of gas phase reactions to the total reaction rate, it can be seen that particularly 

carbon monoxide is generated in the gas phase while the catalytic contribution to CO2 production is 

much higher. 

 

Figure 18: Influence of PO2 on the C2+ and H2 formation rates, the C2+ selectivity and C2H4/C2H6 ratio by using 
catalyst  (constant PCH4 = 50kPa, PO2 = 5-16 kPa, T=800 °C,  P=200 kPa, ϕv = 360 ml/min and msolids = 0.5 g) 

Hydrocarbons are only generated in the presence of the catalyst and not in the gas-phase. The 

production of ethylene is low, being this observed in the C2H4/C2H6 ratio and the reaction rate of C2H4. 

This is probably due to the low residence time applied in the micro fixed-bed reactor to operate at 

differential conditions. This is done to minimize the secondary reactions. 

Hydrogen is more generated in the gas-phase than catalytic. Most probably, the primary undesired 

reaction which produces CO and H2 is reduced when the catalyst is placed to produce the desired 

hydrocarbons (C2H6 and C2H4).  

As expected, an increase in the oxygen concentration leads to a decrease in C2+ selectivity, because 

unselective oxidation reactions become more important. From the graphs, it can be seen that the 

selectivity is in the 40-45% range for a CH4/O2 ratio of 10, while according to literature [7] the selectivity 

if using a tungsten based catalyst should be up to 80%. It is possible that the use of higher ratios (for 

instance CH4/O2 of 20) could give higher selectivity’s. The results are shown in figure 18. 

  



 

Methane dependency 

In the second set of experiments, the oxygen partial pressure was kept constant at 10 kPa, while the 

methane inlet partial pressure was varied from 35 to 105 kPa. The results are shown in figure 19 and 

20. 

 

Figure 19: Influence of PCH4 on the CH4 and O2 consumption rates, the CO and CO2 production rates (constant PO2 
= 10 kPa, PCH4 = 35-105 kPa, T=800 °C, P=200 kPa, ϕv = 360 ml/min and msolids = 0.5 g) 

From the data in figure 19, it can be seen that similar to the oxygen dependency, particularly carbon 

monoxide was generated in the gas phase while the catalytic contribution to CO2 production is much 

higher. From the consumption- (CH4 and O2) and production rates (CO and CO2) a linear dependency 

on the methane concentration can be observed. 



 

 

Figure 20: Influence of PCH4 on the C2+ and H2 formation rates, the C2+ selectivity and C2H4/C2H6 ratio by using 
catalyst  (constant PO2 = 10kPa, PCH4 = 35-105 kPa, T=800 °C,  P=200 kPa, ϕv = 360 ml/min and msolids = 0.5 g) 

The production of ethylene is low, which is also observed in the oxygen dependency. This is probably 

due to the low residence time applied. The large difference between ethane (C2H6) and ethylene (C2H4) 

production rates (different scales) confirms that ethylene can be considered as a secondary product, 

while ethane can be considered as a primary product. In the investigated range of partial pressures of 

methane, the rate of C2+ hydrocarbons is linearly dependent on the methane concentration, which is 

confirmed in literature [5]. 

As it has been already mentioned, hydrogen is more generated in the gas-phase than catalytic. Most 

probably, the primary undesired reaction which produces CO and H2 is suppressed to produce the 

desired hydrocarbons (C2H6 and C2H4) when the catalyst is placed.  

Increasing the methane concentration led to an increase in C2+ selectivity, which is the opposite of 

increasing the oxygen concentration, because of less unselective oxidation reactions occurring. The 

results are shown in figure 20. 

  



 

3.4.2 Co feeding 

Experiments with co-feeding of CO2 and H2O were performed, to investigate the influence of these 

components on the kinetics.   

Carbon dioxide 

Kinetic studies of the catalyst were performed to analyse the influence of the addition of carbon 

dioxide. The results of the experiments are shown in figure 21. 

 

Figure 21: Influence of PCO2 on the formation rates of C2 hydrocarbons, on the formation rate of COx, on 
methane conversion, on the ratio of C2H4/C2H6 and on the C2+ selectivity. 

Based on experiments from literature [5], feeding CO2 together with an OCM mixture using a 

lanthanum-based catalyst leads to negative effects like decreasing the reaction rates of hydrocarbon 

formation [5]. This was probably caused by the formation of calcium carbonate from CO2 and CaO, 

which blocks the active sites of the catalyst. From figure 21 it is shown that in our experiments co-

feeding of carbon dioxide with an OCM mixture does not affect the formation of hydrocarbons. The 

explanation of this different behaviour can be explained by using a W based catalyst, which is in 

agreement with the literature [26].  



 

Water 

Kinetic studies of the catalyst were performed to analyse the influence of the addition of water on 

the OCM reaction mixture. The results are shown in figure 22. 

 

Figure 22: Influence of PH2O on the formation rates of C2 hydrocarbons, on the formation rate of COx, on 
methane conversion, on the ratio of C2H4/C2H6 and on the C2+ selectivity. 

Enhancement in C2H4/C2H6 ratio and a significant increase in C2+ selectivity from 20% to 60% is 

observed. A significant increase in conversion rates of the reactants and formation of products were 

also observed with increasing water concentration.  

In addition to the surface atomic oxygen mediated pathway, OH radical mediated pathway has a large 

contribution to the reaction and the formation of methyl radicals being the rate limiting step. OH 

radicals are formed from the surface reaction of water with oxygen [6].  

There were also experiments done with only feeding steam with methane in the absence of oxygen 

with the expectation that steam reforming might occur, but according to the results, steam reforming 

did not take place at OCM conditions with this catalyst. This is because of minimum formation of CO 

and H2, though the absence of oxygen led to the reduction of the catalyst from its oxidized state, 

resulting in a very low selectivity afterwards. 

 

  



 

3.4.3 Effect of temperature 

Figure 23 illustrates the effect of temperature on methane conversion, C2 selectivity, the C2H4/C2H6 

ratio as well as formation rates of carbon oxides and hydrocarbons at a range of temperatures of 770 

– 850 oC and a pressure of 1,5 bar. 

 

Figure 23: Influence on increasing temperature on methane conversion, C2 selectivity, C2H4/C2H6 ratio as well on 
formation rates of desired (C2+) and undesired products (COx). 

The influence of operating temperature is significant in the oxidative coupling of methane. The 

activation energy of the selective coupling reaction is higher compared to the unselective oxidization 

reactions of methane. From literature [27], [28], it was concluded that a higher ethylene yield can be 

partially achieved due to thermal dehydrogenation of ethane to ethylene at higher temperatures. 

Therefore, a high temperature is desired for maximum reaction rate and to obtain a high C2+ selectivity, 

but at the same time it will lead to faster deactivation rates of the catalyst which on its turn will shorten 

the lifetime. In addition, the contribution of gas-phase reactions will be higher, which will make 

temperature control difficult. From results, it can be seen that the expectation of an increase in 

methane conversion, in C2+ selectivity and in C2H4/C2H6 ratio with temperature is confirmed.  

  



 

3.4.4 C2H4 reforming 

Results obtained in the absence of oxygen are indicating that further reactions, like steam reforming 

of hydrocarbons, can proceed in OCM reactors. In order to clarify the extent of these reactions and 

their nature with respect to their catalytic or non-catalytic course, experiments were performed. The 

extent of gas-phase reactions was analysed by replacing the catalyst with quartz particles. In figure 24 

is shown results from performing ethylene reforming under OCM conditions.  

 

Figure 24: Production rates of CO and H2 due to ethylene reforming 

The influence of ethylene reforming at catalytic and non-catalytic OCM conditions is significant. It can 

be noticed that the catalytic contribution to the formation of hydrogen and carbon monoxide is high. 

A significant increase in the formation of hydrogen and carbon monoxide was also observed with 

increasing water concentration.  

Finally, small amounts of ethane were obtained in the catalytic route, probably due to hydrogenation 

of ethylene, which is an equilibrium reaction. The formation rate of ethane was constant with 

increasing water concentration. On the other hand, there was no ethane produced without the 

catalyst. In literature [5] ethylene reforming was also done with and without using a catalyst 

(La2O3/CaO), which indicated that in both cases ethane was produced, but the conversion of ethylene 

in the gas phase was negligible compared to the catalytic route.  

From literature [5] it is made a comparison between the oxidation and steam reforming of ethylene, 

to see which one has a higher influence on the ethylene yield.  It was found that oxidation is much 

faster than steam reforming. From the experiments done in the gas phase is observed that oxidation 

without using a catalyst, has a much higher influence in comparison with steam reforming. Assuming 

that the behaviour of the catalyst used to do these experiments follows the same trend it can be 

concluded that ethylene steam reforming does not have a significant influence on lowering the 

ethylene yield [5]. 

  



 

3.4.5 Standard experiment 

Long term (standard) experiments were performed to investigate whether the activity of the catalyst 

remained stable in terms of the reaction rate of methane and oxygen and C2+ selectivity, after being 

introduced to different operating conditions. This test was done for over 130 hours at a temperature 

of 800 oC and a pressure of 2 bars (CH4/O2 = 5). The results are shown in figure 25. 

 

Figure 25: Measuring catalyst stability changes at OCM conditions (constant CH4/O2 ratio = 5, T= 800 °C and P = 
200 kPa, ϕv = 360 ml/min 

  

The reactor was kept with a methane flow to see the influence of the absence of oxygen on the activity 

of the catalyst. This led to a significant decrease in the C2H4/C2H6 ratio and the C2+ selectivity. By 

oxidizing with air and afterwards flushing with nitrogen the catalyst got recovered.  

As expected, co-feeding the OCM mixture with CO2 had no influence on the selectivity and on the ratio 

of C2H4/C2H6, when using a tungsten based catalyst in contrast to a lanthanum based catalyst. 

The activity of Mn/Na2WO4/SiO2 catalyst after more than 130 hours on stream was lost, in terms of C2+ 

selectivity, which dropped from 40% to 25%. According to literature, long-term experiments under 

OCM conditions showed that the initial activity could be retained for periods up to 97 hours in a small 

fixed bed reactor, which explains the loss in selectivity at more than 130 hours of operation [29][30]. 

The activity of the catalyst was stable as long as it was not exposed to a different atmosphere than an 

OCM mixture. The catalyst needed an operation at OCM conditions of about 30 hours to have a stable 

performance of the catalyst, with respect to the reaction rate of oxygen. The reaction rate of oxygen 

is more stable and is fluctuating less in comparison with the reaction rate of methane, because of the 

low conversion of methane, making small changes in methane flow significant.   

  



 

4. Kinetic model 

A kinetic model of the oxidative coupling of methane to C2+ hydrocarbons over a Mn/Na2WO4/SiO2 

catalyst was developed, on the basis of experimental studies performed in a micro-catalytic fixed-bed 

reactor under a wide range of experimental conditions. 

The aim of this section is to present the approach used in order to define the kinetic parameters. A 

code was developed by using Matlab. In total, 9 kinetic parameters were fitted simultaneously. 

4.1 Theory 

Matlab is a possibility to solve situations where the model data is slightly more complex, for instance, 
to obtain a numerical model based on ODE’s where coefficients are unknown or wanting to perform 
fitting of multiple functions/coefficients. It gives access to a powerful function called lsqnonlin, least-
squares nonlinear optimization, which solves curve fitting problems of the form: 
 

𝑚𝑖𝑛 ‖𝑓(𝑥)‖ = min(𝑓1 (𝑥)2 +  𝑓2 (𝑥)2 + ⋯ +  𝑓𝑛 (𝑥)2)      (25) 

With optional lower- and upper bounds (lb and ub) on the components of x, with its initial guesses x0 

is Matlab trying to fit given data to find values for kinetic parameters.  These can be vectors or matrices. 

 

𝑥 =  𝑙𝑠𝑞𝑛𝑜𝑛𝑙𝑖𝑛 (𝑓𝑢𝑛, 𝑥0, 𝑙𝑏, 𝑢𝑏, 𝑜𝑝𝑡𝑖𝑜𝑛𝑠)   (26) 

 𝑓𝑢𝑛 is a function handle to the fit criterion (e.g. @fittingmodel). The fit criterion function 

fittingmodel should return the residuals vector, e.g. 𝑑𝑖 = (𝑦𝑖 − �̂�𝑖) here, 𝑦𝑖  would be the data 

from measurements and �̂�𝑖  the solution computed by the model. 

 𝑥0 is the initial guess(es) for the fitting coefficient(s), or array of initial guesses when fitting 

multiple coefficients. 

 𝑙𝑏 and 𝑢𝑏 are the lower and upper boundaries for 𝑥0. These should both be the size of the 𝑥0-

array. 

 𝑜𝑝𝑡𝑖𝑜𝑛𝑠 are some fitting options, for more fine-grained control on the fit procedure. Use e.g. 

optimoptions ( options, ‘TolFun’, 1E-12, ‘TolX’, 1.0E-12, ‘MaxFunEvals’, 100000, ‘MaxIter’, 

10000); to create an options object, or leave it empty (options= []). 

4.2 Assumptions 

In this paragraph is given a short description of the assumptions made to develop the kinetic model. 

The measurements at various CH4 and O2 inlet concentrations at differential operating conditions have 

led to experimental data which can be used to derive a simplified kinetic model. The following 

assumptions are made: 

 The oxidative coupling reaction produces the primary reaction product C2H6, which is an 

intermediate product.  

 The origin of CO2 is mainly CH4 at the used differential conditions.  

 Ethylene can be produced from two routes: oxidative dehydrogenation and thermal 

dehydrogenation, from which C2H6 oxidative dehydrogenation is the main route.  



 

 The secondary oxidation reactions can be neglected at differential conditions, which are 

applied. 

 All hydrogen formed during catalysed reactions and the dehydrogenation of ethane is 

converted to water.  

4.3 Model validation 

The developed kinetic model was validated by using Tiemersma’s data [7]. It was verified by comparing 

model predictions with experimental data. Kinetic parameters were calculated by using least square 

minimization:  

𝜀 =  ∑  (
𝑟𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑− 𝑟𝑓𝑖𝑡

𝑟𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝑑𝑎𝑡𝑎𝑝𝑜𝑖𝑛𝑡𝑠 )2   (27) 

The calculated reaction rates from experimental data were fitted to the power-law rate expressions. 

In figure 26 are shown plots, wherein is seen a comparison of the kinetic model fitted with the 

experimental data. 

 

Figure 26: Comparison of kinetic model fit with measured reaction rates, for Tiemersma's data 

After this is checked whether these obtained values for the kinetic parameters are in the same order 

of magnitude. From the figure, it can be seen that the fitted reaction rates are in quite reasonable 

agreement with the rates actually observed from experiments. In table 4, the obtained values of the 

kinetic parameters are listed.  

Table 4: Kinetic parameters obtained via least squares minimization of OCM experiments at differential 
conditions, by own developed model using Tiemersma’s data 

 

Hence, for the determination of the reaction rate constants and reaction orders, only 3 reactions have 

been taken into account by Tiemersma [31]. These reactions are the oxidative coupling reaction, the 

complete oxidation and the oxidative thermal hydrogenation, which are all primary reactions.  



 

As can be seen from table 4 and from table 5 the obtained values are in the same order of magnitude 

than the ones of Tiemersma, except for the last reaction. In table 5, the obtained values by Tiemersma 

of the kinetic parameters are listed [31].  

 

Table 5: Kinetic parameters obtained via least squares minimization of OCM experiments at differential 
conditions, by Tiemersma 

 

 
 

 

 

  



 

4.4 Reaction scheme incl. rate eq. and kinetic parameters 

Various reaction schemes [7], [5] were analysed for the description of the network of primary reactions 

as well as for consecutive reactions. Based on obtained experimental results and information from 

literature, a simplified reaction scheme in figure 27 is proposed for the heterogeneous catalytic 

reactions: 

 

Figure 27: Schematic reaction scheme for OCM 

In the final model, 4 reactions are taken into consideration. Methane is converted into three parallel 

reactions. In the selective primary step, ethane is formed by the oxidative coupling of methane (step 

1). Two further primary steps are the non-selective oxidation of methane to carbon dioxide (step 2) 

and carbon monoxide (step 4). In the following steps, the conversion of ethane to ethylene can proceed 

through two parallel routes, which are the heterogeneous catalytic oxidative dehydrogenation (Step 

3) or by thermal gas phase dehydrogenation (Not taken into account). From literature is observed that 

ethane oxidation is minimal, from which the direct oxidation to carbon oxides was neglected. With 

respect to the consecutive steps, there is a common agreement in the literature that ethane is 

converted mainly by oxidative dehydrogenation to ethylene. 

Moreover, ethylene can be further converted into two parallel ways. It can further react with oxygen 

to carbon monoxide and water or with water via steam reforming of ethylene to carbon monoxide and 

hydrogen. These consecutive reactions are not taken into account for the kinetic model. In literature 

[5] is indicated that oxidation has a bigger influence than steam reforming of ethylene in lowering the 

yield [5]. The kinetic model is characterized by the following set of stoichiometric equations: 

𝑺𝒕𝒆𝒑 𝟏:  2𝐶𝐻4 +
1

2
𝑂2 → 𝐶2𝐻6 + 𝐻2𝑂   (28) 

𝑺𝒕𝒆𝒑 𝟐:  𝐶𝐻4 + 2𝑂2 → 𝐶𝑂2 + 2𝐻2𝑂   (29) 

𝑺𝒕𝒆𝒑 𝟑:  𝐶2𝐻6 +
1

2
𝑂2 → 𝐶2𝐻4 + 𝐻2𝑂   (30) 

𝑺𝒕𝒆𝒑 𝟒:  𝐶𝐻4 + 𝑂2 → 𝐶𝑂 + 𝐻2𝑂 + 𝐻2   (31) 

 
         
 
  



 

According to literature, no inhibition of carbon dioxide and oxygen on the formation of ethane is 

experienced from experiments with using Mn/Na2WO4/SiO2 catalyst, in contrast to a lanthanum 

(La2O3/CaO) based catalyst. From which was concluded that no Hougen-Watson type rate equations 

need to be applied for the rates of oxidation of hydrocarbons and the rate of ethane formation. These 

reactions could be described by applying simple power-law rate equations [7]: 

𝑟1 = 𝑘1𝑝𝐶𝐻4
𝑛1𝑝𝑂2

𝑚1    (32) 

𝑟2 = 𝑘2𝑝𝐶𝐻4
𝑛2𝑝𝑂2

𝑚2    (33) 

𝑟3 = 𝑘3𝑝𝐶2𝐻6
𝑛3𝑝𝑂2

𝑚3    (34) 

𝑟4 = 𝑘4𝑝𝐶𝐻4
𝑛4𝑝𝑂2

𝑚4    (35) 

Only total conversion rates were derived from experimental results. The reaction rates of the individual 

reactions were calculated based on the reaction stoichiometry and having no interaction with the gas 

phase reactions. In figure 28 the calculated reaction rates of the primary reactions are shown. 

 

Figure 28:  Experimental results, wherein total conversion rates were derived from experimental data, and the 
reaction rates of individual reactions are calculated based on the reaction stoichiometry 

From the experimental data in the figure, it is found that methane, on the other hand, is forming an 

inhibition on the formation of ethane, ethylene and carbon oxides. Due to operating with a constant 

oxygen partial pressure, but increasing the methane partial pressure, the CH4/O2 ratio is increasing. 

Oxygen being the limiting reactant leads to lower conversion of methane which in turn leads to a lower 

product formation of hydrocarbons and carbon oxides. 

Power-law rate type equations cannot be used to fit those obtained experimental data. A possible 

solution to get the experimental data fitted is to use different Hougen-Watson type rate equations 

then shown in the literature [5], [32]. In literature, it has never been found that methane was causing 

any inhibition on the formation of hydrocarbons or carbon oxides by using a tungsten based catalyst. 

These reactions should be described by the following rate equations: 

𝑟1 =
𝑘1𝑝𝐶𝐻4

𝑛1𝑝𝑂2
𝑚1

(1+𝐾1𝑃𝐶𝐻4)𝑛1      (36) 

𝑟2 =
𝑘2𝑝𝐶𝐻4

𝑛2𝑝𝑂2
𝑚2

(1+𝐾2𝑃𝐶𝐻4)𝑛2     (37) 

𝑟3 =
𝑘3𝑝𝐶2𝐻6

𝑛3𝑝𝑂2
𝑚3

(1+𝐾3𝑃𝐶𝐻4)𝑛3     (38) 

𝑟4 =
𝑘4𝑝𝐶𝐻4

𝑛4𝑝𝑂2
𝑚4

(1+𝐾4𝑃𝐶𝐻4)𝑛4      (39) 



 

5. Conclusion 

In this report, the kinetics of oxidative coupling of methane (OCM) over a Mn/Na2WO4/SiO2 catalyst 
was investigated. It was found in the literature, that this catalyst has excellent long-term stability 
(almost 100 hrs on stream), moderate catalytic activity (CH4 conversion 20-25%) and excellent overall 
C2 selectivity (80%) [8], [26], [29], [33]. The study is performed by using a differentially operated micro- 
fixed bed reactor. The objective of this project was to define the kinetics and to characterize the 
behaviour of the catalyst, which describes the performance of the catalyst at OCM conditions, wherein 
especially focus was dedicated on consecutive reactions including C2+ reforming and combustion.  

The analysis of the catalyst using XRD and TGA provided useful information. From the XRD pattern of 
the used catalyst, it is observed that some active species (Mn2O3) of the catalyst are reduced due to 
the oxidative coupling reaction to Mn3O4. The oxidation state of the catalyst is important for the 
performance of the catalyst to achieve high selectivity towards C2+ products. The stability of the 
catalyst was evaluated using Thermal Gravimetric Analysis (TGA). A number of experiments in which 
the catalyst was exposed to various conditions were carried out. First of all, a long-term experiment 
was done for more than 60 hours, then co-feeding water with the OCM mixture was done to see its 
influence in the oxidation state and finally, experiments were performed to determine the minimum 
oxygen required to keep the catalyst in the oxidized state, to maintain a good OCM performance. It 
has turned out that the catalyst requires pre-treatment with oxygen/air to obtain a high C2 selectivity. 
These experiments showed that at the long-term experiment and co-feeding water the oxidation state 
did not change. In addition, it has been found that low oxygen concentrations (CH4/O2 = 20) were 
sufficient to keep the catalyst in the oxidized state.  

A kinetic model of the oxidative coupling of methane to hydrocarbons over a Mn/Na2WO4/SiO2 catalyst 
was developed based on experimental studies. In this model, intrinsic catalytic reaction rates were 
calculated from measured rates with and without catalyst at differential operating conditions, wherein 
the secondary ethylene reaction rates could not be determined. From literature, it was found that 
ethylene oxidation is much more pronounced than methane oxidation. The methane conversion and 
ethylene, ethane, carbon monoxide and carbon dioxide selectivity were obtained in a wide range of 
operating conditions. Based on experimental data it was found that for oxidative coupling of methane 
(OCM), highest C2+ selectivity’s can be obtained at high methane and low oxygen concentrations. Such 
low oxygen concentrations can be obtained with distributive feeding.  

Catalyst performance was also investigated with co-feeding H2O and CO2 to OCM mixtures, which are 
intermediates. Co-feeding methane with water in the presence of oxygen led to the enhancement of 
the C2H4/C2H6 ratio and a significant increase in the C2+ selectivity from 20 to 60%, but in the absence 
of oxygen, a decrease in selectivity was observed. This is most probably due to the reduction of the 
catalyst, although it could be recovered by flushing it with air. Co-feeding carbon dioxide, on the other 
hand, had no influence on the OCM performance. At higher temperatures, it was found that higher 
yield to ethylene due to a greater influence of thermal dehydrogenation of ethane. Long-term 
experiments were performed at the same conditions before and after exposing the catalyst to different 
conditions. The activity of the catalyst in terms of consumption rates of the reactants after more than 
130 hrs on stream was partially restored. Regeneration of the catalyst with air was possible after 
getting exposed to critical conditions but the C2 selectivity dropped from 40 to 25%. In addition, the 
catalyst needs time to stabilize. 

From the experiments the catalyst seems to be more stable than other OCM typical catalysts like a 
lanthanum based catalyst, because of good performance for almost 100 hours on stream. 



 

6. Recommendations 

Based on the results of this project the following recommendations for future work can be made to 

improve the kinetic model, to make it more complete and finally to search for the optimal process 

conditions over the Mn/Na2WO4/SiO2 catalyst to make the OCM process economically viable. 

TGA: 

 Long-term experiment with a lower oxygen concentration (higher ratio than CH4/O2 =7), 

because some zones in the reactor might be oxygen free, to check if the catalyst will get 

deactivated at these conditions. 

 After full reduction with methane, oxidizing the catalyst with a lower CH4/O2 ratio than the 

one used, to check if the increasing weight trend, because of oxidization of the catalyst over 

time will change or if it will be constant. 

 4/5 cycles oxidation (OCM mixture) / reduction (CH4) at OCM conditions, to see if the 

oxidation/reduction cycles changes or not after some cycles. 

Kinetic experiments: 

 C2 oxidation and C2H6 reforming, catalytically and non-catalytically, in order to see their 

importance in the OCM process and how they can decrease the performance of the process in 

terms of yield: 

 C2H4+H2O   C2H6 + H2O 

 C2H4 + O2   C2H6 + O2 

 C2H4 + H2O + O2  C2H6 + H2O + O2 

 Main catalytic conversion route of C2H6 to C2H4, catalytically and non-catalytically, to get a 

better insight into the desired conditions which should be applied to increase the ethylene 

yield: 

Oxidative dehydrogenation    Thermal dehydrogenation 

C2H6 + O2  C2H4      C2H6  C2H4 + H2 

 The effect of varying the contact time to see its influence on, the CH4 conversion and the C2 

yield. This due to determine the optimum process conditions which should be applied. 

 Integral conditions by applying higher residence times to get more insight into the influence 

of the secondary reactions on the OCM process. 

Kinetic modelling  the model can give information about the process conditions which should be 

applied to get optimal performance of the OCM process with using tungsten based catalyst: 

• Making an Arrhenius plot, from which the pre-exponential factor (A) and the activation 

energies (Ea) of primary- and secondary reactions can be obtained. 

• Making parity plots of experimental and calculated conversion of the reactants to validate the 

model at integral conditions. 

• Involving all significant reactions for the oxidative coupling of methane with the 

Mn/Na2WO4/SiO2 catalyst and taking the inhibiting effect of methane on formation of carbon 

oxides and hydro carbons into consideration.  
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Appendix A: Calibration flowmeters 
Flow meter calibrations are presented below for different flow meters used for different inlet gases.  

 

Figure 1: Methane flowmeter calibration 

 

 

Figure 2: Air calibration flowmeter 

 

 

Figuur 3: Nitrogen flowmeter calibration 



 

Appendix B: GC calibration 
The Calibration uses nitrogen as an internal standard, this means that the concentration, volume 

fraction or molar flow in the analysed sample of nitrogen should be known to calculate the other 

components. To do the calibration the feed composition should be written down in Box 1, the 

corresponding areas can be entered in Box 2. The calibration can be performed with 1 to 4 mixtures. 

In Box 3 the quality of the calibration can be checked. Following are the GC calibrations used to 

calibrate the GC for each of the gases. 

 

 

 

 

 


