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Abstract 
Methane, which is a promising alternative to replace crude oil, is currently underutilized. 

Industrialization of either OCM or DMTM could realize utilization of methane to value-added 

chemicals. But, unfortunately, none of these reactions have still an industrially acceptable yield. 

In this thesis, it was searched for the solutions to overcome these yield barriers.  

The focus in the OCM project was gaining a better understanding of the reaction mechanism. 

The MnxOy-Na2WO4/SiO2 was chosen as the model catalyst here. It is found that under the 

studied conditions, the gas phase dehydrogenation of the ethane is the main reaction for the 

formation of ethene. The secondary oxidation of C2 components in the presence of the 

molecular gas phase oxygen is introduced as the main route to the formation of COX. The 

MnxOy-Na2WO4 catalyst was reported to have a low contribution to the conversion of C2 

components. This behavior is assigned to the film diffusion limitations of the reaction. The so-

called chemical looping reactor is proposed as an effective reactor concept for enhancing the 

performance of OCM toward C2+ products. Performing OCM in CLR resulted in the more 

efficient conversion of methane than the co-feeding reactor, especially at methane conversions 

lower than 30 %. However, the maximum yield of 30 %, required for industrializing the 

process, could not be achieved. This limitation is reported to be originated by the inherent 

nature of the MnxOy-Na2WO4 catalyst and the characteristics of the reaction mechanism. A 

modified two-stage process is proposed for controlling these problems. Finally, the effect of 

the catalyst composition on the redox behavior of the catalyst and consequently its conversion 

in the chemical looping reactor is investigated in more details.  

In the DMTM project, the influence of the synthesis method on the performance of Cu/zeolite 

catalysts is investigated. The Cu/mordenite samples prepared via solid-state ion-exchanged 

were shown to have a much higher activity than the ones prepared by a conventional liquid-

phase procedure. This behavior is assigned to the accelerated Cu exchange at the small pores 

of mordenite during the former procedure. The activation mechanism of methane over the Cu 

active sites are investigated. It is observed that different intermediates with various bonding 

strength are formed over the catalyst. Later, the effect of changing the support of the CuO 

catalyst from zeolite to SBA-15 on the production of methanol is demonstrated. A high selec-

tivity (> 84%) via water-assisted extraction is measured for the CuO/SBA-15 sample. The clus-

ter size of the CuO species on this sample is reported to be varied by changing the Cu-precursor 

applied for preparing the catalyst, leading to different catalytic performances.  



 

 

Zusammenfassung 
Methan, welches ein vielversprechender Kandidat ist, Rohöl zu ersetzen, wird derzeit nur in geringem 

Maße eingesetzt. Die Industrialisierung von entweder OCM oder DMTM könnte die Nutzung von 

Methan zur Produktion werthaltiger Chemikalien ermöglichen. Ungünstigerweise erreicht allerdings 

keine der beiden Reaktionen eine industriell akzeptable Ausbeute. Im Rahmen dieser Arbeit wurden 

Lösungen gesucht, diese Limitierungen hinsichtlich der Ausbeute zu überwinden. 

Der Fokus des OCM-Projektes war darauf gerichtet, ein besseres Verständnis des 

Reaktionsmechanismus zu entwickeln. MnxOy-Na2WO4/SiO2 wurde hier als Modellkatalysator gewählt. 

Es wurde berichtet, dass unter den gewählten Reaktionsbedingungen die Gasphasendehydrierung von 

Ethan die Hauptreaktion zur Bildung von Ethylen darstellt. Die Sekundäroxidation von C2-

Komponenten in der Gegenwart von molekularem Gasphasensauerstoff wird als die Hauptroute zur 

Bildung von COx angeführt. Der MnxOy-Na2WO4 Katalysator liefert einen geringen Beitrag zum 

Umsatz der C2-Komponenten. Dieses Verhalten wird der Filmdiffusionslimitierung unter den gewählten 

Reaktionsbedingungen zugeschrieben. Der sog. Chemical Looping Reaktor wurde als effektives 

Reaktorkonzept vorgeschlagen, um die Performance der OCM zu C2+-Produkten zu verbessern. Die 

Reaktionsführung im CLR resultierte in einem effizienteren Umsatz von Methan verglichen mit Co-

Feeding, insbesondere bei einem Methanumsatz kleiner 30%. Dennoch konnte die Ausbeute von 30%, 

welche für eine Industrialisierung des Prozesses nötig ist, nicht erreicht werden. Diese Limitierung 

wurde sowohl auf die inhärente Natur des Katalysators als auch die Charakteristika des 

Reaktionsmechanismus zurückgeführt. Ein modifizierter Zweistufenprozess wurde zur Minimierung 

der Probleme vorgeschlagen. Zuletzt wurde der Einfluss der Katalysatorzusammensetzung auf das 

Redoxverhalten des Katalysators und folglich den im Chemical Looping Reaktor erreichten Umsatz 

detaillierter untersucht. 

Im DMTM-Projekt wurde der Einfluss der Synthesemethode auf die Performance von Cu/Zeolith-

Katalysatoren bewertet. Cu/Mordenit-Proben, welche über Feststoffionenaustausch dargestellt wurden, 

zeigen eine viel höhere Aktivität als über das konventionelle Flüssigphasenverfahren präparierte 

Katalysatoren. Dies wurde zurückgeführt auf den im Feststoffionenaustausch beschleunigten Cu-

Austausch in den kleinen Poren des Mordenit. Weiterhin wurde der Methanaktivierungsmechanismus 

an den aktiven Kupferzentren untersucht. Es wurde beobachtet, dass unterschiedliche Intermediate 

verschiedener Bindungsstärke auf der Katalysatoroberfläche gebildet werden. Darüber hinaus wurde 

der Effekt eines Wechsels des Trägers für den CuO-Katalsator von Zeolith zu SBA-15 im Hinblick auf 

die Bildung von Methanol aufgezeigt. Über wasserunterstützte Extraktion wurde für die CuO/SBA-15-

Probe eine hohe Selektivität (> 84%) gemessen. Die Clustergröße der CuO-Spezies auf dieser Probe 

konnte durch Wechsel des Cu-Prekursors in der Katalysatorpräparation beeinflusst werden, was zu einer 

Änderung der katalytischen Aktivität führte. 
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Introduction 

1.1 Motivation 
Crude oil remains the most important feedstock for producing the majority of the essential 

chemicals in the industry [1–4]. However, the concern of depletion of petroleum reserves, its 

volatile market, and growing environmental concerns, has increased the interest in shifting 

toward more reliable and cleaner sources of feedstocks [1,2,5]. One of the options considered 

to fulfill this aim is Biomass. However, there are strong concerns about the feasibility of the 

complete replacement of oil with this resource [1,2]. Firstly, the production of biomass is 

limited due to the restriction in accessing the cultivation areas. Secondly, the energy efficiency 

of biomass fuels is lower than oil-based fuels such as gasoline [1].  

Methane, the main component of natural gas, is the other attractive alternative feedstock. This 

compound is cheaper and more abundant than crude oil [1,2,4–10]. Unfortunately, nowadays, 

almost 90 % of the global production of methane is just combusted to generate energy for 

different sectors [1,6,9]. The high transportation costs and stability of methane molecules are 

the most important reasons for its current underutilization [2,5,11]. Formation of HCN and syn-

gas are almost the only industrial routs available for utilization of methane. Despite that the 

former process converts methane directly to a value-added product, the low market demand of 

HCN limits its application [5,7,11,12]. While the syn-gas is more demanded as it is processed 

to produce a wide range of essential chemicals like methanol, hydrogen, ammonia, and higher 

chain hydrocarbons [1,4–6,12–15]. One of the most important drawbacks of syn-gas production 

is the high energy intensity of its process. During this conversion, almost 25% of the natural 

gas feed is consumed to produce the heat of the reaction [16]. Therefore, it can be concluded 

that through realizing the direct conversion of methane to essential chemicals, the profitability 

of its utilization can be significantly enhanced. Oxidative coupling of methane (OCM) and the 

direct oxidation of methane to methanol (DMTM), respectively presented in Eq-1 to 3, might 

be the milestone to realize this goal [1,5,7]. Both these reactions convert methane directly to 

chemicals which are vastly used in the industry. Ethene, the product of OCM, is the building 

block for producing Polyethylene, polyvinyl chloride, polystyrene, ethylene glycol, etc. [17]. 

While methanol is used either as a fuel in the automotive industry or reactant to produce other 

important chemicals like formaldehyde, acetic acid, and dimethyl ether [2,18]. 
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4 CH4 + O2 → 2 C2H6 + 2 H2O (1)  

2 CH4 + O2 → C2H4 + 2 H2O (2)  

CH4 + 0.5O2 → CH3OH (3)  

Nowadays, to produce ethene, steam-cracking of a range of petroleum-based feedstocks such 

as naphtha is conducting[19,20]. However, by realizing OCM, the reaction feedstock will be 

switched to methane. The current technologies applied for producing methanol are based on 

indirect utilization of methane [6,12,14,16,21]. Operating this process is not only expensive but 

also dangerous. On one side, the cost of syngas production should be covered, on the other side, 

the harsh operating conditions, such as high pressure and temperatures (p > 50 bar, T > 800 

°C), required for converting the CO and H2 to methanol should be managed [2]. However, 

through realizing the DMTM, methane can be converted to methanol at moderate reaction 

conditions (atmosperic pressure and T < 300 °C).  

1.2 Theoretical background 

As presented in Eqs 1-3, both OCM and DMTM reactions are conducted in the presence of an 

oxidizing agent (normally oxygen). Oxidizers are the reactants for the latter reaction while they 

convert the former reaction from endothermic to exothermic [1,5,6,22–24]. However, the 

presence of oxidizing agents in the reactor brings the thermodynamically favored total and 

partial oxidation reactions, presented in Eqs 4 and 5, in competition with the selective ones, 

presented in Eqs 1-3 [2,24–26].  

CH4 + 2 O2 →  CO2 + 2 H2O (4) 

2 CH4 + 3 O2 → 2 CO + 4 H2O (5) 

Noteworthy, C2 components and methanol are more active than methane. Therefore, there is 

always the danger of their consecutive reaction to COX [1,2,5,8]. The occurrence of burning 

reactions not only result in the loss of selectivity but also they generate a lot of heat which lead 

to the formation of hot-spots in the reactor [24,27]. So far, these obstacles have prevented the 

industrial application of both OCM and DMTM. The performance obtained in DMTM is still 

far below the industrially required values. While for OCM just one startup company, called 

Siluria Technology, has claimed to have succeeded in scaling up the process [28]. However, 

little information is released on their implemented process and its cost-effectivity. These are 
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indicating the necessity to find appropriate techniques which can help in enhancing the 

performance of both OCM and DMTM. 

To achieve this goal, these reactions have been being investigated from different aspects within 

the cluster of excellence, unifying concepts in catalysis (Uni-Cat), in the last 10 years. These 

studies, which have been done so far more intensively on OCM than DMTM, cover the broad 

range of catalyst engineering [23,25,29–32], fundamental understanding of the reaction 

behavior [27,33–37], reactor design [38] and process scaling up [38–41]. This thesis is 

conducted in continuation to the former investigations conducted in Uni-Cat on the topic of 

methane activation over heterogeneous catalysis. It consists of the studies performed on both 

the OCM and DMTM reactions. The outline of the work and the most important findings of 

the research done on each of OCM and DMTM reactions are discussed in the following 

sections. 

1.3 Research scope and outline of this thesis 

The research in this thesis covers both OCM and DMTM as two of the important reactions 

which make direct utilization of methane possible. The focus of the investigations performed 

on OCM was to gain a better and detailed understanding of the reaction behaviour. The MnxOy-

Na2WO4/SiO2, which is known in the literature for its high stability and good performance for 

OCM, was chosen as the model catalyst in these studies [8,26,42–44]. The OCM reaction 

mechanism was surveyed with the aim of gaining a better understanding of the origin of the 

formation of the unselective reaction products, i.e., carbon oxides. Based on the mechanistic 

findings, a new reactor set up, known as chemical looping, was suggested for enhancing the 

performance of the OCM reaction toward C2+ products. The chemical looping reactor was built 

in our lab and its effect on suppressing the rate of unselective oxidation reactions was tested. 

Despite the improvement observed in the reaction performance, the minimum 30 % yield of C2 

products could unfortunately not be overcome in the chemical looping reactor. As this yield 

limitation was not consistent with our understanding of the reaction mechanism, the reasons 

for this behavior were studied in the next step. Finally, the effect of the catalyst composition 

on the redox potential of the catalyst and consequently its activity was studied in the chemical 

looping reactor.  

In the second project, the influence of the synthesis method on the performance of Cu/zeolite 

catalysts, which are known in the literature as the best performing heterogeneous catalysts for 

the DMTM reaction, were investigated. The behavior of the best performing sample was 
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surveyed in more details by implementing in-situ catalyst characterization and mechanism 

investigation techniques. Afterwards, certain reaction parameters were varied to find out more 

about their effect on the performance of the catalyst.  

This thesis is built based on the results of these studies, which are published as 7 articles in 

peer-reviewed journals. In the following, you firstly find a brief explanation of the main points 

discussed in each of these articles then, the connection between them as presented Fig 1.1. 

Oxidative Coupling of Methane (OCM): 

Paper 1 is investigating the surface-mediated reaction mechanism of OCM in the absence of 

gas phase oxygen. The reducibility and oxygen desorption behavior of the Mn-Na2WO4/SiO2 

catalyst were investigated. The amount of oxygen availability of the catalyst was measured in 

a series of dynamic experiments.  

Paper 6 is studying the consecutive reaction of C2 components, which are known as the main 

routes for producing COX in the OCM reactor. These studies revealed the high contribution of 

molecular gas phase oxygen on the secondary oxidation of C2 components. Based on these 

studies, implementing chemical looping reactor was suggested as the milestone to enhance the 

performance of OCM. 

Paper 2 explains the construction of the chemical looping reactor in the lab scale to realize the 

separation of oxygen and methane feed in the OCM reactor. The mechanistic studies presented 

in the sixth paper revealed the high contribution of molecular gas phase oxygen on secondary 

oxidation of C2 components. Therefore, to suppress the rate of over oxidation reactions, the 

flow of oxygen and hydrocarbon were separated by implementing the chemical looping reactor. 

Under these circumstances, the reaction performance of OCM was successfully enhanced. 

However, a maximum yield of 30 % which is needed for industrialization of the process could 

not be achieved.   

Paper 4 discusses the reasons for the yield limitation observed for OCM conducted in the 

chemical looping reactor. The results of these studies lead to proposing a modified process 

concept which might be the milestone to industrializing the OCM using CLC. 

Paper 5 discusses the effect of the catalyst composition on the performance of OCM in CLR. 

Paper 4 introduced the methane conversion rather than the selectivity as the main parameter 

limiting the yield of OCM in the CLR. Therefore, by the aim of enhancing the reaction 

conversion, the redox capability of the catalyst was tuned through changing the concentration 
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of the active metal species in it. The behavior of the catalyst along the reaction was studied in 

more details in a series of EPR, XPS, and TEM analysis. 

Direct Methane to Methanol (DMTM) 

Paper 3 focuses on the synthesis and characterization of the typical Cu-zeolite catalysts know 

for the DMTM reaction. The catalysts are synthesized over several sorts of zeolites with either 

solid or liquid phase ion exchange methods. First, the reaction performance of each of these 

samples is measured. Then, the behavior of the best performing catalyst is studied by applying 

in-situ characterization techniques.  

Paper 7 firstly surveys the effect of changing the catalyst support from zeolite to SBA-15 on 

the performance of the DMTM reaction. Secondly, it investigates the possibility of producing 

more valuable dimethyl ether instead of methanol by modifying the reaction parameters. 

 

Figure 1. 1 Schematic representation of the structure of the thesis 
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1.3.1 OCM 

In this section, the literature findings on the OCM reaction which are important in discussing 

the results of this thesis are briefly reviewed.  

1.3.1.1 Catalyst material 

Since the pioneering work of Keller and Bhasin, a large number of catalysts have been tested 

for OCM [45]. As mentioned earlier, unselective oxidation of methane is thermodynamically 

more favorable than the coupling reaction. Therefore, to decrease their reaction rate and 

controlling them kinetically, there is a vital need to use a catalyst [25,46]. In this regard, several 

different active metals, supports, catalyst promoters, and synthesis methods have been tested 

so far [25,47–49]. The latest statistical investigations, which analyzed 1868 data sets, reported 

the implementation of almost all possible combination of 69 different elements as the catalyst 

for OCM [50]. These large efforts on catalyst preparation were made to obtain a stable catalyst 

with a significant yield to C2 products. However, almost all of these catalysts are still suffering 

from either long-term instability or low productivity [1,7,8,18,51].  

To decrease the size of the practical efforts required for finding an appropriate catalyst, many 

theoretical and statistical studies have been made in parallel to experimental studies[49,50,52–

54]. In one of those studies, the most active OCM catalysts were reported to be consisting of 

one host metal and two metal dopant oxides [50]. This idea is proved in a systematic 

experimental study [49]. In the other studies, the catalysts of OCM are proposed to be 

classifiable into 4 different groups. Those are (i) non-reducible metal oxides, (ii) reducible 

metal oxides, (iii) halogen-containing oxide materials, and (iv) solid electrolytes [51]. These 

classifications are done based on the characteristics and composition of the samples. For 

example, the non-reducible metal oxides are active in the co-feeding of oxygen and methane. 

But, the reducible metal oxides can store oxygen on their surface and provide the lattice oxygen 

when methane is present in the reactor. The samples in the third group, i.e., halogen-containing 

oxide materials, have a good performance. However, under the harsh reaction condition of 

OCM, the halogen leaves the surface and the catalyst loses its activity. The solid electrolytes 

are mainly implemented in the membrane reactors by the aim of separating oxygen and CH4 

flow from each other [51].  

Nevertheless, despite this vast range of catalysts known for OCM, Li/MgO, La2O3, and Mn-

Na2WO4 could be named as the most frequently studied and best-performing candidates 

[22,25,51,55]. For several years, Li/ MgO was the model catalyst for many experimental and 
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theoretical studies[23,56–60]. However, it was finally concluded that this catalyst is an 

unsuitable candidate for industrialization of OCM as it losses its initial activity soon after 

starting the reaction [23,25]. However, both La2O3 and Mn-Na2WO4/SiO2 are shown to have 

comparable stability and performance, which is several times better than Li/MgO. Therefore, 

their chance for industrialization is reported to be higher than Li/MgO. Surveying the literature 

shows that the interest in Mn-Na2WO4/SiO2 is exceeding that of La2O3. First, because of the 

significant increase recently observed in its performance by changing the support from silica 

gel to the ordered-mesaporse SBA-15 [29]. Second, some features of the Mn-Na2WO4/SiO2 

catalyst, such as the oxygen storage capability and higher resistance to attrition, make it 

industrially more attractive than La2O3. The Mn-Na2WO4/SiO2 is classified as a reducible metal 

oxide while La2O3 is non-reducible [51]. This characteristic gives the former the possibility of 

storing oxygen which can be released in the presence of the reducing components. This feature 

allows implementing reactor techniques such as chemical looping in the presence of Mn-

Na2WO4/SiO2 [37,38]. 

Moreover, as Mn-Na2WO4/SiO2 is a granular catalyst, it causes less pressure drop than the 

powder form La2O3. The simplicity and cheapness of the wetness impregnation method applied 

for synthesizing Mn-Na2WO4/SiO2 can be pointed out as one other advantage [61]. All these 

encouraged us to conduct our studies with Mn-Na2WO4/SiO2 instead of La2O3.  

The effect of composition concentration and synthesis methods on the performance of this 

trimetallic catalyst, i.e. Mn-Na2WO4/SiO2, is already investigated in the literature [8,62].  The 

highest C2+ yield was observed for the samples prepared through wetness impregnation and at 

the concentration ranges of 0.4%–2.3% Na, 2.2%–8.9% W and 0.5%–3% Mn [8,62,63]. Based 

on the powder X-Ray diffractograms (XRD) analysis, the α-cristobalite silica, Mn2O3, and 

Na2WO4 are introduced as the main phases over the catalyst surface [29,30,61,64]. These 

crystal phases seem to disappear at OCM reaction temperature (ca. 700 °C) [30,37,65–67]. This 

behavior is assigned to the transformation of the catalyst surface to a more flexible and quasi-

liquid one under the reaction conditions [37,65–67].  

1.3.2 Mechanism 

OCM has a complicated reaction network consisting of both homogeneous and heterogeneous 

parts. The homogeneous part of the OCM mechanism is shown to be well presented by the 

Dooley gas phase micro-kinetic-model [68–70]. However, there are debates on the details of 

the heterogeneous part of the mechanism, which is also a function of the catalyst in use. 
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Nevertheless, there are still some surface reaction steps which are well accepted in the literature 

and are common between all types of catalysts. For example, it is proposed that during OCM, 

similar to several other selective oxidation reactions, oxygen is activated over the catalyst and 

forms different intermediate species as presented in Equation 6 [46]. Methane is reported to 

activate either homiletically or heterolytically in reaction with these oxygen species and form 

methyl radicals [2,24,51,71,72]. Next, methyl radicals participate in several parallel reactions, 

which their rate defines the final selectivity of OCM. While the consecutive reaction of methyl 

radicals with oxygen species is reported to result in the formation of COX, the coupling of two 

of them is proposed to form ethane [24,51,72–76]. The nature of the surface oxygen species is 

the other parameter influencing the selectivity of OCM [33]. The O(chem)−  is proposed as the 

selective form while O2 (ads) is reported to cause mostly over-oxidation reactions [37,46]. 

Noteworthy, ethen, the final product of OCM, is widely accepted to form by consecutive 

reaction of ethane rather direct conversion of methane [71].  

𝑂2 (𝑔)
−𝑞
↔  𝑂2 (𝑎𝑑𝑠)  

−𝑞
↔ 𝑂2 (𝑐ℎ𝑒𝑚)

+𝑒−

↔ 𝑂2 (𝑐ℎ𝑒𝑚)
−

+𝑒−

↔ 𝑂2 (𝑐ℎ𝑒𝑚)
2− ↔ 2𝑂(𝑐ℎ𝑒𝑚)

−
2𝑒−

↔ 𝑂(𝑐ℎ𝑒𝑚)
2−  6 

Reaction network of OCM is certainly more complicated than that explained and it involves 

several other intermediates. Many efforts have been made to complete the picture of these 

changes as this information makes applying a systematical modification of the catalyst structure 

or process parameters easier.  

Lunsford was one of the firsts who proposed a catalytic cycle to explain the OCM reaction over 

Li/MgO [24]. He introduced Li+O- as the active center of the catalyst [24]. However, this 

suggestion was in contrast to the later studies where no linear correlation was found between 

the loss of Li from the catalyst surface and the decrease in its activity [23]. Besides, the active 

sites over the pure MgO catalyst and the one doped with lithium were reported to be identical. 

These evidence left strong doubts on the accuracy of the reaction cycle suggested by Lunsford 

[23,52,54]. In recent literature, Li is mostly considered as the morphology and structure 

modifier for MgO. Li is reported to tun the steps and corners of the catalyst, which are proposed 

being the active centers of the catalyst [52,53].  

The microkinetic model suggested by Sun fits the experimental results measured for Li/MgO 

better than the Lusfered model [77]. Lee et al. suggested a model similar to the Sun for the 

reaction of OCM over Mn2-Na2WO4/SiO2 [74]. This model was completed by Beck et al., who 

studied the surface reactions occurring over this catalyst through pump-probe experiments [33]. 

Beck proposed the formation of at least two different sorts of oxygen active species including 
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physisorbed and the strongly adsorbed chemisorbed ones over the surface of the Mn2-

Na2WO4/SiO2 catalyst. He reported that the former species cause unselective oxidation 

reactions while the latter mainly cause selective ones. Table 1.1 presents these three reaction 

models in comparison to each other. 

Table 1. 1 - Comparison of micro-kinetic surface reaction models from Lee et al., Sun et al. and Beck et al. (x, y, z = 
stoichiometric factors). (Paper 1)  

Sun et al.[77] Lee et al. [74] Beck et al. [33] 
𝐎𝟐 + 𝟐 ∗ ⇄ 𝟐 𝐎 ∗ O2 + 2 ∗ ⇄ 2 O ∗ O2 + ∗ ⇄  O2,ads 
   O2,ads  ⇄ y Ox ∗ 
𝐂𝐇𝟒 + 𝐎 ∗ ⇄ 𝐂𝐇𝟑 ∙ + 𝐎𝐇 ∗ CH4 + O ∗ ⇄ CH3 ∙ + OH ∗ CH4 + O ∗ ⇄ CH3 ∙ + OH ∗ 
𝐂𝟐𝐇𝟒 + 𝐎 ∗ ⇄ 𝐂𝟐𝐇𝟑 ∙ + 𝐎𝐇 ∗ C2H4 + O ∗ ⇄ C2H3 ∙ + OH ∗ C2H4 + O ∗ ⇄ C2H3 ∙   + OH ∗ 
𝐂𝟐𝐇𝟔 + 𝐎 ∗ ⇄ 𝐂𝟐𝐇𝟓 ∙ + 𝐎𝐇 ∗ C2H6 + O ∗ ⇄ C2H5 ∙ + OH ∗ C2H6 + O ∗ ⇄ C2H5 ∙ + OH ∗ 
𝟐 𝐎𝐇 ∗ ⇄ 𝐇𝟐𝐎 ∗ + 𝐎 ∗  2 OH ∗ ⇄ H2O ∗ + O ∗ 
𝐂𝐇𝟑 ∙ +𝐎 ∗ ⇄ 𝐂𝐇𝟑𝐎 ∙∗ 
𝐂𝐇𝟑𝐎 ∙∗ +𝐎 ∗ ⇄ 𝐂𝐇𝟐𝐎 ∗ + 𝐎𝐇 ∗ 
𝐂𝐇𝟐𝐎 ∗ +𝐎 ∗ ⇄ 𝐇𝐂𝐎 ∙∗ + 𝐎𝐇 ∗ 

CH3 ∙ +3 O ∗ ⇄ HCO ∙∗  +2 OH ∗  
  
  

𝐇𝐂𝐎 ∙∗ +𝐎 ∗ ⇄ 𝐂𝐎 ∗ + 𝐎𝐇 ∗ HCO ∙ ∗ +O ∗ ⇄ CO ∗ + OH ∗  
𝐂𝐎 ∗ +  𝐎 ∗ ⇄ 𝐂𝐎𝟐 ∗  + ∗ CO ∗ +  O ∗ ⇄ CO2 ∗ + ∗  
𝐂𝐎 + ∗ ⇄ 𝐂𝐎 ∗   
𝐂𝐎𝟐  + ∗  ⇄ 𝐂𝐎𝟐 ∗   
𝟒 𝐇𝐎𝟐 ∙ → 𝟑 𝐎𝟐 + 𝟐 𝐇𝟐 2 OH ∗ ⇄ H2O + O ∗ + ∗  
 x O2,ads + CH4 ⇄ COy + z H2O ∗ 
 x O2,ads + C2H6 ⇄ 2 COy + z H2O ∗ 
 x O2,ads + C2H4 ⇄ 2 COy + z H2O ∗ 

In studying the surface mechanism, it is important to identify the role of each of the active 

metals on the reactions involved in the process. Investigating this parameter for our trimetallic 

model catalyst, MnxOy-Na2WO4/SiO2, is quite difficult if not impossible. However, it is already 

known that the performance of this catalyst strongly depends on the concentration and 

dispersion of all the three metal active compounds present on the surface of the support 

[29,78,79]. It is observed that the cooperation between these metal oxides is vital to get an 

acceptable catalytic performance [8]. The most important role of Na is proposed to be 

facilitating the phase transition of the SiO2 from amorphous to α-cristobalite [8]. The 

crystallization of the silica is shown to be a crucial step in catalyst performance as it turns the 

support from unselective to inert [8,43]. The phase transition of the support is also suggested 

to result in the stabilization of the surface tungsten species, probably WO4 [37]. The tungsten 

oxides are reported to be the selective catalytic sites. They go through a redox mechanism 

involving W+6/W+5 during the activation of methane [8,80]. The pure MnxOy/SiO2 is observed 

to have a low selectivity for methane activation [37]. This observation, which is in good 

agreement with the high reducibility of this metal oxide, is in contrast with its enhancing effect 

on the performance of OCM in combination with Na2WO4 [37]. Some literature has explained 
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this behavior by suggesting MnxOy as an oxygen spillover in cooperation with WO4 [8,81]. 

There is another idea which is less accepted and proposes Mn3+ as the oxygen activating center 

while the W6+ sites are considered to be participating in cleaving the C-H bond of CH4 [8]. 

1.3.3 DMTM 

The DMTM reaction can be conducted in both catalytic and noncatalytic systems. The latter is 

performing through a homogeneous radical gas phase reaction which makes implementing high 

temperatures and pressure unavoidable [2,18,82,83]. However, to increase the reaction 

performance and making the operational conditions milder, the reaction is conducted 

catalytically [1,14,18,84]. Methanotrophic bacteria conduct the most selective DMTM 

reactions at room temperature [2,85–87]. They perform the reaction using so-called methane 

monooxygenases (MMO) enzymes. MMOs are classified into two groups of soluble MMO 

(sMMO) and particulate MMO (pMMO) [10]. The former oxidizes methane by a diiron cluster, 

which possesses a bis-μ-oxo diamond core structure [1,88]. But, the metal composition and 

location of the pMMO`s active sites are not still truly known [88]. The activity of these enzymes 

is assigned to the presence of copper in the cluster structure [16,32,86,88]. In the last few 

decades, by inspiration of the MMOs, numerous novel catalysts have been synthesized and 

tested for the DMTM reaction [1,2,14,84,86,87]. The reaction performance of several 

homogeneous and heterogeneous catalytic systems have been investigated in the presence of a 

wide range of oxidizing agents such as N2O, O2, O3, CO2, H2O2, H2SO4. A brief overview of 

the most important results of those studies is presented in section 1.3.3.1 [1,18,21,83,84].  

1.3.3.1 Homogeneous catalysts  

Mercury(II) or platinum(II) based catalysts, known as Periana catalysts, are among the first 

well performing homogeneous catalysts tested for DMTM reaction using H2SO4 as oxidant 

[1,83,84]. The performance of transition metal chloride solutions has been studied in the 

presence of H2O2 and O2. The productivity of methanol in these investigations especially in the 

presence of O2 was reported to be low [1]. The other widely studied group of homogeneous 

catalysts are those consisting of copper and Fe which mimics the structure of MMOs 

[84,86,89,90]. A recent review article surveyed the reaction performance of a wide range of 

homogeneous catalysts tested in the literature for DMTM. It has been reported that at least 14 

of the studied samples show promising yield for the reaction, methane conversion higher than 

10 % and methanol selectivity of above 50 %. However, because of the technical and 

economical limitations originated from the applied reaction conditions, none of these samples 

can be used on an industrial scale. The first drawback of these catalysts is their high price and 
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short lifetime. Under the applied reaction conditions, the expensive Nobel metals, such as Pt, 

Pd or Rh, implemented in these catalysts are reported to prefer to participate in the irreversible 

reduction reactions [1,2,84,91]. Some literature has even presented evidence regarding the 

leaching of the active metals in these catalysts [83]. Besides, in these studies, either H2O2 or 

H2SO4 has been used as the oxidizing agent which are not suitable options [84,91]. H2O2 is 

more expensive than methanol; therefore, using it as the reactant is economically infeasible. 

On the other hand, sulfuric acid is highly corrosive and forms SO2 [1,2,84,86,91]. The other 

challenge of homogeneous catalysts are the precision required for their preparation as they are 

mostly sensitive to air and moisture.  

1.3.3.2 Heterogeneous catalysts 

All the challenges discussed for the application of homogeneous catalyst complexes encourages 

the development of heterogeneously catalyzed systems [85,86]. The Pt (II) species stabilized 

on polymer-based framework might be considered as one of the pioneering heterogeneously 

catalyzed DMTM reactions [92]. Pt (II) species were successfully stabilized on a suitable 

polymer-based frame by inspiration of the Periana catalyst [92,93]. A turn over number (TON) 

of 246 was obtained for this catalyst which was comparable to a TON of 355 reported for its 

homogeneous counterpart, i.e., Periana catalyst [92,93]. However, the low stability of the 

catalyst and the difficulties in handling its oxidant, concentrated or fuming sulfuric acid, were 

serious drawbacks in its implementation [1,2,92,94]. The noble metals-based silica-supported 

Au nanoparticles and titania-supported AuPd are the other heterogeneous catalysts tested for 

this reaction [1,95,96]. Despite the good catalytic performance, the high expense of both the 

implemented noble metals and the reactive medium or/and oxidant makes the industrial 

application of these catalytic systems unlikely too [1].  

Later on, the discovery of the ability of zeolite-based supports in stabilizing the binuclear iron 

and copper sites raised the hope for the success of heterogeneously catalyzed DMTM reaction 

[2,15,83,84,91,97,98]. Both Fe and Cu containing ZSM-5 are reported to be highly active in 

the batch reactors operating at elevated pressures and oxidizing with H2O2 [90,99]. However, 

conducting the reaction neither at high pressure nor with H2O2, are desired for industrial 

applications. Fortunately, these catalysts are observed to be able to activate methane as they 

get oxidized with oxygen or N2O at moderate reaction conditions (P=1 bar and T ≤200 o C) 

[32,82–84,91,97–102].  Under these circumstances, the reaction should be performed in a 

stepwise mode to get an acceptable selectivity to methanol [18,83]. To do so, the catalyst is 

first activated at high temperatures, normally T > 450 °C. Then, the reactor is purged to remove 
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the gas phase oxygen. This is followed by sending methane to the reactor to form methoxy 

species stabilized over the catalyst surface at temperatures around 200 °C. Finally, methanol is 

obtained by washing the methoxy species over the surface through either mixing the catalyst 

with a defined volume of water or introducing it to a continuous flow of steam [18,32,83]. 

Noteworthy, online extraction of methanol with flowing steam is reported to be possible just 

with Cu/zeolites, not Fe/zeolites. This characteristic is essential for realizing a continuous 

process for the DMTM reaction. Because of that, the attention is attracted more to Cu than to 

Fe-zeolite catalysts [83,98,101,103].   

In synthesizing most of the Cu loaded catalysts, Cu2+ cations are loaded into zeolites via liquid-

phase ion exchange. The recent studies showed that Cu/mordenite catalysts can also be formed 

through solid state ion exchange of H-mordenite and copper(I) chloride. But, the residual 

chlorine was observed to hinder the production of methanol after a few runs [32,104]. To solve 

this problem, the solid-state ion-exchanged Cu/mordenite catalysts were synthesized in our 

studies with chlorine-free copper precursors. The catalytic conversion of methane to methanol 

over several different catalyst samples were measured and compared to the literature data. 

Moreover, the behavior of these catalysts was studied in more details through implementing 

in-situ characterization techniques.  



 

13 

Methods and materials 

2.1 Catalyst preparation 

2.1.1 OCM  

2.1.1.1 Supported MnXOY-Na2WO4 (Papers 1, 2, 4, 5, and 6) 

MnXOY-Na2WO4 supported over non-ordered mesoporous silica support (MnXOY-Na2WO4 

/SiO2) was the model catalyst in OCM studies. In paper 5, MnXOY-Na2WO4 supported over 

ordered mesoporous silica COK-12 was investigated in comparison to MnXOY-Na2WO4/SiO2. 

All the samples were prepared through incipient wetness impregnation as described by Feng et 

al. [105]. COK-12 was prepared as explained in the literature [31], while non-ordered mesopo-

rous SiO2 (Silica Gel, Davisil, Grade 636) was obtained from Sigma-Aldrich and sieved to the 

particle diameters of 200-350 µm. The supports were impregnated in two steps using aqueous 

solutions of Mn(NO3)2
.4H2O (p.a.,≥97%, Sigma-Aldrich) and Na2WO4

.2H2O (p.a.,≥99%, 

Sigma-Aldrich) inadequate concentration. After each impregnation step, the samples were 

dried in a cabinet dryer at 100 °C, overnight. The samples were normally calcined under static 

air at 800 °C for 8 h. However, to get the samples at the different surface areas for studies in 

paper 5, the annealing temperature was varied between 750 °C and 850 °C. Noteworthy, the 

MnXOY-Na2WO4 /COK-12 samples were taken as powder and were not pelletized. To deter-

mine the content of Na, Mn, and W of the samples, inductively coupled plasma optical emission 

spectroscopy (ICP-OES) was conducted.  

2.1.2 MTM 

2.1.2.1 Cu-containing zeolites (Paper 3) 

Commercial mordenites including NH4-mordenite (Si/Al = 10, denoted as NH4-Mor-1) and Na-

mordenite (Si/Al = 6.5, denoted as Na-Mor-2) were obtained from Alfa Aesar. Ammonium 

exchange of Na-Mor-2 was carried out according to the method described earlier in the litera-

ture [101]. A mixture of 2 g of Na-Mor-2 and 80 ml of 1 M NH4NO3 solution was stirred 

vigorously for 2 h at 80 oC. The ion-exchange procedure was repeated 3 times. The sample was 

then filtered, washed with deionized water, and dried at 105 oC for 12 h. The prepared NH4-

mordenite is denoted as NH4-Mor-2. A similar treatment with NH4-Mor-1 in a 1 M solution of 

CH3COONa was employed for the preparation of mordenite in the Na-form. Calcination was 

performed at 550 oC under static air for 3 h, yielding the Na-exchanged mordenite, which is 

denoted as Na-Mor-1. 
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After obtaining the supports, the Cu2+ cation exchange with NH4-form zeolites was conducted 

under solid-state conditions using copper(II) acetylacetonate (Cu(acac)2) [90]. The CuMor 

samples were prepared by intensively grinding a mixture of an adequate amount of Cu(acac)2 

and NH4-Mor-1 in a mortar within 30 min. Ion exchange was performed in situ during the 

activation of the catalyst in the reactor. For comparison with the literature data, the conventional 

Cu/mordenites were also prepared by liquid phase ion exchange [101]. The solid-state ion ex-

change of NH4-Mor-1 with copper(I) chloride was performed based on literature procedure 

[101]. The metal content of the samples was measured using an optical emission spectrometer 

(ICP). 

2.1.2.2 Cu/SBA-15 (Paper 6) 

SBA-15 was prepared according to the procedure previously described [106,107]. A Cu-based 

precursor (Cu (II) acetylacetonate or Cu(II) acetate, 0.45 mmol) was added to a mixture of 

SBA-15 (0.975 g) and absolute ethanol (10 ml). After sonication for 10 min, evaporation of 

ethanol was conducted slowly at 40 oC under vigorous stirring until a sludge-like phase was 

obtained. The sample was dried at 80 oC for 12 h for complete removal of ethanol. The resulting 

powder was then pressed into pellets at 100 bars for 60 s, lightly grounded, and sieved to a 200-

400 m diameter fraction. Calcination of the material was performed under static air at 550 oC 

for 4 h. The metal content was measured using an optical emission spectrometer (ICP). 

2.2 Characterization of catalysts 

2.2.1 Powder X-ray Diffraction (XRD) 

Wide angle powder XRD was performed with a Bruker-AXS D8 advanced diffractometer with 

DAVINCI design using CuKα radiation (λ = 1.5418 Å) equipped with a Lynx Eye detector. 

2.2.2 N2 sorption analysis 

N2 sorption analysis was performed at 77 K using a QUADRASORB SI, equipped with auto-

mated surface area analyzer. Before starting the analysis, the samples were degassed at 150 °C 

for 12 h. Specific surface areas (BET) were determined over a 0.05–0.30 P/Po range. The total 

pore volume was collected at P/Po = 0.99. 

2.3 Feed Gases 

The reaction gases, Methane (99.95 %), Ethane (99.95 %), Ethene (99.90 %), Oxygen (99.998 

%) N2 (99.95 %) and Helium (99.999 %), were purchased from Air Liquide. The pure labeled 
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methane (13CH4 99 atom % 13C) was obtained from Sigma Aldrich. All the gases were used in 

the experiments as received, without further purification. 

2.4 Experimental setup 

The experiments were conducted in two geometrically different fixed bed quartz reactors. One 

was a tubular fixed-bed reactor with 9 mm internal diameter i.d and 35 cm length. A quartz frit 

with the pore size of 120 µm, was placed in the middle of this reactor to keep the catalyst in its 

position. The second reactor was a U-shaped fixed-bed reactor with 6 mm i.d and 25 cm length. 

During the experiments, these reactors were located in a temperature-controlled oven (T range 

25-900 °C). The temperature in the catalytic bed was measured using a type K thermocouple. 

Mass Flow Controllers (EL-FLOW, Bronkhorst) were used to regulate the flow of the gasses. 

To ensure a homogeneous reaction mixture, a mixing cylinder was built before the reactor inlet. 

The pre-catalytic pressure was monitored using a pressure indicator.  

Depending on the experiment, the effluent was analyzed with either the mass spectrometer 

(MS), the gas chromatograph (GC) or the MS attached to a Hayesep Q column of Agilent GC. 

The MS was a quadrupole GAM 200, obtained from Inprocess Instruments and built in the 

experimental setup-1. The GC implemented to analyze the gas samples was an Agilent GC 

(7890 A) connected to the reactor setup-2. Both the Agilent GC and the MS were calibrated to 

distinguish alkanes and alkenes of C1-3, methanol, dimethyl ether as well as CO, CO2, N2, and 

O2. Since helium was used as the carrier gas of the Agilent GC, neither H2 nor He could be 

detected by it. However, this limitation did not apply to the measurements done with the MS. 

To detect methanol in the DMTM experiments, a Shimadzu GC 2010-Plus was implemented. 

The liquid samples obtained after washing the catalyst samples were transferred to a volumetric 

flask, mixed with a predetermined volume of acetonitrile as an internal standard and analyzed. 

More details on the operational differences, the construction of the reactor setup and calibration 

procedure followed in each of the studies are provided in the papers. 

2.4.1 TPSR investigations 

As mentioned earlier, the OCM reaction is performing both catalytically and in the gas phase 

[22,23,35]. Therefore, investigating its reaction mechanism is quite challenging. To decrease 

this complexity, in our studies, the surface and gas phase reactions were distinguished from 

each other by implementing the temperature programmed surface reaction (TPSR) technique 

[110]. This technique is quite informative in studying the reaction mechanism of the selective 

oxidation reactions, especially those which are taking place over a catalyst capable of either 
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storing oxygen, similar to MnXOY-Na2WO4 catalyst [36], or providing its bulk oxygen [110]. 

The first step in these experiments is oxidizing the catalyst surface at the reaction temperature. 

Next, the catalyst is cooled down under the flow of oxidizer to the room temperature. 

Afterward, the catalyst is heated, usually at a low heating ramp, to the reaction temperature 

while the reacting hydrocarbon is passing through it. Simultaneously, the changes in the com-

position of effluent are recorded and presented as a function of the catalyst bed temperature. 

This technique was implemented in papers 1 and 6 for studying the reaction mechanism of 

three main hydrocarbons of OCM, methane, ethane, and ethene.  
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Results and discussion 

3.1 OCM 

3.1.1 TPSR investigation with methane 

Fig-3.1 presents the results of TPSR experiments of methane at varying heating ramps (β) 

discussed in paper 1. As it is presented in Fig-3.1, CO and ethane are the main reaction products 

measured in these experiments. In all cases, first ethane then CO, at a higher temperature, are 

detected in the reactor outlet. The peaks of the products have shifted to higher temperatures as 

the heating rate has been increased, see Fig-3.1 B and C. However, the temperature difference 

observed for the shift in the CO and ethane has been varying differently during these 

experiments. This behavior is assigned to the formation of ethane and CO through two different 

reaction routes. It should be noted that the first step in the formation of ethane is the cleavage 

of C–H bond in methane. Then, the formed methyl radicals will combine to form ethane or 

react with the surface oxygen species to CO. The time span observed in our experiments 

between detection of CO and ethane is significantly larger than the lifetime of methyl radical. 

Therefore, the formation of each of CO and ethane are assigned to the reaction of methane with 

two different oxygen species rather than the fast chain reaction of methane with a single oxygen 

active site. This suggestion is in good agreement with the results of Beck et al. who proposed 

the presence of at least two sorts of oxygen active species over the catalyst surface [33]. But, it 

is in contradiction with the reaction mechanism presented by Lee et al., as he considered just 

one sort of surface species for all reactions of methane [74].   

1 k min-1 3 k min-1 5 k min-1 

   

Figure 3. 1 - TPSR product formation peaks of methane TPSR experiments at β equal to A) 1 K min-1, B) 3 K min-1 and 5 K 
min-1. Catalyst amount= 1 g, total flow consisting of only CH4 = 30 Nml min-1. (Paper 1) 

Based on the results obtained from methane TPSR experiments, the surface apparent activation 

energy for converting methane to ethane could be calculated. For this purpose, the 

B 
C A 
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mathematical method explained in detail in the literature is implemented [111]. There the ln 

(β/TA2) is plotted versus the inverse of the peak amplitude temperature (TA) of the formed 

ethane, see Fig-3.2. The slope of this curve represents the −Ed/R which results in the activation 

energy of 275 ± 29 kJ/mol for methane in our experiments. This value is significantly higher 

than the literature results where the activation energy of the same reaction has been reported to 

be between 133 kJ/mol up to 212 kJ/ mol [112–114].  Noteworthy, our results are obtained 

during the TPSR experiments while the literature studies are performed in the steady-state 

modus. Therefore, this deviation in the results could be assigned to both the experimental 

mistakes and the changes in the reaction mechanism caused by changing the reaction condition 

from steady-state to TPSR. The mistakes in obtaining the accurate value of TA or neglecting 

the effect of coking are two typical experimental mistakes which may have falsified our 

calculations. Unfortunately, small errors in considering the value of TA can have a large effect 

on our calculations [111]. As it is presented in Fig-3 C of paper 1, the peak of ethane obtained 

for the experiment at heating rates of 3 K min-1 was quite noisy and weak. Therefore, the 

accuracy of the TA considered for this experiment and consequently the activation energy 

obtained from our studies is strongly doubted.  

 

Figure 3. 2 - Arrhenius type diagram of methane TPSR experiments using the ethane peak amplitudes, at a heating rate of 1–
4 K min-1. Catalyst amount=1, total flow consisting of only CH4 = 30 Nml min-1. (Paper 1) 

However, this deviation can also be explained by the assumption of the activation of methane 

over the surface by two different oxygen species as suggested by Beck [33]. It is assumed that 

in TPSR studies the strongly bounded oxygens, which are most probably the lattice oxygen 

(Ox∗), are involved in the reaction mechanism. Formation of these species could have happened 

in an adsorption process (O2,ads), Eq-7, followed by a dissociation reaction as presented in Eq-

8. This conversion may have also happened in a one-step reaction as shown by Eq-9. 
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O2 + ∗ ⇄  O2,ads (7) 

O2,ads ⇄ yOx
∗  (8) 

O2 +  2 ∗ ⇄  2Ox
∗  (9) 

To discuss the reaction behavior applied in our TPSR experiments, a possible energy profile is 

constructed for OCM based on the scenario suggested by Beck [33], see Fig-3.3. The difference 

between the two postulated oxygen species is in their interaction with the surface. The 

adsorbed, electrophilic oxygen species O2,ads is suggested to be weakly bounded on the catalyst 

surface and mainly result in the formation of deep oxidation products. While the dissociation 

of this species causes a strong interaction with the surface and produces the nucleophilic Ox∗ . 

Both oxygen species have different energy levels because of their binding situation. The 

activation of methane to deep oxidation products undergoes a transition state with O2,ads (Fig-

3.3, EA,1) in steady-state experiments. A similar activation energy in the range of 120–180 

kJ/mol is expected for the activation of C-H bond in methane, ethane, and ethene if they all get 

activated via the same sort of oxygen species. The much higher activation energy of methane 

obtained from the TPSR experiments (Fig-3.3, EA3), in comparison to the literature data 

reported for the steady state experiments, indicates the presence of the strongly bounded, 

presumably dissociated oxygen species, at a much lower energy level. Since these species are 

already formed during the pretreatment of the catalyst, a higher activation barrier must be 

overcomed in TPSR experiments. 

 

Figure 3. 3 - Proposed energy profile for the OCM reaction at the MnxOy-Na2WO4/SiO2 catalyst. (Paper 1) 
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3.1.2 Details of the consecutive reaction of C2 components 

The other important section of the reaction mechanism of OCM is the consecutive reaction of 

the main products of OCM, i.e. ethane and ethene. The secondary oxidation of C2 components 

is reported to be the main pathway towards the production of carbon oxides in the OCM reactor 

[59]. To control the occurrence of these unselective reactions, their origin of formation should 

be known. Similar to methane, consecutive reactions of these hydrocarbons are proposed to be 

conducting both homogeneously and heterogeneously in the OCM reactor. Therefore, the 

heterogeneous mechanism was separately studied from the homogenous part by implementing 

the TPSR technique.  

Two sets of experiments were conducted with either ethane or ethene as the reactant. The 

investigations were done in the presence of the catalyst, quartz sand, and silicon carbide, 

sequentially. The latter two materials were used as an inert surface to perform the blank 

experiments. All the details of the applied reaction conditions are presented in paper 6. The 

results of the catalytic studies with ethene and ethane as the reaction feed are presented as a 

function of the catalyst bed temperature in Fig-3.4 and Fig-3.5, respectively. 

In the ethene TPSR experiments, a continuous increase in the carbon balance was observed 

with the reaction temperature (Paper 6, SI, Figure S8). This raise was simultaneous with the 

detection of hydrogen as the main product of the reaction (Fig-3.4 A). This observation was 

assigned to the high tendency of ethene to decompose under the applied reaction conditions 

[115–118]. As the rate of conversion of ethen in the blank TPSR experiment was observed not 

to be comparable to the catalytic one the decomposition of ethene is proposed to take place 

mostly over the catalyst surface (Paper 6, SI, Figure S9).  

  

Figure 3. 4 - Results of the TPSR experiment with ethene during the heating up and cooling down of the catalyst a) composition 
ratio of effluent b) nominal ion intensity of the water and H2 in the reactor outlet vs. the temperature of the catalyst bed. Catalyst 
amount= 0.5 g, C2H4: He = 1:19 and total flow = 30 Nml min-1. (Paper 6) 

A B 
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Figure 3. 5 - Results of the TPSR experiment with ethane during the heating up and cooling down of the catalyst a) composition 
ratio of effluent b) nominal ion intensity of the water and H2 in the reactor outlet vs. the temperature of the catalytic bed. 
Catalyst amount= 0.5 g, C2H6: He = 1:19 and total flow = 30 Nml min-1. (Paper 6) 

The reaction in the ethane catalytic TPSR studies started at around 600 °C and produces ethene 

as expected, see Fig-3.5 A [71,75,119–121]. The general assumption is that this conversion 

occurs through dehydrogenation of ethane with the surface active oxygen species, known as 

oxidative dehydrogenation (ODH) presented in Eq-10 [44,71,74,77,114]. However, 

simultaneous detection of hydrogen and ethene at a molar ratio of one to one in our experiment 

(see Fig-3.5 A), proposed the thermal dehydrogenation (TDH), presented in Eq-11, as the main 

reason for this conversion. The other confirm to the occurrence of TDH of ethane to ethene 

could be the identical product pattern during the cooling as well as along the heating period as 

presented in Fig-3.5 A. 

C2H6 + 2O
∗
ODH
→   C2H4 + H2O

∗ + O∗ (10) 

C2H6
TDH
↔  C2H4 +H2 (11) 

Noteworthy, the pattern of hydrogen and ethene formation during the ethane TPSR experiment 

presented in Fig-3.5 A remained identical until the temperature of the catalyst bed exceeded 

750 °C. Afterward, the rate of decomposition of ethene increased and consequently, the 

concentration of hydrogen exceeded that of ethene.  

Next, to find information about the catalytic or non-catalytic nature of ethane TDH reaction, 

the catalyst bed was substituted by either quartz sand or silicon carbide and the ethane TPSR 

experiment was repeated. The reaction performance in each of these experiments is calculated 

and presented in comparison to each other in Fig-3.6. As the level of conversion in the blank 

experiments (performed over the SiC and quartz) was equal to that of the catalytic test, the 

TDH of ethane was reported to be mostly non-catalytic. 

A B 
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Figure 3. 6 - The conversion of ethane as a function of the reactor temperature obtained in the TPSR experiments conducted 
over catalyst     silicon carbide     quartz     C2H6: He ratio of 1:19 at a total flow of 30 Nml min-1, heating rate 1 K min-1. (Paper 
6) 

The other important observation made in the TPSR experiments was their lower rate of COX 

formation (see Fig-3.4 A and 3.5 A) in comparison to the co-feeding tests (see paper 6 SI, 

Figure S5, and S7). As the most important difference of the TPSR experiments to the co-feeding 

is the absence of the molecular gas phase oxygen in the former condition, this observation is 

assigned to the high contribution of gas phase oxygen on the rate of secondary oxidation of the 

C2 components. This idea was studied in more details and confirmed through experimental as 

well as simulation evidence, see paper 6 for more information. Therefore, it is concluded that 

removing the oxygen from the homogeneous part of the reactor diminishes the formation of 

COX. Accordingly, chemical looping reactor, which realizes this condition, is proposed as a 

promising solution for enhancing the performance of the OCM reaction. The influence of this 

reactor set up on the performance of OCM is studied in papers 2 and 4.  

In addition, the studies in paper 6 revealed the film diffusion limitation as the main reason for 

the low influence of MnxOy-Na2WO4 on the conversion of ethane under the OCM reaction 

conditions.  

Based on the results of the studies in Paper 1 and 6 and the literature reports, the reaction 

network presented in Fig-3.7 is suggested for OCM performing over MnxOy- Na2WO4/SiO2.  
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Figure 3. 7 - Modified reaction mechanism proposed for OCM over MnXOY- Na2WO4/SiO2 under the usual experimental 
conditions. (Paper 1 and 6) 

3.1.3 Chemical looping as a reactor concept for OCM 

3.1.3.1 From mechanism understanding to reactor design 

The mechanistic studies have revealed two important facts regarding the formation of carbon 

oxides in the presence of MnxOy-Na2WO4/SiO2 [33,36]. First, the unselective oxygen species 

were reported to be weakly adsorbed on the catalyst surface [33]. Purging the reactor with an 

inert gas is observed to remove a part of these unselective species; however, it doesn’t change 

the concentration of the selective sites [33,36]. Second, the total and partial oxidation of C2 

products, rather than that of methane, are introduced as the main routes to the formation of COX 

in the OCM reactor [59,108,109]. Besides, the studies in paper 6 revealed the high contribution 

of the molecular gas phase oxygen on speeding the occurrence of these reactions, i.e. secondary 

oxidation of C2 components. 

The discussed mechanistic features of OCM indicate the necessity for removing both the gas 

phase and the unselective ones weakly bounded to the surface, for enhancing the performance 

of OCM. Such a condition can be realized by implementing the chemical looping concept 

(CLC). This concept has existed for about a hundred years and is well-known for combustion 

processes. It not only separates the formed carbon dioxide from nitrogen but also avoids the 

formation of NOx [122–128]. It should be noted that to implement such a reactor concept for 

OCM there is a vital need to a catalyst material which has the ability to provide sufficient 

storage capacity for one of the reactants. The MnxOy-Na2WO4/SiO2 catalyst is already proven 

to have a good storage capacity (almost 20 µmol/gcat), paper 1, for oxygen. Therefore it could 

be used for performing OCM in the CLR.  
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A simulated chemical looping reactor was built in our laboratory by installing two pneumatic 

pulse valves at the inlet of a fixed bed reactor. Each of these valves was used for injecting one 

of the reactants in a step-wise manner to the reactor. All the details regarding the operation and 

construction of the set up are presented in paper 2. 

3.1.3.1.1 Reaction performance in Chemical Looping Reactor 

The performance of OCM at various reacting conditions was tested in the CLR. Fig-3.8 presents 

the selectivity toward C2+ products as a function of methane conversion obtained in these 

experiments. These results are presented in comparison to those reported in the literature for 

the same reaction done in the normal co-feeding reactors. As it is shown in Fig-3.8, at the same 

level of methane conversion, the selectivity toward C2+ components in the chemical looping 

reactor was higher than that measured in the co-feeding reactors. This effect is even more 

noticeable at the methane conversion levels lower than 20 %. Moreover, as in CLR the methane 

and oxygen feeds are sent separately to the reactor, the reaction is no longer limited by the 

explosion regime. Therefore, not only the operation safety is increased but also obtaining 

methane conversions higher than 50 % can be realized.  

However, despite all these advantages, the minimum yield of 30% to C2+ components needed 

for industrializing the reaction, couldn’t be achieved in chemical looping reactors, see Fig-3.8. 

Since, this observation didn’t match our understanding of the reaction mechanism, the search 

for finding the reasons originating this limitation was continued and the results of these studies 

were presented in paper 4.  

 
Figure 3. 8 - Plot of X(CH4)/S(C2+) over MnxOy-Na2WO4/SiO2 reported in literature vs. chemical looping data. (Paper 2) 
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3.1.3.1.2 Limitation of OCM in Chemical Looping Reactor 

The reasons for the observed yield limitation for OCM in CLR were searched by studying the 

influence of this reactor on the consecutive reaction of ethane and ethene. To do so, the reaction 

performance, conversion, and selectivity of ethane and ethene in CLR were measured. These 

results are presented in comparison to those obtained from the oxygen co-feeding reactions in 

Table 3.1 and 3.2.  

As the data in Table 3.1 and 3.2 shows, the consecutive reactions of both ethane and ethene, 

i.e. OCM desired products, were successfully suppressed by implementing the chemical 

looping reactor. This observation clearly shows the efficiency of the CLC in suppressing the 

rate of unselective oxidation of OCM main products. Therefore, the idea that the yield barrier 

of OCM performed in the CLR originates from the promotion effect that this reactor concept 

has on the secondary oxidation of C2 products is rejected.  

Table 3.1 - Comparison of the reaction performance of ethane in CLR and co-feeding experiments. The reaction conditions in 
the CLR: Catalyst=1 g, T=750 °C, Volume of the ethane pulse=1 ml, Carrier gas flow=25 Nml min-1. The reaction conditions 
in the co-feeding reactor: TF=50 Nml min-1 Catalyst=1 g, T=750 °C, C2H6/O2/He ratio=1/1/23. (Paper 4) 

 X (C2 H6) S (C2H4 and C3HX) S (COX) Y (C2H4 and C3HX) Y (COX) 

CLR 82 90 6 74 5 

Co-Feeding 95 50 39 47 4 

Table 3.2 - comparison in the reaction performance of ethene in CLR and co-feeding experiments. The reaction conditions in 
the CLR: Catalyst=1 g, T=750 °C, Volume of the ethene pulse=1 ml, Carrier gas flow=25 Nml min-1. The reaction conditions 
in the co-feeding reactor: TF=50 Nml min-1 Catalyst=1 g, T=750 °C, C2H4/O2/He ratio=1/1/23. (Paper 4) 

 
X (C2 H4)  S (C2H6 and C3HX)  S (COX)  Y (C2H4 and C3HX)  Y (COX)  

CLR 15 26 67 4 10 

Co-Feeding 48 8 81 4 4 

However, the results of the multi-pulse experiment, done with ethane, introduced both the 

inherent nature of the MnxOy-Na2WO4 catalyst and the characteristics of the reaction 

mechanism as the reasons behind the yield limitation of OCM in CLR. In multi-pulse 

experiments, the catalyst surface was oxidized once and then presented to several pulses of 

ethane without repeating the oxidation step in between.  

Figure 3.9 presents the changes in the effluent concentration vs. time on stream measured in 

the ethane multi-pulse experiment. For all the ethane pulses, almost the same conversion and 

% 

% 
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the same selectivity to C2+ products were obtained (paper 4, table S1). Although the product 

species, formed after each pulse, were observed to be identical, the distribution of some of them 

changed with the time (Figure 3.9). The most obvious difference was seen in the hydrogen 

concentration which shows a gradual increase throughout the whole period of the experiment. 

To give a better illustration of this phenomenon, the very first and the very last peak of effluent 

gas shown in Fig-3.9, are separately presented in Figure 3.10 A and B, respectively. As one 

may see, the concentration of hydrogen has been increasing continuously by time. 

 

Figure 3. 9 - The changes in the concentrations of the effluent gases during the ethane multi-pulse experiment vs. time. 1g 
catalyst, carrier gas flow:25 Nml min-1 of He, 0.5 ml of the C2H6 pulse, T= 750 °C. (Paper 4) 

As it is shown in Fig-3.10 A, at the beginning of the experiment the concentration of H2 was 

quite low. However, it has been gradually increased until it reached at the same concentration 

as ethene during the injection of the last pulse, see Fig-3.10 B. This observation was not in 

accordance to the mechanistic suggestions made for the reaction of ethane discussed in paper 

6. As mentioned there, the formation of ethene in the OCM reactor is suggested to be mainly 

taking place through the non-catalytic thermal dehydrogenation (TDH) of ethane, see Eq-11. 

Therefore, it is expected that for all the pulses, hydrogen, which is the coupled product of TDH, 

would be formed and detected at the same molar ratio as ethene. However, this observation was 

made just for the last pulses of ethane, see Fig-3.9. This behavior might be caused by the 

occurrence of the Eq-12, i.e. oxidation of the formed hydrogen by surface oxygen species, 

during the injection of the first pulses of ethane.  
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Figure 3. 10- The changes in the concentrations of the effluent gases in A) the very first and B) the very last peak measured 
during the ethane multi-pulse experiment. (Paper 4) 

On the one hand, it is well known that at temperatures higher than 700 °C the active oxygen 

species on the MnxOy-Na2WO4 are capable of methane dehydrogenation 

[26,33,55,71,74,113,114,129,130]. On the other hand, methane and hydrogen have been 

reported to have the same bond dissociation energy (104 kcal mol-1 [131]). Therefore, the 

activation of hydrogen molecules during the injection of the first pulses, where the surface is 

not fully reduced, is not avoidable. The detection of water in the reactor outlet, the intensity of 

which levels off from each pulse to the other, see Fig-3.9, is also an indication of the reaction 

of hydrogen with the surface oxygen species at the beginning of the experiment. 

𝐻2 + 𝑂
∗ → 𝐻2𝑂

∗ (12) 

𝐻2𝑂
∗ ↔ 𝐻2𝑂 (13) 

𝐻2 + 1 2⁄ 𝑂2 → 𝐻2𝑂 (14) 

The occurrence of Eq-12 has been studied more precisely by testing the correlation between the 

concentrations of the surface adsorbed oxygen species and the hydrogen peak formed through 

the TDH of ethane, Eq-11. For this purpose, 1 g of the catalyst was treated under the normal 

chemical looping conditions. But, before introducing the ethane pulses to the reactor, the 

surface was reduced by sending either 1, 2 or 4 ml of hydrogen to the reactor. The changes in 

the molar fraction of the effluent gas obtained in each of these experiments were recorded via 

MS. The reaction performance calculated for each of the ethane pulses obtained in these 

experiments shows that the concentration of oxygen on the surface of the catalyst had a 

negligible influence on both the conversion and selectivity (to ethene and C3HX products) of 

A B 
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ethane reaction. However, the intensity of the hydrogen peak of the first ethane peak in each of 

these experiments continuously increased with a decrease in the concentration of surface 

oxygen species, see Fig-3.12. These observations strongly support the idea of the occurrence 

of the reaction 12 during OCM performing in the CLR.  

 
Figure 3. 11 - Comparison of the hydrogen peak formed during the injection of the first pulse of the C2H6 to the reactor 
when the catalyst surface is reduced with different amount of hydrogen. All the other reaction conditions are the same. 1g 
catalyst, carrier gas flow: 25 Nml/min of He, 0.5 ml of the C2H6 pulse, T= 750 °C. (Paper 4) 

3.1.3.1.3 Process modification 

All these observations suggest that the limitation for OCM in CLR is more a conversion prob-

lem rather than selectivity. It is originated from the competition of H2 with methane for reacting 

with the catalyst active sites. Therefore, it is concluded that to successfully apply OCM in CLR, 

it is vital to control the formation of hydrogen, or in other words TDH of ethane. Since TDH is 

an equilibrium reaction, its rate might be controlled by changing its operating conditions. For 

example, as the number of moles of the products in this reaction is higher than the reactants, 

increasing the pressure is expected to result in a decrease in the rate of production of hydrogen 

when it approaches its thermodynamic limit.  

However, it should be noted that TDH of ethane is also the main route to the formation of the 

most valuable product of OCM, i.e. ethene. Regardless of the technique implemented for 

suppressing the rate of this reaction, which inhibits the formation of hydrogen and consequently 

saves the active site of the catalyst for methane activation, would unavoidably decrease the rate 

of formation of ethene. Therefore, the desired process modification would only be beneficial if 

a two steps process would be applied to run this reaction. In the first stage, a CLR is operated 

where methane coupling takes place at high selectivity. To make the CLR industrially more 

applicable, the purging step, needed for removing the weakly adsorbed and gas phase oxygen, 
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is tried to be avoided in this design. To do so, the catalyst oxidation and the methane coupling 

steps are designed to take place in two separate fluidized bed reactors. In the first reactor, the 

catalyst is oxidized by the flowing air. Then the purging and separation of the catalyst are done 

in the cyclone installed in the reactor upstream. The cyclone is still equipped with an inert gas 

line to make purging possible if needed. After that, the catalyst is sent to the second fluidized 

bed reactor where it reacts with methane before it would be recycled to the oxidation reactor. 

Under these conditions, continuous operation of the catalytic coupling section, which has a high 

priority for industrial application, can be realized.  

In the methane coupling reactor, the further conversion of ethane to ethene and hydrogen either 

completely or partially should be suppressed. Next, the effluent of the coupling reactor is sent 

to another reactor where it can be converted thermally to ethene. In the final step, the produced 

C2+ products and unconverted methane are separated from the COX products. Details on the 

separation techniques applicable in the separation of COx from low chain hydrocarbons are 

already discussed in detail in the literature [132,133]. then, the flow of hydrocarbons goes 

through one more separation step to separate methane from C2+ products. The possible 

separation techniques needed here is widely discussed in the literature [132–134]. Next, the 

separated methane is recycled to the chemical looping reactor while value-added products are 

collected for further processing. A scheme of the discussed process concept is presented in 

Figure 3.12. 

 

Figure 3. 12 - Schematic of the suggested process concept for doing OCM in two stages. (Paper 4) 
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3.1.4 Role of the catalyst composition on the operation of MnxOy-
Na2WO4/COK-12 

An enhancement in the catalytic activity of MnxOy-Na2WO4 in the co-feeding reaction mode 

was observed by change of the catalyst support from Silica gel to ordered mesoporous SBA-15 

[29]. Despite the better performance of this catalyst, the high price of the SBA-15 in 

comparison to silica gel is a serious drawback for its practical implementation. However, 

developing an inexpensive method for synthesizing and upscaling of another mesoporous 

silica, denoted as COK-12, with similar characteristics to SBA-15 [31,135], could solve this 

problem. The enhancement in the performance of the catalysts, loaded over ordered 

mesoporous silica is assigned to the better dispersion and interaction of the metal oxides over 

the support [29,31]. Noteworthy, the performance of methane oxidation over MnxOy-Na2WO4 

is reported to depend on the degree of manganese oxide crystallinity [136]. The crystallinity is 

strongly dependent on manganese distribution on the catalyst surface. The more manganese 

oxide is deposited per surface unit area, the higher the degree of crystallinity [137]. The 

dispersion of the manganese oxide on the surface is reported to influence its oxidation state as 

well. [138]. At low manganese loadings, Mn2O3 is predominant, while at higher loadings 

Mn3O4 is formed [136]. These observations indicate the possibility of changing the catalyst 

properties through varying its structure. The redox potential of the catalyst, whose vital role on 

the conversion of methane in the CLR was discussed in detail in paper 4, is one of those 

parameters. 

Based on this understanding, the possibility of enhancing the oxygen storage capacity of Mn-

Na2WO4 through tuning its composition and surface area was investigated in paper 5: MnxOy-

Na2WO4/COK-12 was synthesised at 5 different Mn loadings and 4 different surface areas. The 

catalyst samples were tested in both single- and multi-pulse experiments. In each of the tests 

carried with surface area variation samples, 600 mg catalyst was used. The catalyst amount of 

the manganese and support material variation samples was 1 g.  

The single pulse studies were done at a temperature range of 700-800 °C with total flows of 20 

and 30 Nml min-1. The catalyst redoction and oxidation steps were carried by sending pulses 

of 1 ml oxygen and methane to the reactor. The catalyst stability and the trend of changes in 

their performance were the main parameters investigated in these studies. 

The multi-pulse experiments were performed at 775 °C with a total flow of 30 Nml min-1. To 

conduct these experiments, first, the samples were oxidized, then applied to several pulses of 
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methane without repeating the oxidation step in between. The injection of methane was stopped 

as soon as no conversion was detected. The oxygen storage capacity of the catalyst was 

calculated in these studies based on the hypothesis that the formation of all the products is the 

result of oxidation of methane. In addition, it is assumed that during the reaction all the 

consumed oxygen is converted to either water or CO2. All the details on these calculations 

procedure are provided in the section 2.3.2 of the paper 5. 

3.1.4.1 Varying the specific surface area 

3.1.4.1.1 Single pulse studies 

The results of the catalyst testing in chemical looping experiments with the samples with 

different SSA are presented in Fig-3.13. It should be noted that all these samples have similar 

metal composition (2 wt-% Mn and 5 wt-% Na2WO4).  An increase in the SSA leads to a linear 

increase of methane conversion, however, the sample with the largest SSA experienced a 

decrease in the methane conversion, see Fig-3.13 A. An inverse behavior is found for C2 

selectivity, which first decreases and then increases again, as presented in Fig-3.13 B. The same 

behavior was observed for the experiments done at different residence times and temperatures 

(See Fig-3.13). The calculation of the Weisz-Prater criteria revealed that mass transport 

limitation by pore diffusion can be excluded in these studies. Therefore, it was concluded that 

the mass transport effects are not responsible for these observations.  

The increase in the reaction performance with increasing the SSA is in accordance with the 

literature reports [29]. This behavior is assigned to a better distribution of the active 

components on the catalyst surface. This results in an increase in the accessibility of the active 

sites per gram of the catalyst. However, the decline in the performance of the sample with the 

highest SSA was indicating the existence of an optimal surface area for these samples. The 

effect of this parameter in relation to the thickness of the active compounds covering the surface 

was investigated and clarified in these studies. 
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Figure 3. 13 - Results of chemical looping experiments on Na2WO4 (5 wt-%)/Mn (2 wt-%)/COK-12 catalysts with different 
specific surface areas at different temperatures, 0.6 g catalyst, 1 ml CH4 pulse in each experiment, A-C: methane conversion, 
C2 selectivity and C2 Yield at 20 nml/min, D–F: methane conversion, C2 selectivity and C2 Yield at 30 nml/min. Paper 5 

To explain the observations made in Fig-3-13, it should be noted that the MnxOy-Na2WO4 is 

present as a film over the catalyst. This layer is suggested to go through a phase transfer and 

melts under the OCM reaction conditions [30,61,66,67,139]. This hypothesis was proven in 

our studies by doing a TEM analysis on one of the reduced samples which was quenched, as 

explained in section 3.2.1 of paper 5,.to retard the recrystallization of the melted phases As the 

TEM image in Fig-3.14 shows, rounded particles morphology with a spread over-layer and the 

loss of sharp edges is created over the used catalyst. This appearance of the particles is typical 

for a solidified material after melting. Therefore, we assumed that the deposited materials of 

the catalyst wet the surface of the support to form a homogeneous layer which behaves close 

to a melt or liquid phase under OCM conditions. This observation indicates the presence of a 

significant interaction between the active components (Na2WO4 and Mn) and the support 

material under the reaction conditions. Decreasing the SSA, at a constant weight loading of the 

metal oxides, leads to a decrease in the thickness of the MnxOy-Na2WO4 layer over the surface 

of these catalysts. As the film of Na2WO4 and Mn becomes thicker, their bounding to the 

support levels off. 

A hypothetical thickness (d) is calculated for the layer of the molten active catalyst materials 

Na2WO4 and Mn covering the support. This calculation was conducted with a simple geometric 

model according to equations (15) – (17). It was assumed that the density of the catalyst 

compounds is similar to the ones of the bulk materials.  
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These calculations indicated that the samples with a low surface area result in a thicker film of 

Na2WO4 and Mn. We suggest that the remaining pores after calcination and phase transition to 

α-cristobalite of the mesoporous COK-12 are filled up with the active materials. Therefore, a 

closed film of Na2WO4 and manganese oxide provides less surface area and less concentration 

of active metals over the surface. The theoretical number of active layers (# Layers) was derived 

according to equation (18). The bond length L(W-O) and L(Mn-O) was assumed in these 

calculations to be constant and equal to 0.1925 nm and 0.1984 nm, respectively [140]. Finally, 

a film consisting of 25 layers was suggested as the optimal thickness of the active compounds 

over the catalyst.   

 
Figure 3. 14- TEM image of the catalyst sample after reduction with methane and quenching from 750°C to room temperature. 
Paper 5  

d(Na2WO4) =
w%(Na2WO4)

ρ(Na2WO4) ⋅ Aspec,cat,P
 (15) 

d(Mn2O3) =
w%(Mn2O3)

ρ(Mn2O3) ⋅ Aspec,cat,P
 (16) 

d = d(Na2WO4) + d(Mn2O3) (17) 

# Layer =
d(Na2WO4)

L(W − O)
+ 
d(Mn2𝑂3)

L(Mn − O)
 (18) 

3.1.4.1.2 Multi-pulse studies 

The results of the reaction activity for each of the pulses in the multi-pulse experiments with 

varying SSA is presented in Fig-3.15 A. After six consecutive methane pulses, the methane 
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conversion for all the samples reached the same level. The C2 selectivity of these catalysts is 

also observed to be in the same range, varying between 0.8 - 0.9, but it decreased with each 

additional methane pulse (see Fig 4 of paper 5). The decrease of the C2 yield in these 

experiments is primarily affected by the decrease of methane conversion. The results of the 

methane-based oxygen balances are presented in Fig-3.15 B. Variation of the specific surface 

area caused minor changes in the share of oxygen consumed for the formation of both ethane 

and ethene. However, the more methane is converted, the more CO2 is formed. 

Noteworthy, the most active catalyst material in the single pulse studies (SSA = 3.2 m²/g) also 

showed the highest amount of oxygen storage capacity and activity in the multi-pulse tests. 

This behaviour can be explained by our assumption about the thickness of the active compound 

layer discussed earlier. For a given loading, low SSA results in a high thickness of active layer 

[136]. A thick film of the active compounds would store most of the oxygen in its bulk phase, 

which is less accessible for the methane pulses. Under these circumstances, the ratio of 

Osurface/Obulk is low. Therefore, oxygen availability and consequently the reactivity is expected 

to be lower for such a material. A decrease of the film thickness would mean that less oxygen 

is stored in the bulk and the ratio of Osurface/Obulk increases. Thus, more oxygen is present on 

the catalyst surface and its availability for reaction increases. Further decrease of the film 

thickness may have a strong impact on the redox potential of metal oxides, probably Mn, due 

to a stronger binding to the support material. 

  
Figure 3. 15- Results of repetitive methane pulse experiments on Na2WO4 (5 wt-%)/Mn (2 wt-%)/COK-12 at different specific 
surface areas, 30 nml/min, 775 °C, 0.6 g catalyst; A) methane conversion, B) Summation of the amounts of the converted 
oxygen for all methane pulses calculated for each of the catalysts. Paper 5 

3.1.4.2 Influence of Mn variation on reaction performance 

3.1.4.2.1 Single pulse studies 

In Fig.3.16 the results of testing the reaction over catalyst samples with various manganese 

loadings are presented. For both tested space velocities, a maximum methane conversion was 

A B 
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observed at around 2-wt %  manganese loading. Increasing the manganese loading from 0 to 

2-wt %  results in a significant enhancement in the methane conversion. However, a further 

increase of the manganese loading is observed to decrease the catalyst activity again. The 

inverse trend was observed for the C2 selectivity. A maximum C2 yield of 0.25 was measured 

in these experiments. As mentioned in the last section, an increase of manganese loading affects 

the redox potential of the catalyst and results in a higher crystallinity. At manganese loadings 

higher than 2-wt %, manganese oxide species shift from Mn2O3 to Mn3O4. Such an effect is 

observed at higher loadings (10-20 wt-% Mn) by XRD, and for loadings in the range of 3-10 

wt-% by XANES and EXAFS for manganese oxides supported on silica. At loadings below 10 

wt-% of Mn, XRD cannot detect Mn3O4 formation [141]. Investigation of the catalyst material 

by in-situ XRD showed the formation of MnWO4 under OCM reaction conditions [30]. 

Therefore, it would be possible to form MnO*WO3 instead of Mn3O4. For our catalyst with 

low manganese oxide loadings, the film on the surface of the support is thin but still densely 

covered with Mn/W oxides. An increase of the manganese loading also increases the film 

thickness. Therefore, the coupled effect of oxidation state and film thickness can explain the 

observations made in this series of experiments. 

 
Figure 3. 16 - Results of chemical looping experiments on Na2WO4 (5 wt-%)/Mn (var. wt-%)/SiO2 catalysts at different Mn 
loadings and temperatures, 1 g catalyst, 1 ml CH4 pulse A-C: methane conversion, C2 selectivity and C2 Yield at 20 nml/min, 
D–F: methane conversion, C2 selectivity and C2 Yield at 30 nml/min, 1 ml CH4 pulse. Paper 5 

3.1.4.2.2 Multi-pulse studies 

The results of our repetitive methane pulse experiments for different loadings of Mn are shown 

in Fig-3.17. No significant methane conversion was observed at 0.02 wt-% manganese loading. 
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However, it is known in literature that alkaline metal doped tungstate supported on silica shows 

substantial OCM activity in co-feed steady-state experiments [142,143]. Such a difference 

between literature and our results indicates that the oxygen storage functionality is related to 

manganese ions. 

The more manganese is loaded with the catalyst, the higher is the oxygen storage capacity of 

the samples and more methane pulses are necessary to reduce the samples completely. The 

catalyst containing the highest amount of Mn, i.e. 4 wt-%, showed also the best C2 yield for 

each of the methane pulses (see Fig 6 C in paper 5). This sample also endured the longest 

testing and was still active after dosing almost 25 pulses of methane. The total amount of 

converted oxygen for this catalyst is calculated to be at least 105 µmole/gcat. 

To explain these observations a change in the oxidation state of at least one of the metal active 

components in these samples should be considered. Either W (between 6+ and 5+) [144] or Mn 

(between 3+ and 2+) are proposed to be able to switch their oxidation state in MnxOy- Na2WO4 

catalyst. On one side, it needs to be considered that the concentration of the metal active 

compound which switches its oxidation state is strongly influencing the oxygen storage 

capacity of the catalyst. On the other side, the concentration of Mn is the only parameter which 

is changed in these studies. If the Na2WO4 was responsible for the oxygen storage capacity in 

chemical looping experiments, we would expect that at least the amount of total oxygen 

converted in these studies had stayed constant. However, this was not the case. Therefore, 

MnxOy is suggested to be the metal oxide which is switching its oxidation state in these studies. 

This idea was also proved by further XRD, EPR, and XPS analyses which are discussed in 

details in section 4.4 of paper 5. 

  
Figure 3. 17- Results of repetitive methane pulse experiments on Na2WO4 (5 wt-%)/Mn (2 wt-%)/COK-12 at different Mn 
loading, 30 nml/min, 775 °C, 0.6 g catalyst; A) methane conversion, B) Summation of the amounts of the converted oxygen 
for all methane pulses calculated for each of the catalysts. Paper 5 

A B 
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3.1.5 Conclusions of OCM project 

The reaction mechanism of OCM over MnxOy-Na2WO4 was investigated and its understanding 

was successfully enhanced. 

The results of the TPSR investigations with methane are in accordance with the idea of the 

presence of more than one sort of oxygen species over the surface. During these studies, which 

were done in the absence of the gas phase oxygen, CO and C2H6 were shown to be the main 

products of the reaction. The significant time delay observed between the formation of these 

products indicated the involvement of different oxygen species in the formation of each of these 

components. A considerable difference was observed between the apparent activation energy 

of methane calculated in our TPSR experiments (275 kJ/mol) and the literature data reported 

in steady state condition (133 kJ/mol). This was assigned to the absence of the weakly adsorbed 

oxygen in the former experiments. The chemisorbed species involved in the TPSR experiments 

have a lower level of energy. Consequently, their reaction results in a higher apparent activation 

energy than the physisorbed oxygens.  

Ethane is shown to be the primary product of methane coupling reaction. This product is 

observed to consecutively dehydrogenate to form ethene. The conversion of ethane to ethene 

is proposed to perform thermally in the gas phase rather than oxidatively on the catalyst surface. 

The consecutive reaction of C2 components is introduced as the main pathway to the formation 

of unselective products, i.e. COx. It is observed that the secondary oxidation of these 

components, especially ethane is conducted mainly in the presence of the molecular gas phase 

oxygen. The theoretical and experimental evidence indicated the film diffusion limitation as 

the reason for the low contribution of the MnxOy-Na2WO4 catalyst on the conversion of C2 

components under the applied reaction conditions. 

These mechanistic findings suggested the possibility of enhancing the reaction performance by 

conducting the reaction in the absence of gas phase oxygen and those unselective surface 

species. This condition is realized by implementing the already known chemical looping 

concept for performing OCM. A simulated chemical looping reactor was built in our laboratory 

and implemented in testing OCM under various reacting conditions. This reactor resulted in a 

more efficient conversion of methane than the co-feeding experiments, especially at methane 

conversions lower than 30 %. Moreover, in the chemical looping reactor methane conversions 

higher than 50 % were achieved. This was not possible in the co-feeding reactors since the 

applied reaction conditions are limited by the explosive regime. However, despite all these 
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advantages, the maximum yield obtained in these experiments was also limited to 25 % which 

is still below the minimum value required for industrializing the process. It was observed that 

both the inherent nature of the MnxOy-Na2WO4 catalyst and the characteristics of the reaction 

mechanism cause this limitation. It is shown that the conversion of methane in the CLR is 

performed with a high selectivity toward the coupling reaction. Since the mechanistic studies 

had revealed the TDH reaction as the main route for the conversion of ethane to ethene, 

therefore, it was expected that the rate of formation of hydrogen (the by-product of TDH) in 

the CLR consequently increases. Unlike the co-feeding reactors where the H2 converts in the 

presence of gas phase oxygen to water, in the CLR it competes with methane for consuming 

the oxygen of active centers on the catalyst surface. Under these conditions, the rate of 

activation of methane decreases, therefore despite the enhancement in the selectivity, the yield 

limitation could not be overcome. One of the possibilities for solving this limitation might be 

through implementing a two-stage process. There, the coupling of methane is occurring in the 

first stage while the dehydrogenation of ethane to ethene is postponed to a second reactor, 

where the formation of hydrogen does not limit methane conversion anymore. The other 

possibility for enhancing the methane conversion in the CLR is by enhancing its oxygen storage 

capacity. To tune this parameter a systematic variation in the catalyst composition and surface 

area was conducted. It was shown that at SSA lower than 4 m2/g the conversion of methane 

and SSA correlate directly. Mn was introduced as the reason for the oxygen storage 

functionality of the Na2WO4/Mn/SiO2 catalyst. Unfortunately, none of the samples tested in 

these studies resulted in the C2 yield higher than 0.25.  

A reversible reduction of Mn (III) was reported to be carrying on the Na2WO4/Mn/SiO2 catalyst 

since no indication for the presence of W (V) was found on the sample quenched after 

reduction. Besides, an optimal surface concentration of 66 Mn/nm² and 33 W/nm² was 

calculated for the catalyst in these studies. The highest catalytic performance for 

Na2WO4/Mn/SiO2 was reported to be obtained at about 25 catalyst layers. 

3.2 MTM 

3.2.1 Solid-state ion-exchanged Cu/mordenite catalyst for the direct 
conversion of methane to methanol 

In recent years, many different bioinspired catalysts for the direct conversion of methane to 

methanol have been intensively studied with the aim of realizing this dream reaction over a 

heterogeneous catalyst under mild reaction conditions. Hammond et al. found that Fe-contain-
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ing zeolites are active for the methane-to-methanol conversion in an aqueous solution of hy-

drogen peroxide [99]. Notably, the addition of Cu species to the catalyst structure was shown 

to significantly improve the reaction performance (10% methane conversion with 93% metha-

nol selectivity) under appropriate reaction conditions [90]. However, as H2O2 is more expen-

sive than methanol, the direct use of O2 as oxidant is inevitable for industrial applications [16]. 

Several research groups have demonstrated that iron-, cobalt-, and copper-loaded zeolites acti-

vated in O2 or N2O can react with methane at low temperatures (≤ 200 oC) and subsequently 

release methanol upon treatment with water or organic solvents (acetonitrile, ethanol, tetrahy-

drofuran) [83,91,98]. Among them, Cu/zeolites have currently been emerged as the best cata-

lyst based on their experimental performances [83,91,97,101]. While, in most of these reports, 

Cu2+ cations are typically loaded into zeolites via liquid-phase ion exchange, Bozbag et al. 

recently performed a solid-state ion exchange between H-mordenite with copper (I) chloride to 

achieve a Cu/mordenite catalyst. However, the residual chlorine was reported to hinder the 

production of methanol from methane in the first catalytic runs [104]. This problem was 

addressed in paper 3. In these studies, several Cu-mordenite catalysts were synthesized 

through the solid- and liquid-state ion exchange methods. Both the copper (II) acetylacetonate 

and copper(I) chloride were used as the copper precursors in these syntheses (see Table 1 of 

paper 3). The performance of the samples was compared with each other and solid-state ion-

exchanged Cu/mordenite synthesized using copper (II) acetylacetonate was introduced as the 

best performing sample among all the tested ones. The behavior of this catalyst along the 

reaction was investigated in more details for the first time in this study by implementing several 

in-situ characterization methods. 

3.2.1.1 Catalytic performance 

Table 3 3 presents a list of all the catalyst samples tested in these studies. The advantage of the 

solid-state Cu exchange method vs. the traditional liquid state process was investigated through 

testing several different samples prepared through each of these preparation methods. To study 

the effect of the copper precursor on the catalyst performance, CuCl and Cu(acac)2 were used 

for preparing Cu/mordenite samples. The Cu content within the mordenite was varied by 

changing the mordenite/Cu(acac)2 ratio in the tested sample to investigate the effect of this 

parameter on the catalyst performance.  

After loading Cu to the mordenites, only a negligible change in the BET surface area of the 

samples was observed (see Table S1 in paper 3). The XRD pattern of the Cu-loaded catalysts 
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was observed to be identical to the parent mordenites (see Figure S1 in paper 3), no additional 

peaks specific for elemental Cu or its oxides were detected in the patterns. This observation 

indicates that the Cu species in all the samples are well dispersed throughout the zeolite frame-

work. However, it should be noted that despite their structural similarity, the activity of each 

of these samples was different than the others as discussed in more details in the following.  

CuMorS-1, 2,58 wt.% Cu and CuMorL-1, 3.21 wt.% Cu (see table 3-3) were prepared as the 

reference solid-state and liquid-phase ion exchange samples, respectively.  After activation at 

550 oC, the former, CuMorS-1, was able to produce 55.3 mol gcat
-1 of methanol after treatment 

with methane at 200 oC for 60 min and off-line extraction with 5 ml of water while the latter, 

CuMorL-1, resulted in the formation of 28.2 mol gcat
-1 methanol under the same conditions. 

This observation indicates that the sample prepared through solid phase ion exchange shows a 

much better catalytic performance than the liquid phase ion exchange under the identical con-

ditions even though the Cu content in the former is significantly lower. 

The advantage of using Cu(acac)2 rather than CuCl on the performance of the catalyst was 

proved by testing the performance of CuMorS-1 and CuClMorS. The copper loadings in both 

samples are similar. However, the yield to methanol in the former catalyst is observed to be 

significantly higher than the latter one. This behavior is assigned to the absence of Cl- and lower 

concentration of Cu+ in the sample prepared with Cu(acac)2. 

Based on these results, CuMorS, Cu/mordenite synthesized through solid phase ion exchange 

using Cu(acac)2, was identified as the best performing catalyst and chosen for the further in-

vestigations.  

Table 3 3 - Details of Cu/mordenite catalysts tested in this study 

Entry Catalyst Preparation 
method(a) 

Substrates(b) Cu content 
(wt.%) 

Produced Methanol 
(µmol/g catalyst) (c) 

1 CuMorS-1 SSIE Cu(acac)2 and NH4-Mor-1  2.58 55.3 

2 CuMorS-2 SSIE Cu(acac)2 and NH4-Mor-1  1.01 35.7 

3 CuMorS-3 SSIE Cu(acac)2 and NH4-Mor-1  1.84 51.8 

4 CuMorS-4 SSIE Cu(acac)2 and NH4-Mor-1  3.74 44.2 

5 CuMorS-5 SSIE Cu(acac)2 and NH4-Mor-2  2.66 59.4 

6 CuClMorS SSIE CuCl and NH4-Mor-1  2.84 10.7 

7 CuMorL-1 LIE Cu(OAc)2 and Na-Mor-2  3.21 28.2 
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8 CuMorL-2 LIE Cu(OAc)2 and Na-Mor-1  3.10 32.3 

9 CuMorL-3 LIE Cu(OAc)2 and NH4-Mor-1  2.07 16.7 

(a) SSIE and LIE correspond to solid-state and liquid-phase ion exchange, respectively. Liquid-phase ion exchange was 
performed in 200 ml of water. 
(b) Si/Al ratio = 10 in Mor-1 and 6.5 in Mor-2. 
(c) These catalysts samples were tested in a stepwise manner, namely i) activation of the material at 550 oC under an O2 flow 

for 8 h, ii) interaction of the material with methane at 200 oC, and iii) extraction of methanol using 5 ml of water at room 

temperature for 2 h. 

First, the effect of the time of the interaction of the catalyst with methane on the formation of 

methanol was studied at 200 oC. In the first 30 min, a contentious increase of methanol produc-

tion with increasing the catalyst time on stream was observed. However, after this reaction 

time, methane production reached a plateau, i.e. just a negligible yield improvement is seen 

within the next 30 min (see Figure 1 in paper 3).  

Finally, the effect of the applied oxidation temperature on the reaction performance was stud-

ied. It was shown that the catalytic activity of CuMorS-1 was remarkably enhanced by raising 

the activation temperature up to 650 oC (see Figure 5 in paper 3). The reaction with methane 

at 200 oC yielded 37.3, 55.3, and 65.2 mol gcat
-1 of methanol using the CuMorS-1 catalyst 

activated at 450, 550, and 650 oC respectively. This behavior is assigned to the probable en-

hancement in the ion exchange, which is occurring in-situ in CuMorS-1, at higher activation 

temperatures. However, it should be noted that the activation of the catalyst at 750 oC results 

in a negligible further improvement in the reaction performance, yielding finally 65.8 mol 

gcat
-1 of methanol. To confirm the positive effect of higher activation temperatures, the same 

treatment was applied for a reference Cu/mordenite (CuMorL-1, 3.21 wt.% Cu) prepared by 

liquid-phase ion exchange between Na-mordenite and Cu(II) acetate. Also, in this case, a clear 

increase in the methanol production from 15.3 mol gcat
-1 to 28.2 mol gcat

-1 was observed 

when the activation step was raised from 450 °C to 550 oC. Therefore, it is concluded that a 

larger number of Cu species capable of reacting with methane can be achieved at elevated 

activation temperatures. 

3.2.1.2 Mechanism investigations 

3.2.1.2.1 Catalyst surface intermediates 

Next, the nature of the reaction intermediates resulted from activating methane on the catalyst 

surface was investigated in more details. To do so, two parallel experiments were conducted. 
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In both experiments, first, the oxidized CuMorS-1 was introduced at 200 °C to a flow of me-

thane for 30 minutes then it cooled down to the room temperature under the same reaction flow. 

Afterward, both samples were heated to 550 °C at a rate of 1 K min-1 one under the dry and the 

other under a wet flow of 50 Nml min-1 of He. In these experiments, the effluent was 

contentiously analyzed with a quadrupole mass spectrometer (InProcess Instruments GAM 

200). Figures 3.18 and 3.19 present the product spectrum and changes in the concentration of 

the measured components during the washing steps for dry and wet experiments respectively. 

Comparing the results of these two studies shed light on understanding the reaction procedure 

in more details as discussed in the following.  

It should be noted that COX are the only carbon-containing products detected in the reactor 

outlet of the dry washing experiment (see Figure 3.18). However, both methanol and dimethyl 

ether were detected at room temperature when the surface was washed with the wet flow of 

helium (see Figure 3.19). Based on this observation, it is concluded that the presence of water 

is essential for converting surface intermediate species to methanol.  

Moreover, CO2 is the first component detected during the dry experiment. The formation of 

this component is started at approx. 200 oC which is interestingly the temperature proposed in 

the literature for the formation of methoxy species bound to dicopper sites [145,146]. The cor-

responding formation of hydroxyl species between dicopper sites, generated by the remaining 

abstracted H atom from methane, is confirmed through detection of water starting at around 

300 °C. Surprisingly, heating the methane-treated CuMorS-1 under dry inert gas resulted in the 

formation of more products namely hydrogen and CO. The formation of these species are also 

assigned to the decomposition of the surface adsorbed methoxy species. However, the higher 

formation temperature of these species than those of CO2 indicates that their intermediates are 

adsorbed on the surface more strongly.  

Noteworthy, from overall 84 mol gcat
-1 of carbon oxides detected during the dry experiments, 

58 mol gcat
-1 was CO. This value is close to the methanol yield obtained during the catalytic 

test studies discussed in the previous section (see entry-1 of Table 3 3). Based on this observa-

tion it is concluded that methanol and dimethyl ether in the DMTM reaction besides H2 and 

CO in the dry He flow experiment are formed from the same surface intermediate species. This 

idea is in accordance with the results of the wet He flow experiments as both methanol and 

dimethyl ether were detected there but no H2 and CO (see Figure 3.19). 
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Figure 3. 18 - Volumetric flows of CO2, H2, CO, and H2O calculated from the mass spectrometry data recorded during 
heating CuMorS-1 (after interaction with CH4) in a dry He flow. Paper 3 

 
Figure 3. 19 - Ion intensity-based signal of CH3OH (m/z = 31), (CH3)2O (m/z = 46), and CO2 (m/z = 44) detected by the MS 
during the treatment of CuMorS-1 in a wet He flow. Paper 3 

3.2.1.2.2 Type of Cu active species 

Later, the type and positions of Cu species located in the mordenite framework were 

investigated by subjecting the oxidized Cu/mordenites (both CuMorS-1 and CuMorL-1) to 

temperature-programmed reduction with H2 (H2-TPR) to 900 oC.  

The H2-TPR curves generally revealed three H2 consumption features in the tested temperature 

range (see Figure 3-20 b). The first reduction peaks observed for both, CuMorS-1 and CuMorL-

1 in the temperature range from 100 to 300 oC, were attributed to the most accessible Cu sites 

on the external zeolite surface and in the largest cage of mordenite, i.e. 12-MR channel (Figure 

3-20 b) [147]. Compared to the H2-TPR profiles of bulk CuO and Cu2O (Figure 3-20 a), these 

reduction peaks of Cu/mordenites are present at lower temperatures probably due to the small 

size and the good dispersion of Cu clusters on mordenite [147,148]. The H2 uptakes found at 

higher temperatures were assigned to the reduction of the less accessible Cu sites in the smaller 

channels (e.g. 8-MR pore, side pockets) [148]. Particularly, CuMorL-1 exhibits only a shoulder 
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peak for the second reduction step at approx. 370 oC while a separate feature at a much higher 

temperature (530 oC) was observed for CuMorS-1, indicating that a large number of Cu-based 

cations Cu2+ could be loaded into the ion-exchangeable positions of lower accessibility upon 

solid-state ion exchange. Furthermore, a broad reduction peak detected at the temperature 

above 750 oC for CuMorS-1 can be attributed to Cu cations highly stabilized in the zeolitic 

framework that can just be reduced at distinctly higher temperatures [148,149]. The H2 

consumption at this temperature range was negligible for CuMorL-1, indicating that much more 

of these Cu sites exist in CuMorS-1. These results show the high efficiency of the solid-state 

ion exchange method for diffusion of Cu species to small pores of mordenite. The reason might 

be the large size of the copper complexes in the aqueous state used in the liquid phase ion 

exchange. There, the Cu2+ cations exist as [Cu(H2O)6]2+ which are too large to easily access the 

small cages of the zeolite. However, the solid-state ion exchange works efficiently at these 

positions.  

  
Figure 3. 20 - H2-TPR profiles of Cu-based materials, (a) reference copper oxides, (b) O2-activated Cu/mordenites. Paper 3 

Moreover, during the calibration of TPR for CuO, it was observed that H2 consumptions for 

the TPR experiments of CuMorS-1 (2.58 wt.% ) and CuMorL-1 (3.21 wt.% ) are close to the 

stoichiometric ratio required for the reduction of Cu2+ to Cu0  (namely, 1.08 and 1.10, 

respectively). Based on this observation it was concluded that the Cu species over the catalyst 

are mainly present as Cu(+II) species which is. This idea, which is in accordance with the 

literature studies [104,149,150], was also confirmed by the absence of indicating the Cu+  in 

the results of X-ray absorption near edge structure (XANES) analysis (Figure S3 of paper 3) 

for the oxidized Cu/mordenite. The measured spectra were completely consistent with those of 

Cu(II)-containing compounds. 

Next, the in-situ UV-visible spectroscopy was carried out to detect and determine the active 

sites in Cu/zeolites and their structural changes more precisely. The UV-visible diffuse 
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reflectance spectra of CuMorS-1 and CuMorL-1 were recorded in situ while they were 

activated under a 50 Nml min-1 O2 flow. The materials were heated from room temperature to 

550 oC, then cooled down to 200 oC. A band at about 33000 cm-1, assigned to the trinuclear 

copper-oxo clusters ([Cu3(µ-O)3]) [98,151], with increasing intensity was observed for both 

catalysts (Figure 3.21a and 3.22 a). It should be noted that even though the overall Cu content 

in CuMorS-1 (2.58 wt.%) is lower than the CuMorL-1 (3.21 wt.%) the intensity of the 33000 

cm-1 band for the former catalyst is significantly higher than the latter one. The 22200 cm-1 

band assigned to a mono-(-oxo) dicopper (II) core was not detected when the materials were 

heated to 550 oC and the temperature was held for 1 h.  However, this band was observed for 

CuMorS-1 during the cooling period. The appearance of the band at 22200 cm-1 became even 

more obvious as the temperature decreased to temperatures lower than 300 oC. This behavior 

was simultaneous with a decrease in intensity of the band centered at 33000 cm-1, suggesting 

that at low activation temperatures, a small fraction of the [Cu3(µ-O)3]2+ clusters in CuMorS-1 

was converted into the [Cu2(µ-O)]2+ site (Figure 3.21b). 

 

 
Figure 3. 21 - In situ UV-vis spectra of CuMorS-1 activated under an O2 flow in the band range of (a) 15000 – 40000 cm-1, 
(b) 20000 – 25000 cm-1 (bands at 33000 cm-1 and 22200 cm-1 are indicated by the arrow). Paper 3 
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Figure 3. 22 - In situ UV-vis spectra of CuMorL-1 activated under an O2 flow in the band range of (a) 15000 – 40000 cm-1, 
(b) 20000 – 25000 cm-1 (band at 33000 cm-1 is indicated by the arrow). Paper 3 

3.2.2 Stepwise methane-to-methanol conversion on CuO/SBA-15 

As it was mentioned before, the formation of methanol in the heterogeneously catalyzed reactions is 

achieved through a stepwise reaction process similar to the chemical looping concept. Under these cir-

cumstances, the catalyst is first oxidized under the flow of O2 or N2O at high temperatures (> 200 °C). 

Then, it reacts with methane at lower temperatures (≤ 200 °C) where surface adsorbed intermediates are 

formed. The subsequent transformation of intermediates to methanol is performed via a final treatment 

with water. So far Cu/zeolites are the most active and widely studied catalysts in the literature for this 

reaction. To expand this promising material class, we report here the first demonstration of direct me-

thane-to-methanol conversion over an SBA-15-supported Cu catalyst. Unlike Cu-oxo complexes in ze-

olite matrix previously suggested as the active sites for the hydroxylation of methane, the small/ul-

trasmall CuO nanoclusters, that are highly dispersed throughout the framework, are reported as the ac-

tive sites of SBA-15. Our results are expected to accelerate the development of novel Cu-based catalysts 

using other supports than zeolites for the “dream reaction” of DMTM. 
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3.2.2.1 Catalyst structure and performance 

Two Cu containing catalyst supported over SBA-15 were synthesized by wet impregnation. 

The sample synthesized from Cu(II) acetylacetonate (Cu(acac)2) was named Cu-AA/SBA 

while the one obtained using Cu(II) acetate (Cu(OAc)2) was named Cu-OA/SBA. Similar Cu 

loadings (~ 2.7 wt.%) were obtained for both Cu-AA/SBA and Cu-OA/SBA. The textural prop-

erties, i.e. BET surface area, meso and micropore volume of both samples were reported to be 

similar (see Table 1 of paper 7). However, the results of the TEM and XRD analyses (see 

Figure-1 and 2 of paper 7) suggested that the Cu species in the Cu-AA/SBA catalyst are mainly 

located within the pores of SBA-15 while in the Cu-OA/SBA the larger CuO nanoparticles are 

also present on the outer surface of SBA-15. 

The activity of both these samples was tested in the stepwise procedure. The catalyst was first 

activated in oxygen at 550 °C, then allowed to interact with methane at 200 °C. Then, the 

extraction of methanol was performed with either liquid water (off-line extraction) or steam 

(on-line extraction). For a catalytic comparison, CuMorS-1 with a Cu loading of ~ 2.6 wt.% 

discussed in paper 3 was applied as a reference zeolite-based catalyst. 

After treating the catalyst with water, methanol was detected in catalytic cycles over both 

CuO/SBA-15 catalysts. This observation indicates that methane was indeed activated by Cu 

sites in SBA-15 at low temperature (200 °C) and then converted to methanol upon treatment 

with water. A yield of 30.2 µmol gcat
-1 of methanol (Table 3.4, Entry 1) was calculated for Cu-

AA/SBA (Table 3.4, Entry 1 and 2) while a lower methanol amount of 11.1 µmol gcat
-1 was 

produced over Cu-OA/SBA (Table 3.4, Entry 3). The higher production of methanol over Cu-

AA/SBA is assigned to the better dispersion of Cu species in the SBA-15 framework in this 

catalyst. This observation indicates the high influence of the Cu source and the method of ma-

terial preparation on both, the size of the formed Cu clusters and their catalytic performance. 
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Table 3.4 - Catalytic performances of CuO/SBA-15 materials (obtained from paper 7) 

Entry Catalyst Cu loading 
(wt.%) 

Product yield (µmol gcat-1) Oxidized CH4[c] 

(µmol gcat-1) 
S (MeOH & 
DME[d]) % 

MeOH[a] DME[b] CO2
[b] 

1 Cu-

AA/SBA 

2.71 30.2 0 3.4 33.6 89.9 

2 Cu-

AA/SBAe 

2.71 31.7 0 5.8 37.5 84.5 

3 Cu-

OA/SBA 

2.78 11.1 0 1.0 12.1 91.7 

[a] Methanol was analyzed by GC after off-line extraction with liquid water. 
[b] Gas-phase products were analyzed by MS during online extraction with steam. 
[c] Amount of oxidized methane = moles (MeOH) + 2*moles (DME) + moles (CO2). 
[d] Selectivity to MeOH and DME = [moles (MeOH) + 2*moles (DME)]/ moles (reacted CH4) 
[e] Reused catalyst for the second cycle. 

 

Figure 3.23 presents the product spectrum and changes in the concentration of the measured 

components during the washing step for the Cu-AA/SBA sample. Similar to Cu/mordenite 

samples discussed in paper 3, methanol is formed here upon washing the surface at room tem-

perature while CO2 is detected at temperatures higher than 100 °C (Figure 3.23). However, no 

dimethyl ether (DME) was produced using CuO/SBA-15 catalysts contrary to the zeolite-based 

Cu samples (Table 3.3). The formation of DME during the DMTM could be assigned to the 

consecutive reaction of in situ produced methanol over the acidic sites of the zeolite at elevated 

temperatures (≥ 135 oC) as suggested in the literature [98,152]. However, in our studies, meth-

anol and DME were detected simultaneously and at room temperature over Cu/mordenite. This 

observation indicates that upon treating the catalyst with steam methanol and dimethyl ether 

can be formed through parallel reactions. Besides, the possibility of forming DME through 

consecutive reaction of methanol was investigated through treating the CuO/SBA-15 and Cu-

MorS-1 at room temperature instead of water with a methanol-saturated He flow. The yield of 

DME was raised in these experiments in comparison to the water-mediated extraction studies. 

The amount of extracted DME was raised from zero to 27.6 µmol gcat
-1 and 1.6 to 48.6 µmol 

gcat
-1 for Cu-AA/SBA and CuMorS-1, respectively. It should be noted that these yields of DME 

are close to the methanol amounts produced in the water extraction experiments. This observa-

tion suggests that the extra DME obtained during the methanol-saturated extraction experi-

ments is mainly forming through the reaction of methanol molecules applied in the extraction 

protocol with the surface methoxy intermediate species. The rate of such a reaction could be 

significantly enhanced by acidic sites, which are abundantly available in zeolite catalysts.  
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Based on these studies and literature discussions the simplified reaction mechanism presented 

in Scheme 2 has been proposed for the DMTM reaction. 

As it is presented in scheme 2, the consecutive reaction of in situ-produced methanol is one of the routes 

to form DME in water extraction experiments. Since formed methanol species will be retained for a 

longer time within the zeolite framework, mainly possessing micropores in comparison to the mesopo-

rous in SBA-15 material, the amount of DME generated over SBA-15 material in the steam-assisted 

extraction step was significantly lower at room temperature. 

 
Figure 3. 23 - Mass-spectral signals of products after interaction of Cu-AA/SBA with methane at 200 °C, followed by 
online extraction in an He flow saturated with water. Paper 7 

 

 
Figure 3. 24 - Proposed reaction path for formation of products on the Cu-based catalyst based on the studies in paper 
3, 7 and literature [83,153]. Paper 7 

 
 

3.2.2.2 Identifying the position and nature of copper sites 

Next, the location of the Cu sites in SBA-15 samples was investigated in the H2-TPR studies. 

The results of these experiments were compared to those of the balk Cu oxide to identify the 

state of the Cu sites in SBA-15. The first reduction stage for CuO/SBA-15 samples is observed 

in the temperature range of 200 to 300 °C. This is attributed to the reduction of CuO nanopar-

ticles which are located on the surface and at the facilely accessible mesopores of SBA-15 
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(Figure 3.25). Most of Cu species in Cu-OA/SBA-15 were reduced in this temperature range. 

This behavior is consistent with the characterization results indicating that the Cu is mostly 

present on this sample as the large CuO nanoparticles. Besides, further H2 reduction steps at 

350 and 500 °C are found for the Cu-AA/SBA-15 sample, indicating that Cu species can be 

distributed at less accessible sites of SBA-15, namely micropores in the main-channel wall, by 

using Cu(acac)2 for the preparation of the catalyst. The formation of smaller CuO clusters in 

Cu-AA/SBA is introduced as the main reason for the better catalytic performance of Cu-

AA/SBA compared to the Cu-OA/SBA. Calculation of H2 consumption in the TPR measure-

ments further indicates that after activated in O2, the samples indeed contain Cu(II) species as 

found in Cu/zeolites. 

 

Figure 3. 25 - H2-TPR profiles of Cu oxides, calcined Cu-OA/SBA and calcined Cu-AA/SBA. Paper 7 
 

In addition, in situ UV-vis spectroscopy analysis is conducted to yield more information on the 

activated Cu sites. It should be noted that SBA-15 is known as a porous silica material without 

ion-exchangeable positions. Therefore, the formation of the isolated Cu-oxo species, which are 

defined as active sites for Cu/zeolites, in SBA-15 seems to be impossible. Indeed, no band in 

the region of 20 000–25 000 cm-1 was found in the in situ UV-vis spectra demonstrating the 

absence of the mono-µ-oxo dicopper site in the Cu/SBA-15 samples activated in O2 up to 550 

°C (Figure 3.26 of Paper 7). However, similar to the results reported for Cu/mordenite (Figure 

3.21), a considerable development of the broad band centered at ~ 32 000 cm-1 was observed 

for both Cu-AA/SBA and Cu-OA/SBA during the activation step (see Figures 6a and S7a of 

Paper 7). It should be noted that the ~ 32 000 cm-1 absorption commonly appears in UV-vis 

spectra of Cu-based materials due to a charge transfer of O2-
→Cu2+ in CuO clusters [154]. This 

increasing feature observed in the UV-vis spectra of CuO/SBA-15 samples is therefore as-

signed to activated CuO species deposited on SBA-15. As can be expected, in the next step for 
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interaction with methane at 200 °C, the intensity of the 32 000 cm-1 band started decreasing as 

methane was sent to the sample (Figures 3.26 b and Figure S7b of Paper 7), proving that the 

CuO species are reactive with methane. Analyzing the outlet stream with the MS during the 

contact of the samples with methane revealed that water which is typically generated upon the 

simple reduction of CuO in the presence of methane at higher temperatures (> 500 °C) [155], 

and methanol were not detected. Such a decrease in the 32 000 cm-1 band intensity is therefore 

attributed to the activation of methane by CuO species at 200 °C, which yields the correspond-

ing intermediate stabilized on the catalyst surface. However, the incomplete disappearance of 

the band after 2 h interaction with methane, which is more significantly observed for Cu-

OA/SBA (Figure S7 of paper 7), showed that the CuO species in the samples consist of both 

active and inactive sites. Combining with the better production of methanol observed for Cu-

AA/SBA, we therefore conclude that well-dispersed small CuO nanoparticles located within 

the SBA-15 framework are more active for the methane-to-methanol conversion.  

 

 
Figure 3. 26 - In situ UV-vis spectra of Cu-AA/SBA (a) after activation in O2 and (b) subsequent reaction with methane at 
200 °C. Paper 7 
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3.2.3 Conclusions of the DMTM project 

The solid-state ion-exchange method was reported to result in the formation of a better 

performing Cu/mordenites catalyst than the traditionally implemented liquid-phase ion-

exchange synthesis method. The active Cu-oxo cores were reported to have a higher 

concentration in the catalysts made by the former than the latter method. This behavior is 

assigned to the acceleration of the exchange of the Cu2+ cations to the less accessible sites in 

small pores of the carrier due to the high temperatures generated during the solid-state 

treatment. This idea was proved by the results of the in-situ UV-vis analysis. It was observed 

in those studies that the spectroscopic features of activated Cu sites detected for the 

Cu/Mordenite catalysts synthesized through solid-state are much more intense than the liquid 

state. It was proposed that different active clusters including dicopper- and tricopper-oxo 

complexes could be formed in the Cu/mordenite catalysts. In addition, from the XRD and TPR 

analyses, it was learned that the Cu species are well dispersed as the nanoparticles at different 

positions in the mordenite framework.  

The investigation of the performance of the Cu/supported catalyst for the MTM reaction was 

continued by focusing on CuO/SBA-15 catalysts. These studies showed that methanol is indeed 

produced on CuO/SBA-15. It is observed that CuO species are able to activate methane into 

methoxy species and stabilize them on the surface. During the reaction, depending on the 

solvent used in the subsequent extraction step, both Methanol and DME can be the main 

reaction product. The reactivity of CuO species on SBA-15 with methane was further 

demonstrated by the in-situ UV-vis spectroscopy measurements, in which intensity of the band 

centered at 32 000 cm-1 increased by an O2-activation and considerably decreased after the 

contact with methane. This observation led to concluding CuO species as the active sites over 

CuO/SBA-15 samples. It was shown that the catalytic activity of CuO/SBA-15 be a function 

of the used Cu precursors. The catalyst prepared from Cu(acac)2 had a better catalytic 

performance compared to the Cu(OAc)2 based sample. This behavior is assigned to the better 

dispersion of small/ultra-small CuO species in the SBA-15 framework of the former sample in 

comparison to the latter one. 
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Conclusions 

The most important challenge of utilization of methane through both OCM and DMTM is 

running the reaction under the conditions which facilitate activation of highly stable methane 

molecules, while it suppresses the occurrence of the secondary oxidation reactions. Fulfilling 

these requirements simultaneously is unfortunately extremely challenging. Both these reactions 

are conducted catalytically in the presence of an oxidizing agent. Under these circumstances, 

milder reaction conditions are required for activating methane. Presence of an oxidizer is 

crucial for both DMTM and methane coupling since it is the reactant for the former reaction 

while it converts the latter one from endothermic to exothermic. However, it also brings the 

thermodynamically favored total and partial oxidations in competition with the selective 

reactions. In addition, C2 components and methanol are more active than methane, therefore, 

there is always the danger of losing selectivity due to the consecutive reaction of these products 

to COX.  

First of all, the results of this thesis highlighted the high contribution of molecular gas phase 

oxygen on the rate of occurring burning reactions. In addition, It has been shown that different 

physi- and chemisorbed oxygen species are formed on the surface of the employed catalysts 

upon oxidation. The former has been reported to have a shorter lifetime and be unselective 

while the latter stays longer on the surface and results mostly in the selective oxidation 

reactions. Based on these mechanistic understandings the chemical looping concept was 

proposed as an effective technique for suppressing the rate of formation of COX during both 

the DMTM and OCM reactions. Next, a simulated chemical looping reactor was built in our 

laboratory and implemented in testing these reactions under various reacting conditions. 

Running OCM under these reaction conditions resulted in a more efficient conversion of 

methane than the co-feeding reactor, however, the maximum yield of 30 %, required for 

industrializing the process, could not be achieved. By application of the stepwise reaction 

process, resembling the chemical looping concept, methanol could successfully be formed in 

the case of DMTM. Noteworthy, while performing OCM in CLR enhances just the reaction 

selectivity, DMTM can just be conducted in CLR and is not doable co-feeding modus.  

To run the reaction in the CLR, a catalyst capable of storing oxygen needs to be implemented. 

In fact, this functionality defines the level of the reaction conversion. Since the studies in paper 

4 indicated the conversion, rather than selectivity, as the main reason for the yield limitation of 

OCM in CLR, the redox behavior of the catalyst in this reactor was studied in paper 5 as a 
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function of the catalyst composition. It was shown that the oxygen storage capacity of the 

Na2WO4/Mn/SiO2 catalyst can be enhanced to some extent through increasing the surface area 

or Mn content. The studies done on DMTM showed that the activation level of the Cu-

mordenite is a function of the oxidation temperature, methane time on stream, and the amount 

of water used in the washing step.  
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a b s t r a c t

In this work a series of temperature programmed experiments were carried out on a Na2WO4/Mn/SiO2

catalyst. In TPR experiments we tested the reducibility of this catalyst and O2 desorption behavior was
investigated by TPD. TPSR experiments in a flow of methane, ethane or ethene gave information about
the reaction network of OCM on the catalyst surface, without the presence of gas phase reactions, induced
by gas phase oxygen. We found indications of involvement of two different active oxygen species on the
catalyst surface. Furthermore an activation energy of 275 kJ/mole for selective methane activation was
determined. Dynamic experiments were performed to determine the amount of available oxygen species
for the OCM reaction. Variation of methane partial pressure and flow rate showed a linear correlation
between methane partial pressure and surface oxygen conversion in dynamic experiments.

� 2016 Elsevier Inc. All rights reserved.

1. Introduction

A well-established process for ethylene production is the steam
cracking process, which cracks naphtha to olefins and other hydro-
carbons. Shortage of crude oil reserves has attracted attention
toward alternative processes, which use more available feedstocks.
The high availability of methane in natural gas makes it a suitable
feedstock alternative for short-chain olefins [1,2]. The oxidative
coupling of methane (OCM) is a promising reaction for ethylene
production. One of the most stable catalysts described for OCM
in the literature is Na2WO4/Mn/SiO2, which has good performance
and stability as shown in several publications [3–5].

One of the major challenges in experimental studies of OCM is
the parallel reaction network of gas phase and surface reactions,
which have a strong influence on each other. For gas phase reac-
tions, Dooley and coworkers published an extended micro kinetic
model [6]. This micro kinetic model considers a network of 1582
reactions and 269 species, which are mainly radical reactions.
Unfortunately this complex reaction network allows only simula-
tion of ideal reactors, because of the large set of reactions.
However, the gas phase network is well described by the Dooley
model, which was shown by Schwarz and Coworkers [7]. Formal
kinetic models of OCM were published by several groups for

different catalysts [8–16]. All of these proposed mechanisms show
similar pathways for reactants and products. All groupswho carried
out these experiments with extensive experimental efforts, were
using similar reactors operated in the classical steady state mode.

The surface reaction network, which is not fully explored, is
strongly influenced by gas phase reactions, and its kinetic param-
eters offer several constellations to fit experimental results. Such
complexity is caused by the mentioned involvement of various
radical species which are formed via gas phase reactions or during
reactions on the catalyst surface [17–20]. In addition for several
OCM catalysts different oxygen intermediates contribute to selec-
tive and unselective activation of methane on the catalyst surface.
The presence of these different species is also influenced by gas
phase oxygen [21–23].

A micro kinetic surface reaction model for the surface reactions
was published by Lee and Coworkers for the Na2WO4/Mn/SiO2 cat-
alyst [24]. Another one is the model published by Sun and Thybaut
for a MgO catalyst [25]. Both models were developed for different
catalysts but have similar elementary surface reaction steps which
are shown in Table 1. Their models assume dissociative adsorption
of oxygen on a free site of the catalyst (⁄), which is in equilibrium
with gas phase oxygen. Methane activation occurs by a surface
reaction with dissociated oxygen (O⁄) and releases methyl radicals
to the gas phase. The coupling reaction of the radicals happens in
gas phase close to the catalyst surface where excess heat is
released, which is not shown in Table 1. The same activation

http://dx.doi.org/10.1016/j.jcat.2016.06.014
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may also happen to the formed ethane and even ethene, which
leads to the formation of C2H5

� or C2H3
� radicals. An interesting fact

is that no ethene combustion on the catalyst surface is considered
in both literature models. A typical formation route for deep oxida-
tion products is the reaction of methyl radicals and surface bound
oxygen which forms a HCO�⁄ radical which is bound on the catalyst
surface, which is further oxidized to CO⁄ and surface bound OH
groups (OH⁄) in a parallel route to the coupling reaction. The origin
of CO2 on the catalyst surface (CO2

⁄) is the oxidation of CO⁄ by O⁄. A
new aspect of the catalyst surface reaction network was published
by Beck at al. for the Na2WO4/Mn/SiO2 as well as for MgO. In tem-
poral analysis of products (TAP) experiments, they could show the
presence of two different oxygen species, which exist in parallel on
the catalyst surface. Furthermore they could show that both spe-
cies have different reaction pathways [26]. One of them is weakly
bound (O2,ads) and opens the route to deep oxidation products. The
other, stronger bound oxygen species (Ox

⁄) is responsible for the
selective methane activation. Following these results a plausible
surface reaction network is also presented in Table 1.

In addition, there is also a discussion about the formal kinetic
mechanistic aspects of oxygen and methane activation described
by an Eley-Rideal, Mars-van-Krevelen or dual site Langmuir Hin-
shelwood mechanism [12,27,28]. On the one hand, in the
Eley-Rideal mechanism gas phase oxygen is required for selective
activate methane in the OCM process. On the other hand, in a
Mars-van-Krevelen type mechanism lattice oxygen is involved
during CAH bond cleavage of methane to form a methyl radical.
A possible interaction of lattice oxygen with methane offers the
opportunity to avoid the presence of gas phase oxygen in temper-
ature programmed experiments and dynamic experiments. During
these unsteady state experiments the catalyst oxidation and the
methane coupling reaction can be separated into two different
steps. One of the first overviews about these techniques and exper-
imental results from several groups was published by Falconer and
Schwarz [29]. Another review about these techniques was pre-
sented by Niemantsverdriet [30].

One important factor in temperature programmed reduction
experiments is the bond dissociation energy of the reactants. For
methane (439 kJ/mole) and hydrogen (436 kJ/mole) these energies
are similar, and for ethane (423 kJ/mole) it is lower than those of
hydrogen and ethene (464 kJ/mole), which has the highest bond
dissociation energy in this group of compounds [31]. Therefore it
is possible to reduce the catalyst in the same manner as in a
H2-temperature programmed reduction (TPR) experiments using
OCM reactants to study their pathways in the reaction network
in absence of gas phase oxygen. These types of experiments were

introduced as temperature programmed surface reactions (TPSR)
by McCarty and Wise some decades ago [32]. Heating rate varia-
tions in TPSR experiments allow the determination of the activa-
tion energy of desorption or surface reaction steps. This is known
as the Redhead method [33]. In this work we want to study the
OCM surface mediated reaction network in absence of gas phase
oxygen, to understand the role of surface bound oxygen on the
Na2WO4/Mn/SiO2 catalyst material. Temperature programmed
reaction experiments utilizing methane, ethane and ethene as
reactant give qualitative insights to their interaction with the sur-
face bound oxygen species. In addition we performed a series of
kinetic TPSR studies for the selective activation of methane. The
focus of further dynamic experiments at constant temperature is
to quantify the converted amount of strongly surface bound oxy-
gen, the stability of the oxygen intermediates on the catalyst sur-
face and the nature of active sites for that material.

2. Experimental

2.1. Catalyst preparation

The details of the preparation and the characterization of the
catalyst are described elsewhere [34]. The final catalyst contains
5 wt.% Na2WO4, 2 wt.% Mn(II) ions and has a specific surface area
of 1.86 m2/g. The catalyst material was analyzed by nitrogen
adsorption and X-ray diffraction analysis after oxidation pretreat-
ment and after dynamic experiments. The results are presented
and discussed in the supporting information.

2.2. Experimental setup and mass spectrometer

All experiments were carried out in a fixed bed reactor made of
quartz. The catalyst was placed on a quartz frit (200 lm pore size)
in the isothermal zone. The isothermal zone is above the frit and
has a length of 5 cm. A scheme of the reactor, a construction plan
of the setup and analysis of temperature profile aspects are shown
in the supporting information. The inner diameter is 9 mm. The
type K thermocouple (NiCrNi) is covered by a quartz-made capil-
lary (din = 4 mm), which seals the reactor on top. The reactants
come through the upper inlet. The bottom part of the reactor
shrinks in diameter and is connected to a mass spectrometer or
thermal conductivity detector. The feed composition was con-
trolled by mass flow controllers (MFC) and switching valves were
installed, enabling the ability to interrupt reactant flow immedi-
ately. Detection was carried out with a quadrupole mass spectrom-

Table 1
Comparison of micro-kinetic surface reaction models from Lee et al. and Sun et al. (x, y, z = stoichiometric factors) [24–26].

Lee et al. [24] Sun et al. [25] Beck et al. [26]

O2 þ 2� ¢2O� O2 þ 2� ¢2O� O2 þ �¢O2;ads

O2;ads ¢ yO�
x

CH4 þ O� ¢CH�
3 þ OH� CH4 þ O� ¢CH�

3 þ OH� CH4 þ O� ¢CH�
3 þ OH�

C2H4 þ O�C2H
�
3 þ OH� C2H4 þ O� ¢C2H

�
3 þ OH� C2H4 þ O� ¢C2H

�
3 þ OH�

C2H6 þ O� ¢C2H
�
5 þ OH� C2H6 þ O� ¢C2H

�
5 þ OH� C2H6 þ O� ¢C2H

�
5 þ OH�

2OH� ¢H2O
� þ O� 2OH� ¢H2O

� þ O�

CH�
3 þ 3O� ¢HCO�� þ 2OH� CH�

3 þ O� ¢CH3O
��

CH3O
�� þ O� ¢CH2O

� þ OH�

CH2O
� þ O� ¢HCO�� þ OH�

HCO�� þ O� ¢CO� þ OH� HCO�� þ O� ¢CO� þ OH�

CO� þ O� ¢CO�
2 þ � CO� þ O� ¢CO�

2 þ �
COþ� ¢CO�

CO2 þ �¢CO�
2

2OH� ¢H2Oþ O� þ � 4HO�
2 ! 3O2 þ 2H2

xO2;ads þ CH4 ¢COy þ zH2O
�

xO2;ads þ C2H6 ¢2COy þ zH2O
�

xO2;ads þ C2H4 ¢2COy þ zH2O
�
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eter (QMS, IPI GAM 200) with channeltron detector. The QMS was
equipped with yttriated filaments. For O2 detection in temperature
programmed desorption experiments m/e = 32 was chosen and
data points were recorded each 5 s. The m/e values for OCM com-
pound calibration are listed in Table 2. Each compound was cali-
brated by utilization of a calibration gas bottle filled with
5 ± 0.005 vol.% of one compound and the rest was filled with
Helium. The calibration ofm/e = 28 for ethane and ethene was nec-
essary to prevent false-signals for CO or other compounds. As indi-
cator for ethane the m/e = 30 and for ethylene m/e = 27 were
chosen, while the other listed masses were calibrated by their
specific, relative intensities for these molecules. Therefore the feed
compositions of these compounds were determined by three cali-
bration factors for ethane and ethene to enhance detection
accuracy.

The final mole fraction (xi) of each compound was calculated
according to Eq. (1):

xcompoundðx . . . zÞ ¼
Sm

e
ði . . . jÞ
ci

ð1Þ

Sm
e
ðiÞ – relative intensity matrix of compound i, cðiÞ –calibration

factor matrix for compound i.
The relative intensity was derived by

Sm
e ;i

..

.

Sm
e ;j

0
BB@

1
CCA ¼

ScompoundX Sm
e ;i

� �
� � � ScompoundZ Sm

e ;j

� �
..
. ..

. ..
.

ScompoundX Sm
e ;i

� �
� � � ScompoundZ Sm

e ;j

� �

0
BBBB@

1
CCCCA �

xcompoundx

..

.

xcompoundz

0
BB@

1
CCA
ð2Þ

Sm/e,i – Sensitivity for a specific m/e ratio;

ScompoundX Sm
e ;i

� �
– Signal of compound x on m/e, i;

xcompoundx – molefraction of compound x.

2.3. Temperature programmed reduction (TPR)

The fresh catalyst (60 mg) was placed in the reactor, which was
heated up under synthetic air (N2:O2 – 4:1, 99.9%, 30 sccm/min)
with a temperature-ramp of 10 K/min to 1023 K, keeping this tem-
perature for an hour and cooling down over night under constant
air flow. To remove gas phase and adsorbed oxygen, a constant
flow of nitrogen (30 sccm/min) purged through the reactor at room
temperature for 30 min. The catalyst reduction was carried out by
a feed stream of N2:H2 (9:1, 60 sccm/min) with a heating rate of
2 K/min, heating up until 1093 K. The analysis of the effluent gas
was done with a thermal conductivity detector (Messkonzept,
FTD 200) monitoring the stream composition each 0.5 s.

2.4. Temperature programmed desorption (O2-TPD)

For temperature programmed desorption of oxygen, 1 g of fresh
catalyst was used. The catalyst was heated up in a flow of He
(99.999%, 20 sccm/min), with a temperature ramp of 5 K/min to

1093 K. In a second experiment 1 g of fresh catalyst was oxidized
according to the method as mentioned in the TPR experiment.
After the oxidation, the catalyst was treated as in the first O2-
TPD experiment. The detection was carried by mass spectrometer,
which was described before.

2.5. Temperature programmed surface reaction (TPSR)

Each TPSR experiment was carried out with 1 g Na2WO4/Mn/
SiO2 fresh catalyst. The catalyst oxidation in all experiments was
the same procedure as described in the TPR experiment. To remove
gas phase and adsorbed oxygen, the catalyst was purged for 30 min
by a constant flow of He (99.999%, 30 sccm/min) at room temper-
ature. For methane-TPSR, a flow of 30 sccm/min methane (99.99%)
was chosen. Ethane and ethylene-TPSR were carried out in a flow
of He:C2HX (95:5, 30 sccm/min, 99.98% C2HX). All TPSR experi-
ments had an initial temperature of 298 K and the catalyst material
was heated up under the reactant feed with a temperature ramp of
1 K/min with a final temperature of 1073 K. Each TPSR experiment
was repeated by variation of the temperature with 3, 4 (only for
methane) and 5 K/min. For product detection a QMS was used, as
described above.

2.6. Dynamic experiments

The reactor, filled with 1 g fresh catalyst, was heated up to
1023 K under a constant flow of He:O2 (9:1, 30 sccm/min). The
final temperature was kept constant during the whole experiment.
After 10 min at constant reaction temperature, the oxygen flow
was stopped by deactivation of the mass flow controller (MFC)
and closing the switching valve. A flow of Helium (20 sccm/min)
was used as purging step to remove gas phase and weakly
adsorbed oxygen for 5 min at constant temperature. Helium feed
was immediately replaced by CH4 (20 sccm/min) for the reaction
mode, keeping the temperature constant. That was done by closing
and opening of the switching valves, simultaneously. The methane
flow reached the reactor after pressure fluctuation had already
been compensated for in the feed tube. In the first series of
dynamic experiments the purge time was varied from 10,
180 min to 300 min without using new catalyst material for each
run. The methane step time was 10 min. After these experiments
the catalyst material was not reoxidized and cooled down in a
stream of He (30 sccm/min). The catalyst materials were analyzed
by nitrogen adsorption (BET) and XRD. This was followed by a ser-
ies of experiments reducing the purge time interval from 5 min
down to 15 s, using fresh catalyst material again. During these
set of experiments, the methane flow rate was 30 sccm/min and
the methane time step was 10 min.

In addition, we also varied the methane partial pressure during
the reaction sequence in another experimental series with fresh
catalyst material. That was realized by a lower flow rate of purge
gas down to 10 sccm/min or 15 sccm/min, while methane flow rate
was set in parallel to 20 sccm/min or 15 sccm/min. In total a feed of
30 sccm/min reached the reactor. Here the reaction step for
methane was set to 5 min.

2.7. Steady state experiment

The reactor was filled with 1 g fresh catalyst and heated up to
1023 K under He:O2 (8:2, 30 sccm/min). The feed was changed to
CH4:O2 (95:5, 180 sccm/min) for 1 h, reaching the steady state con-
ditions. The analyses of products were carried out with a QMS.

Table 2
Calibrated masses for compound detection in dynamic experiments.

Molecule m/e

CO2 44
CO 28
He 4
H2 2
H2O 18; 17
CH4 16; 15
C2H6 30; 29; 28
C2H4 28;27;26
O2 32
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3. Results and discussion

3.1. TPR

The result of the H2-TPR experiment is presented in Fig. 1. The
oxidized catalyst showed one reduction pattern at 950 K. Further-
more the reduction curve shows early reduction by a slight
decrease of the H2 signal with respect to the baseline. This is also
observed in the work of Shahri et al. [35]. They proposed that the
early reduction is related to manganese oxide.

Peak integration was carried out and the amount of converted
hydrogen was calculated according to Eq. (3). For the integration
an adapted baseline was set to the corresponding hydrogen signals
before and after the reduction pattern. The hydrogen consumption
is equivalent to 17 O-atoms/nm2, which is an astonishing high
value. Typically expected monolayer coverages of transition metal
oxides on various support materials are between 0.1 and 10 atoms/
nm2 [36]. It was found that various manganese oxide species and
supported manganese oxides on silica can be reduced to MnO
under hydrogen atmosphere [37,38]. Furthermore it was shown
in EPR experiments that only manganese ions are reduced at
1073 K in the Na2WO4/Mn/SiO2 catalyst, while tungsten ions had
a constant valency of +VI [39]. In addition, the active phase of this
material has a very flexible structure [40]. Therefore it is possible
that also sublayers are involved in the reduction reaction during
TPR experiments, considering the small specific surface area of that
catalyst.

nH2 ¼
AH2 ;peak½% s� � _V m3

s

h i
� p½Pa�

R J
mol K

� � � T½K� ð3Þ

3.2. O2-TPD

Experimental results of O2-TPD experiments are depicted in
Fig. 2. The ‘‘as calcined” catalyst, without further oxidation treat-
ment, shows an O2 peak at 550 K. For the oxidized catalyst such
peak is missing. Radhakrishnan et al. reported such early desorp-
tion patterns for different supported MnxOy catalysts [41]. Further-
more this phenomenon is also observed for bulk manganese oxides
[42]. This may explain also the early reduction of the catalyst,
observed in TPR experiments. However, in both cases stronger O2

desorption starts at 1000 K. TPD experiments for that catalyst
material have already been published by different groups. In the
review article by Arndt et al. it is mentioned, that O2-TPD experi-
ments published by Fang et al. show no oxygen loss of the catalyst
[43,44]. This is in clear contradiction to the report by Liu et al. [45].
They observed two oxygen signals at 1070 K and 1150 K, which
were interpreted as surface layer oxygen and bulk oxygen. Espe-
cially the desorption peak at high temperatures in our experiments
is in good agreement with their results.

3.3. TPSR

The results of the TPSR experiments are shown in Fig. 3. Differ-
ent symbols represent different compounds. Symbols do not repre-
sent data points, which are too many, to show due to the fast
detection rate. They represent an interpolation of the recorded
data. The results of methane feed TPSR experiments are shown in
Fig. 3A–C, with increasing temperature ramps.

Only CO and ethane formation is observed in this set of exper-
iments. In each case first ethane is formed and followed by detec-
tion of CO. Both peaks shift at higher heating rates to higher
temperatures. The ethane formation shifts slightly and forms no
clear peaks at heating rates above 4 K/min. Such spectra can be
interpreted in different ways. The most important step for the for-
mation of ethane is the selective activation of methane by C–H
bond cleavage. These radicals combine and form an ethane mole-
cule. Na2WO4/Mn/SiO2 catalyst material was verified by Jiang
et al. [46] According to the results of Lee et al. these radicals are
also converted by surface bound oxygen into deep oxidation prod-
ucts [47]. On the other hand methane or ethane can be activated by
another surface side, which leads also to the formation of deep oxi-
dation products. We assume a short lifetime for the methyl radicals
and therefore an immediate coupling or adsorption process on the
catalyst surface. As mentioned before, in our TPSR experiments CO
is formed much later and therefore the coupling process seems to
be preferred. Furthermore the CO formation has to be observed
parallel to ethane formation, when the oxidation of ethane is the
origin of CO formation. Thus, the unselective activation of methane
by another oxygen species on the catalyst surface is responsible for
the formation of CO.

To analyze that situation in more detail, a series of simulations
with the discussed reaction mechanisms in TPSR experiments were
carried out and are presented in the supporting information. Our
simulation results confirm that two active oxygen species on the
catalyst surface in absence of gas phase oxygen contribute to
OCM activity. Therefore not only gas phase and oxygen adsorption
intermediates contribute to unselective methane activation. The
nature of these species could be electrophilic and nucleophilic.
On the one hand electrophilic oxygen is responsible for selective
methane activation, which forms methyl radicals. On the other
hand the nucleophilic species contributes to deep oxidation

Fig. 1. H2 TPR of oxidized Na2WO4/Mn/SiO2 catalysts. 60 mg catalyst, N2:H2 (9:1,
60 sccm/min), 2 K/min.

Fig. 2. O2 TPD of different pretreated Na2WO4/Mn/SiO2 catalysts. 1 g catalyst, He
(99.999%, 20 sccm/min), 2 K/min.

94 V. Fleischer et al. / Journal of Catalysis 341 (2016) 91–103



product formation. In the literature similar TPSR experiments were
carried out with SrxTiyMgO, confirming our results [48]. The peak
shift at different heating rates in TPSR experiments correlates with
the slowest reaction in the reaction network. For OCM, this is
assumed to be the methane activation reaction [49,50]. That effect
is used in the next section to calculate the activation energy of
selective methane activation.

It has to be noted that the variations in the peak areas in these
experiments are caused in two different ways. On the one hand
slow heating rates result in a longer reaction time for oxygen con-
sumption for each temperature during the experiment. Therefore
low amounts of methane can be converted already at lower tem-
peratures. Thus, the peak amplitude is different for slow heating
rates, because less oxygen is available on the catalyst surface at
that time step. In addition, fast heating rates shift the methane
activation by oxygen to higher temperatures and therefore the

reaction rate is much higher, because of higher temperature and
more oxygen which was not converted so far. On the other hand,
as shown in the last section, oxygen can desorb during the exper-
iment. Therefore it is also possible that oxygen is released in gas
phase, while methane adsorbs on the catalyst surface.

In the same manner as methane TPSR experiments, a series of
TPSR experiments for ethane are shown in Fig. 3D–F. We observe
ethane conversion to ethene starting at 890 K in all experiments.
At 1050 K most of the ethane in the feed has been converted to
ethene but conversion does not change further. The initial temper-
ature of ethane consumption is higher than for methane activation
in TPSR experiments. According to the different C–H bond
strengths of methane and ethane, a lower activation temperature
would be expected. However our TPSR experiments indicate a dif-
ferent activation mechanism for this molecule, which is not
effected by C–H bond cleavage on the catalyst surface, which will

Fig. 3. TPSR product formation peaks of methane, ethane and ethene TPSR experiments at heating rates from 1 to 5 K/min, 1 g Na2WO4/Mn/SiO2, A–C: methane TPSR, D–F:
ethane TPSR (He:C2H6, 95:5), G–I: ethene TPSR (He: C2H4, 95:5), 1 g Na2WO4/Mn/SiO2, 30 sccm/min.
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be discussed later. Furthermore, the formation of CO2 and CH4 can
be observed at 950 K. These products indicate deep oxidation reac-
tion steps as well as cracking reactions. Some carbon deposition as
consecutive reaction product is also observed during reactor
purging.

In TPSR experiments utilizing ethene as reactant only CO2 and
CH4 formation at 920 K can be observed. That is in good agreement
with our results of ethane TPSR experiments. CH4 is a typical crack-
ing product, which is formed from ethene during coke formation
on the catalyst surface [51,52]. Carbon deposition was verified by
oxidation of the catalyst subsequent to the TPSR experiment. Inter-
estingly the formation of CO2 and CH4 starts in these experimental
sets at the same temperature, which indicates a fast consecutive
reaction from ethene to carbon deposition followed by CO2 forma-
tion. Another possible explanation is a parallel reaction of ethene
to cracking products and to carbon dioxide. The formation of deep
oxidation and cracking products from ethene in absence of gas
phase oxygen and the adsorption intermediate confirms our
hypothesis that two active oxygen species seem to be responsible
for ethene activation. On the one hand electrophilic oxygen can
interact with the double bond of ethene, which could form ethy-
lene oxygenates. These intermediates are further oxidized to deep
oxidation products. On the other hand nucleophilic oxygen can
activate ethene by C–H bond cleavage, which results into the for-
mation of deep oxidation and cracking products. Such effect is
well-known for ethylene oxide synthesis and for OCM on silver
catalysts [53,54].

In Fig. 4A the product formation from ethane TPSR is presented
in more detail for further discussion, than in Fig. 3. At 890 K small
amounts of ethene can be observed, while water and hydrogen for-
mation starts at the same temperature. At 950 K the amount of
water decreases, while the amount of hydrogen still increases. As
mentioned before, with increase of ethane conversion, CO2 and
methane signals can be observed. For monitoring the water forma-
tion in a consecutive reaction, the detailed product signals for
ethene TPSR are shown in Fig. 4B. We observe at 920 K small
amounts of water and CO2 formation. At 1050 K the water amount
decreases to the baseline level, while the CO2 signal stays constant
and methane formation can be observed. We observe also hydro-
gen formation at this temperature and much stronger ethene
decomposition. Both product spectra show that the oxygen rich
surface provides enough potential for oxidative dehydrogenation
reaction steps, indicated by water formation. When that surface
oxygen species is consumed, the reaction pathway changes to ther-
mal decomposition reactions. For ethane TPSR experiments it is not

clear whether thermal and oxidative dehydrogenation follows con-
secutive or parallel reaction routes.

To analyze this situation we calculated the free reaction energy
for different coking and oxidation reactions at 1073 K by Eq. (4).
The thermodynamic data for each compound was presented by
McBride et al. [55]. The results are shown in Table 3.

DGR ¼
X
i

mi � DHf ;i � T �
X
i

mi � DSf ;i ð4Þ

The oxidative dehydrogenation (ODH) is preferred compared to
the thermal dehydrogenation (TDH) (Table 3, reaction A and B).
Our ethane TPSR experiments in an empty reactor show thermal
dehydrogenation in the same temperature range. According to that
result we conclude that this phenomenon is a parallel route in the
gas phase. The coupling process of twomethyl radicals in gas phase
at that temperature has a free energy of �328 kJ/mole. Thus, the
energy must be transferred from the ethane intermediate for stabi-
lization. Typically, that could be done by a collision with another
molecule or the splitting of ethane into new molecules as ethene
and hydrogen [6]. Decomposition of ethane to coke and hydrogen
is not favored, but the backward reaction to methane by reduction
may happen in the gas phase (Table 3, reaction C and D). The split-
ting reaction of ethane to methane hydrogen is necessary. As main
hydrogen source the TDH of ethane may be responsible. Finally the
ODH reaction of ethane is thermodynamically preferred but lim-
ited to the amount of stored oxygen on the catalyst surface. For
TDH no adsorption of ethane on the catalyst surface is required.

The ethene decomposition to carbon and methane is slightly
preferred, compared to the route of carbon and hydrogen forma-
tion only (Table 3, reaction E and F). The formation route of carbon
dioxide cannot be resolved exactly, because the TPSR method is not
sensitive enough for this reaction and the thermodynamic data for
the Na2WO4/Mn/SiO2 catalyst are unknown. Isotopic labeling

Fig. 4. Detailed ethane and ethene TPSR spectra, A: Ethane, B: Ethene, 3 K/min, 1 g Na2WO4/Mn/SiO2, 30 sccm/min flow (He:C2HX, 95:5).

Table 3
Calculated free energy for oxidation and coking reactions from ethane and ethene at
1073 K.

No. Reaction DG (kJ/mole)

A C2H6 + ½ O2 ? C2H4 + H2O �187.4
B C2H6 ? C2H4 + H2 6.9
C C2H6 ? 2 C + 3 H2 32.0
D C2H6 + H2 ? 2 CH4 �79.0
E C2H4 ? 2 C + 2 H2 �107.4
F C2H4 ? C + CH4 �118.9
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experiments with 13C in cofeed for that catalyst material are
required to understand the origin of deep oxidation products.

To compare our findings, a well-established reaction network
for the OCM is shown in Fig. 5A. It must be considered that the
reaction network combines oxygen induced gas phase reactions,
further gas phase activity by water and oxygen containing prod-
ucts, gas phase interactions of short lifetime intermediates as rad-
icals and surface reactions in each step. Methane undergoes a
parallel reaction to ethane or the deep oxidation product CO. The
first route leads to ethene which can be converted to CO2, which
is in equilibriumwith CO [56]. There are somemodifications of this
model, which were used for formal kinetic fitting procedures for
the Na2WO4/Mn/SiO2 catalyst [8,9].

The micro kinetic model from the introduction part is presented
in Fig. 5B for further comparison. Interpretation of the TPSR results
leads to a similar reaction model which is presented in Fig. 5C. The
methane activation on the catalyst surface is followed by coupling
process or by methyl radical absorption and the formation of oxy-
genates. In contrast, our TPSR results indicate that methane activa-
tion is performed by two different surface oxygen species. Similar
to the results of Sun et al. the ethane molecule is activated by oxy-
gen on the catalyst surface or in gas phase by different radical spe-
cies, which is common for the TDH reaction. The absence of gas
phase oxygen leads to hydrogen production instead of water for-
mation. Similar findings in these models show that the TDH is a
serious parallel reaction route in the oxidative coupling of

methane. Such information is typically not obtainable in co-
feeded studies [57]. Furthermore this route reveals the complexity
of different gas phase contributions to OCM, considering that the
TDH is also a radical chain mechanism, as the selective methane
activation on the catalyst surface is. Both reactions are initialized
by methyl radical formation [50,58]. The mechanism of ethane
activation on the catalyst surface by TPSR experiments cannot be
revealed. In contradiction to the literature model, which requires
gas phase oxygen for the formation of deep oxidation products
by ethene oxidation, the TPSR results for the Na2WO4/Mn/SiO2 cat-
alyst reveal that also lattice oxygen is able to form such kind of
products. Therefore it is possible that a Mars-van-Krevelen type
mechanism should be considered for ethylene oxidation. In addi-
tion, it must be considered that also the cracking mechanism of
ethylene is based on radical reactions and coke formation is pre-
ferred at higher ethene partial pressures [59].

However, the proposed model is similar to the key steps of the
reaction network for the MgO catalyst. It shows that the MgO cat-
alyst and the Na2WO4/Mn/SiO2 catalyst have several similarities,
despite their chemical difference.

3.4. Arrhenius parameter of methane TPSR

In the last section we pointed out, that the rate-determining
step in TPSR experiments is strongly influenced by the heating rate.
Redhead showed that desorption or the rate-determining reaction
step follows an Arrhenius type function [33]. The rate constant of
the surface reaction is proportional to the ratio of heating rate
(b) and peak amplitude temperature (TA) of the formed product,
which is shown in Eq. (5). Following this method an Arrhenius plot
can be constructed. Therefore we carried out methane TPSR exper-
iments with heating rate variation from 1 to 4 K/min. Higher heat-
ing rates show no clear ethane peak as can be seen in the last
section. For a more exact determination of the peak temperature
from the observed ethane peaks, each peak was fitted to an empir-
ical amplitude of the Gaussian function, which is shown in Eq. (6).
All fits had an accuracy of 0.85 or better. The peak temperatures TA,
derived by this method are shown in Table 4.

k � b

T2
A

 !
ð5Þ

xi ¼ xi0 þ A � exp �0:5 � T � TA

w

� �2
 !

ð6Þ

Fitting parameters:

A – peak amplitude (ordinate).
TA – temperature of peak (abscissa).
xi0 –offset of compound baseline.
w - half width of peak signal.

The inverse temperatures of the ethane peaks were plotted to
the Napierian logarithm of heating rate divided by the square of

Fig. 5. A: Classical OCM reaction mechanism, including gas and surface reaction
steps [8,9], B: OCM reaction network according to Table 1, C: Proposed reaction
route for OCM surface reaction based on TPSR experiments for Na2WO4/Mn/SiO2

catalyst.

Table 4
Ethane peak temperatures from methane TPSR experiments with heating rates from 1
to 4 K/min fitted by an empirical Gaussian function, 1 g Na2WO4/Mn/SiO2, 30 sccm/
min methane.

Heating rate b (K/min) Temperature of ethane peak amplitude TA (K)

1 964 ± 3
2 983 ± 1
3 985 ± 1
4 1003 ± 1
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temperature of the peak amplitude, following the Redhead method
[33]. The result is shown in Fig. 6.

Deriving the activation energy from this plot results in
275 ± 29 kJ/mole. The error of this astonishingly high value is
strongly influenced by the ethane peak amplitude temperatures
and the fitting results. Especially slow heating rates show a noisy
and weak ethane signal. Other influences are CO formation and
carbon deposition, which can block surface sites.

Comparing this activation energy to other apparent formal
kinetic model parameters shows a high discrepancy between these
values. The apparent activation energy for methane activation in
steady state experiments varies from 133 kJ/mole up to 212 kJ/
mole [35,60,61]. The different results show clearly that the deriva-
tion of a reliable result for this step is very challenging, considering
that different oxygen species with different lifetime contributes to
methane activation on the catalyst surface. However, Lunsford and
Coworkers found similar value of 270 kJ/mole [62].

One reason for such a difference is the assumptions for the
derivation of the reaction rate laws. In formal kinetic models,
which were discussed in the last section, the activation of oxygen
undergoes direct dissociation to an adsorbed species (Ox

⁄), which
is shown in Eq. (7). In our work, we assume an involvement of
strongly bound oxygen which may also be lattice oxygen (Ox

⁄). This
may happen by an adsorption process (O2,ads) and a consecutive
dissociation reaction, which is shown in Eqs. (8) and (9).

O2 þ 2 � ¢2O�
x ð7Þ

O2 þ �¢O2;ads ð8Þ

O2;ads � ¢ xO�
x ð9Þ

To discuss this situation in more detail, a possible energy profile
of the OCM consecutive reaction network is constructed in Fig. 7.
We assume a two step activation process for oxygen, starting by
adsorption (O2,ads) followed by dissociation (Ox

⁄), which was postu-
lated by Beck et al. [26]. The difference between these two species is
their interaction with the surface. The adsorbed, electrophilic oxy-
gen species O2,ads is responsible for deep oxidation products and is
weakly bound on the catalyst surface. The dissociation of this spe-
cies to the nucleophilic Ox

⁄ involves the catalyst material, which
causes a strong interaction. Both oxygen species must have differ-
ent energy levels, because of their binding situation. The activation
of methane to deep oxidation products undergoes a transition state
with O2,ads (Fig. 7, EA1) in steady state experiments. Assuming that
the conversion of methane, ethane and ethene is initialized by
C–H bond cleavage at the same oxygen species results in similar
activation energies in the range of 120–180 kJ/mol. The much
higher activation energy obtained from the TPSR experiments
(Fig. 7, EA3) clearly indicates the presence of the strongly bound,
presumably dissociated oxygen species at a much lower energy
level. Since this species is already formed during the pretreatment
of the catalyst, a higher activation barrier has to be overcome.
Due to the course of the experiments such a more stable species
is required that survives the pretreatment of the catalyst. In addi-
tion this is supported by the findings of dynamic experiments,
which are discussed in the next section. Similar findings and con-
clusions were made by Sofranko et al. and Jones et al., who carried
out several dynamic experiments with catalyst materials including
alkali promoted Mn/SiO2 catalysts of different compositions
[63–65]. They concluded that different surface oxides are involved
in the OCM process, which confirms our results. Furthermore they
have mentioned that non acidic oxide species are responsible for
unselective methane activation. Several methane activation mech-
anisms were reviewed and discussed by Sinev [66]. He showed that
a heterolytic proton or hydride ion abstraction of a C–H bond has
similar energy expenditures as the molar energy of the lattice for
stable oxides such as MgO or Al2O3.

3.5. Dynamic experiments at constant temperature

3.5.1. Comparison of dynamic and steady state experiments
The results of our steady state experiment are shown in Table 5.

Comparing the selectivities of both experimental sets, steady state
and dynamic experiment (Table 6) shows similar selectivities of C2
and deep oxidation products. It has to be noted that gas phase oxy-
gen contributes to the results of steady state experiments, but not
to the dynamic ones. The major difference in selectivities is the
ratio of ethane to ethene. In the steady state experiment, ethane
is the major product while in dynamic mode ethene dominates.
The low methane conversion and high C2 selectivity in the steady
state experiment indicate less gas phase activity, compared to the
catalytic activity. Therefore we determined the initial reaction rate
of methane conversion from Eq. (10):

rCH4 ¼ _nCH4 �
XCH4

mcat
ð10Þ

Fig. 6. Arrhenius type diagram of methane TPSR experiments using the ethane peak
amplitudes, with heating rate of 1–4 K/min, 1 g Na2WO4/Mn/SiO2, 30 sccm/min
methane.

Fig. 7. Proposed energy profile for the OCM reaction at the Na2WO4/Mn/SiO2

catalyst at 1073 K.

Table 5
Results of steady state experiment, CH4:O2 95:5, 180 sccm/min, 1023 K, 1 g catalyst.

X CH4 X O2 S C2H6 S C2H4 S CO2 Y

0.032 0.393 0.676 0.114 0.210 0.025
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For the dynamic experiment, we assume that the activation of
methane is the rate determining step. All reaction steps should
have a reaction order of one, because of the activation by adsorp-
tion on the catalyst surface. We calculated the formation rates of
all products during the first 20 s, using Eq. (11). It has to be noted
that the methane partial pressure is not constant and still increas-
ing in this time span. The experimental conditions and results for
the dynamic experiment, with a purge time of 10 min, are shown
in Table 6. A detailed discussion for the dynamic experiment fol-
lows in the next section.

rCH4 ¼
X

products;i

nCH4 ðdtÞ
mcat

� mi � dxidt

� �
i

ð11Þ

nCH4 – Moles of methane in 20 s.
xi – Mole fraction of detected compound.
mi – Stoichiometric factor.

In the steady state mode (242 lmol/gcat min�1), the rate is much
higher compared to the dynamic mode (5.19 lmol/gcat min�1). The
difference of almost two orders of magnitudes between both reac-
tion rates indicates several effects.

On the one hand, in steady state mode the methane partial pres-
sure is constant at 0.95 bar, while in the early period of the
dynamic experiment methane partial pressure reaches only
0.1 bar. On the other hand, in steady state the major product is
ethane, while in dynamic mode ethane and ethene have the same
ratio. Therefore the formed ethane, which is even more reactive,
competes in the dynamic experiment with the fed methane for
the oxygen and therefore has also a substantial effect on the mea-
sured rate of methane consumption. We assume, that the low flow
of 20 sccm/min in the dynamic experiment compared to 180 sccm/
min in the steady state experiment allows more consecutive oxida-
tive dehydrogenation of ethane. In Addition the catalyst in steady
state mode is continuously reoxidized by gas phase oxygen, which
also enhances the reaction rate. Therefore not only the strongly
bound oxygen intermediate is present on the catalyst surface.
The weakly bound intermediate contributes also to the reaction
rate. The reoxidation rate of the catalyst is fast compared to
methane activation. Thus, the catalyst activity is not limited by
the available amount of oxygen [47].

In contradiction, in dynamic experiments only small amounts of
oxygen are stored on the catalyst surface, which are rapidly con-
sumed. Further effects may limit the reaction rate by mass trans-
port limitation. Possible is the formation of OH groups on
Na2WO4/Mn/SiO2, which can even block sites for methane adsorp-
tion. An additional limiting effect is the formation of coke, which
can also block or convert active sites. All these effects cannot be
fully excluded.

However, the large difference in methane partial pressures in
steady state and dynamic experiments and the big differences in
availability of oxygen in both experimental modes seem to have

the strongest effects on the reaction rate. Thus, we assume to
observe comparable initial activity of the active oxygen sites in
both types of experiments.

3.5.2. Influence of purge time and flow rate in dynamic experiments
In the first series we carried out a variation of the purge time

with Helium from 10 min to 5 h. The results for these experiments
are shown in Fig. 8. At time 0 s, the methane flow reached the cat-
alyst bed after purging with inert gas for different time intervals. In
all experiments we obtained a C2 selectivity of 85% or better. The
amplitudes of the product peaks are much higher compared to
the TPSR experiments. In the TPSR experiments the time span
between oxidation and reaction is dependent on the heating rate.
Furthermore, in TPSR experiments the oxygen conversion starts
at lower temperatures and the amount of stored oxygen decreases
in a longer time span. Slow increase of temperature enhances this
effect. Reaching high temperatures, most of the oxygen will be con-
verted and the peak amplitude is low. In the TPD experiment we
could observe an oxygen loss at these temperatures, which may
also contribute.

During the first minute in all dynamic experiments we observe
deep oxidation products, indicated by CO and CO2 formation. In
this time interval the partial pressure of methane is still increasing,
because it replaces the He from the purging process. At high
methane partial pressures and reaching the ethene peak ampli-
tude, the CO signal vanishes. The same phenomenon is observed
for the CO2 signal, which has a longer time span than CO. The early
decrease of the CO2 signal indicates that the available amount of
oxygen for OCM reaction decreases rapidly and only small amounts
are consumed for ethane and ethene formation. The preferred
route of deep oxidation product formation, from methane or
ethene, during dynamic experiments cannot be revealed. Isotopic
labeling experiments for the Na2WO4/Mn/SiO2 catalyst reveal no
kinetic isotope effect (KIE) of CH4/CD4 for deep oxidation product
formation [67]. It was concluded, that a different site on the cata-
lyst surface is responsible for COX formation, which was suggested
to be MnOX.

To quantify our results an oxygen balance for each compound
was calculated. To do so, the peak areas for each compound (Ai,peak)
were integrated with respect to the baseline level. The amount of
each product was calculated as shown in Eq. (12) and the corre-
sponding moles of consumed oxygen with respect to the stoi-
chiometry were determined. We assume that surface bound
oxygen (O⁄) is an atomic species and quantitatively converted to
water. The corresponding reactions are shown in Eqs. (13)–(16).

ni ¼
Ai;peak½% s� � _V m3

s

h i
� p½Pa�

R J
mol K

� � � T½K� ð12Þ

CH4 þ 4O� ! CO2 þ 2H2O ð13Þ

2CH4 þ O� ! C2H6 þH2O ð14Þ

Table 6
Species based oxygen balance for the dynamic experiments of methane at purge process duration from 10 min to 300 min, 1023 K, 20 sccm/min CH4 for 10 min, 1 g Na2WO4/Mn/
SiO2.

Purge interval 10 min 180 min 300 min

CO2 CO C2H6 C2H4 CO2 CO C2H6 C2H4 CO2 CO C2H6 C2H4

Aver. S 0.08 0.03 0.44 0.45 0.14 0.01 0.48 0.37 0.12 0.01 0.50 0.37
Aver. S 0.11 0.89 0.15 0.85 0.13 0.87
#O/nm2 7.2 5.4 1.8 3.6 10.4 0.6 4.5 7.1 8.8 0.58 4.6 6.8
#O/nm2 18.00 21.66 20.66

V. Fleischer et al. / Journal of Catalysis 341 (2016) 91–103 99



2CH4 þ 2O� ! C2H4 þ 2H2O ð15Þ

CH4 þ 3O� ! COþ 2H2O ð16Þ
The results of these oxygen balances are listed in Table 6. The

calculated oxygen amounts are similar to those from the H2-TPR
experiment. Increasing the purge time has no substantial influence
on the available oxygen amount. As mentioned before, most oxy-
gen was converted to form deep oxidation products. Only increas-
ing of the purge time interval to 5 h decreases the peak amplitudes
of all formed products slightly. Another effect is the decrease of the
peak tailing of ethene, whereas the tailing of CO2 is increased. This
implies that the catalyst structure could have changed. As demon-
strated in our TPD experiment the catalyst material desorbs oxy-
gen at high temperatures. That could lead to a change of the
oxidation state of manganese oxide from Mn2O3 to Mn3O4, for
instance. Both species have different activity for unselective
methane activation [38].

With this experiment, we can show that the provided oxygen is
stored under harsh conditions even for hours. This implies that the
active center on the Na2WO4/Mn/SiO2 for OCM is bound or inte-
grated oxygen in the lattice structure, because simply adsorbed
oxygen species should not survive such treatment without addi-
tional stabilization. From the mechanistic point of view these
results support the theory of a Mars-van-Krevelen like mechanism
for the OCM reaction on Na2WO4/Mn/SiO2.

Similar step-change experiments in the OCM with this material
were carried out by Salehoun and coworkers [68]. They could
show an increase of the ethane peak by an increase of reaction

temperature, indicating larger amounts of available oxygen. An
interesting difference is the observed ratio of ethane and ethene,
because their results show strong ethane formation and less
ethene formation, but overall C2 selectivity is close to our results.
They also concluded that C2 products may come from lattice oxy-
gen by selective methane activation, where CO is formed by unse-
lective reaction of methane with gas phase oxygen. Both
interpretations confirm our results. They mentioned also that the

Fig. 8. OCM product signals from dynamic experiments with methane with increasing of purge duration at 1023 K, 20 sccm/min CH4 for 10 min, 1 g Na2WO4/Mn/SiO2, A –
10 min He purge, B – 180 min He purge, C – 300 min He purge.

Fig. 9. Selectivity for purge time reduction of dynamic experiments from 5 min to
15 s, 1 g Na2WO4/Mn/SiO2, 1023 K, 30 sccm/min CH4 for 10 min.
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reduced catalyst will be reoxidized by gas phase oxygen, while the
catalyst reoxidation rate is much faster than its rate of reduction by
bond cleavage of alkanes or alkenes.

The selectivities observed in short purge time experiments are
shown in Fig. 9. A detailed oxygen balance for each compound
can be found in Table 7. The C2 selectivity changes substantially.

The major product is ethane, whereas ethene decreases and is in
the range of the CO2 signal, which is a minor product. During these
experiments no CO was detected by decrease of residence time. On
the one hand that could be interpreted, that no methane was acti-
vated in an unselective way and the CO2 results from ethene acti-
vation, according to the discussed reaction network before. On the
other hand it must be considered that CO could be also oxidized to
CO2 on the catalyst surface. Therefore it is not possible to distin-
guish between methane and ethene activation to form deep oxida-
tion products.

The number of available oxygen atoms stays constant at
20 O/nm2. A more or less constant number of converted oxygen
atoms from the catalyst surface indicate that no significant coke for-
mation from ethene disproportionation blocks available surface
oxygen for the OCM reaction, in both sets of experiments. These
experiments imply that the feed contact time with the catalyst
bed has a strong influence on the C2 product ratio, but not on deep
oxidation products. That supports our statement from the TPSR sec-
tion that adifferentoxygen speciesmustbe responsible fordeepoxi-
dation product formation, which can interact with methane and
ethene in a different, independent route. In our TPSR experiments
we discussed that the parallel reactions ODH on the catalyst surface
and TDH in gas phase are responsible for C2H4 formation. It has to be
noted that we cannot reveal how strong these routes are involved in
product formation.

Another observed phenomenon is that there is still no influence
of the purge interval on the OCM itself. Even for 15 s purge

Table 7
Compound based oxygen balance for short He purge times in dynamic experiments from 300 s down to 15 s, 1 g Na2WO4/Mn/SiO2, 1023 K, 30 sccm/min CH4 for 10 min.

Purge time (s) CO2 (#O/nm2) CO (#O/nm2) C2H6 (#O/nm2) C2H4 (#O/nm2) R (#O/nm2)

300 10.70 0 7.33 2.57 20.60
270 9.41 0 7.64 1.89 18.94
230 9.77 0 7.27 1.77 18.81
160 8.94 0 7.72 1.66 18.32
100 9.14 0 7.19 1.47 17.80
60 9.46 0 7.02 1.52 17.99
30 9.74 0 7.55 2.19 19.47
15 8.27 0 8.55 2.30 19.11

Fig. 10. Total number of oxygen atoms per nm2 at different purge time durations in dynamic experiments, 1 g Na2WO4/Mn/SiO2, 1023 K, 20–30 sccm/min CH4 for 10 min.

Fig. 11. Selectivity of the varied methane feed concentration in dynamic experi-
ments, 1 g Na2WO4/Mn/SiO2, 1023 K, 30 sccm/min CH4 for 5 min.
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duration, there is no shift in the selectivities observed. This result is
only plausible, when short purge processes are sufficient for
removing all gas phase and adsorbed oxygen from the catalyst sur-
face and the reoxidation rate of the catalyst is fast. A sum of the
available oxygen on the Na2WO4/Mn/SiO2 is shown in Fig. 10 that
shows no significant change in the available oxygen amount on the
catalyst surface for purge time variation.

3.5.3. Methane partial pressure variation in the reactant feed of
dynamic experiments

The response of the selectivities to methane partial pressure
variation in the reactant feed is shown in Fig. 11. The ethene selec-
tivity increases slightly when reducing the methane partial pres-
sure. CO2 is only observed for pure methane feed and only small
traces of CO appear. Therefore the C2 selectivity is around 0.9. A
decrease of the methane partial pressure shifts the overall C2
selectivity for these experimental conditions to 0.96. By reducing
the methane fraction in the feed, the converted oxygen amount
from the catalyst surface decreases in the same ratio (Table 8).
These numbers indicate that less oxygen is consumed, compared
to the dynamic experiments before, which showed 20 O/nm2. In
addition, reducing the reactant feed duration from 10 to 5 min
leads to a decrease of the converted oxygen, in pure methane feed
experiment, too.

This indicates again, that there is linear methane partial pres-
sure dependence for the overall OCM process on Na2WO4/Mn/
SiO2 catalysts. Our results are in good agreement with isotopic
labeling experiments of Burch et al., who found a similar correla-
tion [67].

4. Conclusion

In our H2-TPR experiments we found reduction of Na2WO4/Mn/
SiO2 catalyst at 950 K. The O2-TPD shows weak early oxygen des-
orption at 540 K and a clear oxygen desorption peak at 1070 K.
Both experiments show that the catalyst structure provides oxygen
which interacts with different oxidation potentials.

In TPSR experiments we found that methane can be converted
into CO or ethane. That is caused by two different oxygen species
according to our simulation results. The formed ethane can be oxi-
dized further to ethene in a parallel reaction, by oxidative or ther-
mal dehydrogenation on the catalyst surface or in gas phase. This
process is dependent on the available oxygen amount at the cata-
lyst surface and a serious route in the OCM reaction. Ethene under-
goes disproportion to coke and methane formation. We also
observe CO2 formation in a parallel pathway. All these pathways
were only obtainable in non-cofeed experiments. Methane TPSR
experiments at heating rates of 1–4 K/min result in an activation
energy of 275 kJ/mole for methane activation and ethane forma-
tion by catalyst bound oxygen. This value is common by the
assumption that lattice oxygen or a strongly adsorbed oxygen spe-
cies is involved in the rate determining step of the OCM process on
the Na2WO4/Mn/SiO2 catalyst. The higher activation energy
obtained from a TPSR experiment compared to methane activation
energies from steady state experiments in the literature can be
explained by an energy profile including such an activated oxygen
species, which is shown in Fig. 7. We conclude that strongly

adsorbed or lattice oxygen is responsible for methane activation,
which has a much lower energy level, compared to adsorbed
molecular oxygen. In our dynamic experiments we found that
around 20 O/nm2 are available on the catalyst surface for the
OCM process. This number is independent of purge times between
15 s and 300 min and even of the flow rate of methane, which has a
strong effect on C2 selectivity but not on the total product amount.
Such a high number of available oxygen atoms per surface area
indicate involvement of lattice oxygen and may be from sublayers
of the catalyst material, caused on its flexible structure properties.
A linear decrease of the converted oxygen atoms on the catalyst
surface is only observed when reducing the methane feed duration.
Partial pressure variation of methane showed a linear dependence
on the converted number of oxygen atoms, too.

Finally, the nature of oxygen adsorption and conversion by that
catalyst material has strong similarities with other well-known
partial oxidation reactions as the synthesis of formaldehyde or
ethylene oxide from methanol or ethene on silver catalysts
[53,54,69,70]. The function to store a selective oxygen species for
chemical reactions under harsh conditions for different periods of
time might be useful for dynamic reactor concepts, such as chem-
ical looping. Such a concept has the advantage of excluding oxida-
tion reactions in gas phase. Typical material properties for such a
concept are fast storage of oxygen and fast oxygen release for
chemical reactions [71]. In our work we could show that a reoxida-
tion of the material is fast compared to the OCM reaction. A direct
conversion of the strongly bound oxygen species on the catalyst
surface by methane might be a proper manner for a modified
chemical looping concept. Such a concept was already successfully
tested for propane dehydrogenation and is reviewed in detail
elsewhere [72,73].
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Investigation of the surface reaction network 
of the oxidative coupling of methane over 
Na2WO4/Mn/SiO2 catalyst by temperature 
programmed and dynamic experiments -  

Supporting information 

1. Experimental 

1.1. Setup for TPSR and Dynamic experiments 
The setup for dynamic experiments is illustrated in Figure 1. Different gases can be transported by 

mass flow controllers (MFC). In front of each MFC a switching valve (SV) was installed. The 

connection pipe between these valves and the reactor entrance has a length of 2 m to handle 

pressure fluctuation by switching the two way valves. All connections were tested by leakage spray 

to test for micro gas leakages. That was verified by mass spectroscopy to ensure that even no traces 

of gas phase oxygen by air leakage contribute to dynamic experiments. The methane MFC has two 

inlets, which can be selected by a three way valve. That allows the dose of ethane and ethylene. All 

MFC’s were calibrated by an external flow meter (Gilian, Gilibrator-2 Calibrator) considering the 

different gases. A detailed analysis about the furnace temperature profile is reported in the next 

section. Finally the outlet of the reactor was connected to a quadrupole mass spectrometer (IPI QMS, 

GAM 200). 



2 
 

 

Figure 1 - Construction scheme of the dynamic setup 

1.2. Reactor and Furnace 
The quartz made reactor is presented in Figure 2. The type K thermocouple is placed in a quartz 

channel. The tip position of that channel is inside of the catalyst bed. That position was used for 

temperature control. The catalyst material is placed on a quartz frit, which is in the isothermal zone 

of the reactor.  
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Figure 2- Detailed scheme of the fixed bed reactor (din = 9 mm, dcapilary,thermocouple = 4 mm). 

 

A series of axial temperature profiles of the heated parts of the reactor were measured by an 

additional, movable type K thermocouple. The reactor was placed in the furnace and heated up to a 

fixed temperature. After reaching that  temperature a movable thermocouple was introduced at the 

inlet or the outlet of the reactor to measure the local temperature on several positions. At this time, 

no gas was send through the reactor. The results are presented in Figure 3. The position of the 

catalyst bed (2 g Na2WO4/Mn/SiO2) is also presented.  It can be seen, that the catalyst bed is clearly 

in the axial isothermal zone of the reactor. The radial temperature profile was neglected because of 

symmetric geometry of the reactor and temperature control inside of the catalyst bed. During 

dynamic experiments no temperature increase was observed. Calculation of the adiabatic 

temperature increase results in 33 K, assuming the total oxidation of methane in gas phase according 

to equation (1). The concentration for oxygen was set to the presented value in the manuscript, 

considering the fictive free space of the catalyst material as reaction volume. 

 CH4 + 2 O2 →  CO2 + 2 H2O (1) 
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Figure 3 – Axial temperature profile of the heated reactor section at constant set temperature. 

2. Catalyst characterization 

2.1. BET 
The nitrogen adsorption apparatus and sample preparation was described elsewhere. [1] Selected 

results are presented in Table 1. The enumeration of some experiments follows the experimental 

plan in Table 2. After the oxidation pretreatment procedure the catalyst material shows only small 

shrinkage of the specific surface area (SSA). After performing dynamic experiments only small 

deviation of the SSA is observed. That is a common effect for that material. [2,3] 

Table 1 - Results of nitrogen adsoption experiment of pretreated and spend catalysts in dynamic experiments 

Experiment 
Initial specific 
surface area 

(m²/g) 

After oxidation 
pretreatment of the 

catalyst material (m²/g) 

After dynamic 
experiments (m²/g) 

TPR 1 1.86 X 1.68 
TPR 2 1.86 1.72 1.70 
TPD 1 1.86 X 1.70 
TPD 2 1.86 1.75 1.68 

TPSR (CH4 3 K/min) 1.86 1.69 1.76 
TPSR (C2H4 3K/min) 1.86 1.80 1.68 

Dynamic experiment 
(purge time 10 min) 

1.86 1.77 1.70 

Dynamic experiment 1.86 1.72 1.70 
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(purge time 300 min) 
Dynamic experiment 

(purge time 5 sec) 
1.86 1.74 1.69 

 

2.2.  X-ray diffraction analysis 
The experimental details were described elsewhere. [1] The xray diffraction patterns of different 

treated Na2WO4/Mn/SiO2 catalysts are presented in Figure 4. The fresh catalyst shows diffraction 

patterns for Cristobalit, Tridymite, Na2WO4 and Mn2O3. After the mentioned peroxidation method 

the XRD pattern reveal additional peaks for quartz and very weak signals for MnWO4. No other 

phases were identified for the catalyst material after dynamic experiments. These results are in good 

agreement with other groups. [2–6] 

 

Figure 4 - XRD patterns of fresh, pretreated and spend Na2WO4/Mn/SiO2 catalysts 
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3. Experimental plan 
An experimental plan of all experiments is listed in Table 2. 

Table 2- Experimental plan of all temperature ramp and dynamic experiments 

Experiment 
Catalyst 

pretreatment 

Catalyst 
Amount 

(g) 

Temp. 
ramp 

(K/min) 

Max. 
Temp. 

(K) 

Reduction Feed 
composition 

Total 
time of 

reduction 
Feed 
(min) 

TPR 1 
Purge He, no 

heating 
0.06 2 1093 

N2:H2 (9:1, 60 
sccm/min) 

400 

TPR 2 

Oxidation 10 
K/min – 1023 K 
for 1 h, Purge 

He 

0.06 2 1093 
N2:H2 (9:1, 60 

sccm/min) 
400 

O2 TPD 
Purge He, no 

heating 
1 5 1093 

He (99.999 %, 20 
sccm/min) 

160 

O2 TPD 

Oxidation 10 
K/min – 1023 K 
for 1 h, Purge 

He 

1 5 1093 
He (99.999 %, 20 

sccm/min) 
160 

TPSR – CH4 

Oxidation 10 
K/min – 1023 K 
for 1 h, Purge 

He 

1 1 1073 
30 sccm/min methane 

(99.99 %) 
800 

TPSR – CH4 

Oxidation 10 
K/min – 1023 K 
for 1 h, Purge 

He 

1 2 1073 
30 sccm/min methane 

(99.99 %) 
400 

TPSR – CH4 

Oxidation 10 
K/min – 1023 K 
for 1 h, Purge 

He 

1 3 1073 
30 sccm/min methane 

(99.99 %) 
265 

TPSR – CH4 

Oxidation 10 
K/min – 1023 K 
for 1 h, Purge 

He 

1 4 1073 
30 sccm/min methane 

(99.99 %) 
200 

TPSR – CH4 

Oxidation 10 
K/min – 1023 K 
for 1 h, Purge 

He 

1 5 1073 
30 sccm/min methane 

(99.99 %) 
160 

TPSR – 
C2H6 

Oxidation 10 
K/min – 1023 K 
for 1 h, Purge 

He 

1 1 1073 
He:C2H6 (95:5, 30 

sccm/min, 99.98 % 
C2H6) 

800 

TPSR – 
C2H6 

Oxidation 10 
K/min – 1023 K 
for 1 h, Purge 

He 

1 3 1073 
He:C2H6 (95:5, 30 

sccm/min, 99.98 % 
C2H6) 

265 

TPSR – 
C2H6 

Oxidation 10 
K/min – 1023 K 

1 5 1073 
He:C2H6 (95:5, 30 

sccm/min, 99.98 % 
160 
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for 1 h, Purge 
He 

C2H6) 

TPSR – 
C2H4 

Oxidation 10 
K/min – 1023 K 
for 1 h, Purge 

He 

1 1 1073 
He:C2H4 (95:5, 30 

sccm/min, 99.98 % 
C2H4) 

800 

TPSR – 
C2H4 

Oxidation 10 
K/min – 1023 K 
for 1 h, Purge 

He 

1 3 1073 
He:C2H4 (95:5, 30 

sccm/min, 99.98 % 
C2H4) 

265 

TPSR – 
C2H4 

Oxidation 10 
K/min – 1023 K 
for 1 h, Purge 

He 

1 5 1073 
He:C2H4 (95:5, 30 

sccm/min, 99.98 % 
C2H4) 

160 

Dynamic 
Long purge 

time 

Oxidation 1023 
K for 10 min, He 

purge 10 min 
1 - 1023 

20 sccm/min methane 
(99.99 %) 

10 

Dynamic 
Long purge 

time 

Oxidation 1023 
K for 10 min, He 
purge 180 min 

1 - 1023 
20 sccm/min methane 

(99.99 %) 
10 

Dynamic 
Long purge 

time 

Oxidation 1023 
K for 10 min, He 
purge 300 min 

1 - 1023 
20 sccm/min methane 

(99.99 %) 
10 

Dynamic 
Short 

purge time 

Oxidation 1023 
K for 10 min, He 

purge 300 s 
1 - 1023 

30 sccm/min methane 
(99.99 %) 

10 

Dynamic 
Short 

purge time 

Oxidation 1023 
K for 10 min, He 

purge 270 s 
1 - 1023 

30 sccm/min methane 
(99.99 %) 

10 

Dynamic 
Short 

purge time 

Oxidation 1023 
K for 10 min, He 

purge 230 s 
1 - 1023 

30 sccm/min methane 
(99.99 %) 

10 

Dynamic 
Short 

purge time 

Oxidation 1023 
K for 10 min, He 

purge 160 s 
1 - 1023 

30 sccm/min methane 
(99.99 %) 

10 

Dynamic 
Short 

purge time 

Oxidation 1023 
K for 10 min, He 

purge 100 s 
1 - 1023 

30 sccm/min methane 
(99.99 %) 

10 

Dynamic 
Short 

purge time 

Oxidation 1023 
K for 10 min, He 

purge 60 s 
1 - 1023 

30 sccm/min methane 
(99.99 %) 

10 

Dynamic 
Short 

purge time 

Oxidation 1023 
K for 10 min, He 

purge 30 s 
1 - 1023 

30 sccm/min methane 
(99.99 %) 

10 

Dynamic 
Short 

purge time 

Oxidation 1023 
K for 10 min, He 

purge 15 s 
1 - 1023 

30 sccm/min methane 
(99.99 %) 

10 

Dynamic 
Partial 

pressure 
variation 

Oxidation 1023 
K for 10 min, He 

purge 300 s 
1 - 1023 

30 sccm/min methane 
(99.99 %) 

10 

Dynamic Oxidation 1023 1 - 1023 15 sccm/min methane 10 
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Partial 
pressure 
variation 

K for 10 min, He 
purge 300 s 

(99.99 %) + 15 
sccm/min  He (99.999 

%) 
Dynamic 
Partial 

pressure 
variation 

Oxidation 1023 
K for 10 min, He 

purge 300 s 
1 - 1023 

10 sccm/min methane 
(99.99 %) + 20 

sccm/min  He (99.999 
%) 

10 

 

4. Simulation of TPSR experiments 

4.1.  Modell and conditions 
For TPSR experiments we assumed a large difference between methane feed concentration and the 

stored oxygen amount on the catalyst surface. That type of in-stationary process was modeled as 

batch-type reactor system. Furthermore the adsorption and desorption of educts and products do 

not contribute to the reaction progress, because the selective or unselective activation of methane is 

the rate limiting step. We considered different scenarios of one (O*) or two (Oα*, Oβ*) different 

oxygen species on the catalyst surface. The relative, initial concentration of methane was set to 

0.999 and for O* to 0.001 in the case of one oxygen species.  In the case of two different oxygen 

species the relative methane concentration was set to 0.998, for Oα*= 0.001 and Oβ* = 0.001. 

Furthermore it is possible that methane is converted by a parallel reaction to ethane and CO or due 

to a consecutive reaction, where ethane is an intermediate. The corresponding balances for each 

mechanism are presented in Table 3 as hypothetical scenario. Initial reactant A simulates methane, 

while B stands for ethane and C for CO. The rate constant for each reaction was derived by equation 

(2).  

In all cases the pre exponential factor was set to 109 l/(molemin). In literature it is assumed that 

methane activation is the rate limiting step and deep oxidation reactions are favored. That was 

considered by two different activation energy barriers (EA1 > EA2). Because of big differences for these 

parameters in several kinetic models we assumed EA1 = 150 kJ/mole and EA2 = 100 kJ/mole. [7–11] 

Please note, that such a model is only valid for fundamental demonstration aspects of heating rate 

variation experiments! 

 
ki = 𝑘𝑜𝑜,𝑖 ⋅ exp (−

𝐸𝐴,𝑖

𝑅 ⋅ (𝑇𝑖𝑛𝑖 + 𝛽 ⋅ 𝑡)
) 

 
β = heating rate (K/min), t = simulation time (min), Tini = 298 K 

(2) 
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Table 3 - Mass balances for different reaction mechanism in simulated temperature programmed experiments A – CH4 B 
– C2H6, C - CO 

Parallel reaction – 1 oxygen species 
1. 𝑨 + 𝑶∗ → 𝑩 + 𝑯𝟐𝑶 
2. 𝑨 + 𝑶∗ → 𝑪 + 𝟐 𝑯𝟐𝑶 

Consecutive reaction – 1 oxygen species 
1. 𝑨 + 𝑶∗ → 𝑩 + 𝑯𝟐𝑶 
2. 𝑩 + 𝑶∗ → 𝑪 + 𝑯𝟐𝑶 

𝒅𝒄𝑨

𝒅𝒕
=  −𝒌𝟏 ⋅ 𝒄𝑨 ⋅ 𝒄𝑶

∗ − 𝒌𝟐 ⋅ 𝒄𝑨 ⋅ 𝒄𝑶
∗  

 
𝒅𝒄𝑶∗

𝒅𝒕
=  −𝒌𝟏 ⋅ 𝒄𝑨 ⋅ 𝒄𝑶

∗ − 𝒌𝟐 ⋅ 𝒄𝑨 ⋅ 𝒄𝑶
∗  

 
𝒅𝒄𝑩

𝒅𝒕
=  𝒌𝟏 ⋅ 𝒄𝑨 ⋅ 𝒄𝑶

∗  

 
𝒅𝒄𝑪

𝒅𝒕
=  𝒌𝟐 ⋅ 𝒄𝑨 ⋅ 𝒄𝑶

∗  

 

𝑑𝑐𝐴

𝑑𝑡
=  −𝑘1 ⋅ 𝑐𝐴 ⋅ 𝑐𝑂

∗  

 
𝑑𝑐𝑂∗

𝑑𝑡
=  −𝑘1 ⋅ 𝑐𝐴 ⋅ 𝑐𝑂

∗ − 𝑘2 ⋅ 𝑐𝐵 ⋅ 𝑐𝑂
∗  

 
𝑑𝑐𝐵

𝑑𝑡
=  𝑘1 ⋅ 𝑐𝐴 ⋅ 𝑐𝑂

∗ − 𝑘2 ⋅ 𝑐𝐵 ⋅ 𝑐𝑂
∗  

 
𝑑𝑐𝐶

𝑑𝑡
=  𝑘2 ⋅ 𝑐𝐵 ⋅ 𝑐𝑂

∗  

Parallel reaction – 2 oxygen species 
1. 𝑨 + 𝑶𝜶

∗ → 𝑩 + 𝑯𝟐𝑶 
2. 𝑨 + 𝑶𝜷

∗ → 𝑪 + 𝟐 𝑯𝟐𝑶 

Consecutive reaction – 2 oxygen species 
1. 𝑨 + 𝑶𝜶

∗ → 𝑩 + 𝑯𝟐𝑶 
2. 𝑩 + 𝑶𝜷

∗ → 𝑪 + 𝑯𝟐𝑶 
𝒅𝒄𝑨

𝒅𝒕
=  −𝒌𝟏 ⋅ 𝒄𝑨 ⋅ 𝒄𝑶𝜶

∗ − 𝒌𝟐 ⋅ 𝒄𝑨 ⋅ 𝒄𝑶 𝜷
∗  

 
𝒅𝒄𝑶 𝜶∗

𝒅𝒕
=  −𝒌𝟏 ⋅ 𝒄𝑪𝑨 ⋅ 𝒄𝑶 𝜶

∗  

 
𝒅𝒄𝑶 𝜷∗

𝒅𝒕
=  −𝒌𝟐 ⋅ 𝒄𝑨 ⋅ 𝒄𝑶 𝜷

∗  

 
𝒅𝒄𝑩

𝒅𝒕
=  𝒌𝟏 ⋅ 𝒄𝑨 ⋅ 𝒄𝑶 𝜶

∗  

 
𝒅𝒄𝑨

𝒅𝒕
=  𝒌𝟐 ⋅ 𝒄𝑨 ⋅ 𝒄𝑶 𝜷

∗  

𝑑𝑐𝐴

𝑑𝑡
=  −𝑘1 ⋅ 𝑐𝐴 ⋅ 𝑐𝑂 𝛼

∗  

 
𝑑𝑐𝑂 𝛼∗

𝑑𝑡
=  −𝑘1 ⋅ 𝑐𝐴 ⋅ 𝑐𝑂 𝛼

∗  

 
𝑑𝑐𝑂 𝛽∗

𝑑𝑡
=  −𝑘2 ⋅ 𝑐𝐵 ⋅ 𝑐𝑂 𝛽

∗  

 
𝑑𝑐𝐵

𝑑𝑡
=  𝑘1 ⋅ 𝑐𝐴 ⋅ 𝑐𝑂 𝛼

∗ − 𝑘2 ⋅ 𝑐𝐵 ⋅ 𝑐𝑂 𝛽
∗  

 
𝑑𝑐𝐶

𝑑𝑡
=  𝑘2 ⋅ 𝑐𝐵 ⋅ 𝑐𝑂 𝛽

∗  

 

4.2.  Results and Discussion 
The simulation results for different kinetic TPSR situation is presented in Figure 5. In all cases a higher 

temperature ramp shifts product formation signals to higher temperatures. In Figure 5-A a parallel 

reaction for selective (product B) and unselective (product C) methane activation on the same 

oxygen species Oα is presented. Formation of product C is preferred at lower temperatures and 

followed by formation of product B. A hypothetical, consecutive reaction for selective methane 

activation and unselective ethane conversion is shown in Figure 5-B. Product B is converted 

immediately to product C, which leads consequently to no shift of peak amplitudes. Another 

situation (Figure 5-C) is found for a parallel reaction of reactant A, activated by two different oxygen 

species Oα and Oβ on the catalyst surface. It can be seen that both reactions run independently from 

each other. Therefore peak formation and amplitude shift depend only on activation energy. Another 

possible situation for methane conversion is presented in Figure 5-D. Reactant A is converted to 

product B by Oα which is followed by an unselective activation by Oβ forming product C. Therefore 

product B is formed and converted to product C at higher temperatures. 
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Figure 5 - Simulation results of TPSR experiments 
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h i g h l i g h t s

� Simulated chemical looping
experiments were carried out on
Na2WO4/Mn/SiO2 methane.

� The absence of gas phase oxygen
results in high C2 selectivities (>80%)
at moderate methane conversions
(<30%).

� High methane conversion (80%) is
also reachable, without the risk of
explosive regime.
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a b s t r a c t

In this work we present chemical looping and simulated chemical looping as a new reactor concept for
the oxidative coupling of methane over Na2WO4/Mn/SiO2. As a consequences of an alternating feed of
oxygen and methane to the catalyst bed side reactions are avoided and the selectivity of the coupling
reaction is greatly increased. By variation of methane pulse contact time and temperature a maximum
yield of 0.25 is obtained. Although this does not exceed the often discussed yield limitation of OCM, it
is achieved from a substantially lower amount of converted methane. A time on stream experiment were
carried out at 775 and 800 �C for 150 min and showed stable performance and C2 yield.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

1.1. Oxidative coupling of methane

The oxidative coupling of methane (OCM) is an attractive alter-
native concept for ethylene production from methane based feed-
stocks, as natural gas or bio gas. Major issues for this reaction are
high temperatures and therefore competing combustion reactions
in the gas phase. Industrial application of OCM is currently not
economically viable due to an apparent yield limitation of 0.25
achieved usually at around 0.6 conversion and 0.4 selectivity

[1–3]. Therefore a strong emphasis on reaction engineering is
necessary to achieve higher selectivity and yields [4–6].

The basic principle of OCM is the activation of methane by a cat-
alyst material which leads to methyl radical formation by CAH
bond cleavage. The methyl radicals can couple to ethane in the
gas phase, close to the catalyst surface [7]. A major problem of
OCM is the parallel activation of methane and its coupling products
in the gas phase. The mentioned components are oxidized to deep
oxidation products, what causes a substantial reduction of the
selectivity of the process. For improving the selectivity of this reac-
tion a better control of the complex interaction of gas phase and
surface reactions is necessary. An apparent yield limitation of
0.25 is an often observed phenomenon for several catalyst materi-
als for OCM, which may be caused from these gas phase reactions.
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The upper yield limit for C2 products in the absence of gas phase
reactions is estimated to be 0.6 [8].

1.2. Chemical looping process and similar concepts

Chemical looping was applied as a reactor concept in the chem-
ical industry for the first time around 100 years ago. This concept
was a new route for the synthesis of hydrogen from methane
and oxygen by iron particles (syngas chemical looping) [9]. The
advantage of chemical looping is the separation of parallel reaction
steps during steady state operation into consecutive reaction steps.
Disadvantages of this process concept are high costs for capital
investment, remote control and maintenance in comparison to

classical steady state reactors. Today, some major research fields
are devoted to the utilization of the concept, like chemical looping
combustion (CLC) and syngas chemical looping (SLC) or chemical
looping hydrogen system (CLH) [10].

A design layout for CLC is shown Fig. 1. Air flows over an
oxygen-carrier material (MexOy�2), which contains less oxygen
than MexOy. On the outlet of the oxygen adsorption reactor, the
air is (partially) depleted of oxygen. The carrier material, with high
oxygen content, is transferred to the combustion reactor. The
bound oxygen is released into the gas phase, which is achieved
by temperature increase or pressure drop. A reactant can thus be
oxidized by pure oxygen. The reduced oxygen-carrier is afterwards
transferred back to the oxygen adsorption reactor. Such a process
has the advantage that the stream of oxidation products contains
no nitrogen from the air, which avoids a complex separation pro-
cess or an air separation unit for the oxygen feed stream. Well-
knownmaterials for methane CLC and Chemical looping Reforming
(CLR) are CuO, Mn2O3 or Co3O4 [11–13]. These materials are often
supported on silica to increase the specific surface area to optimize
oxygen storage and release time. Both, CLC and CLR process oper-
ate in the temperature range of 800–1000 �C at ambient pressure.

1.3. Chemical looping concept for the oxidative coupling of methane

A basic concept for a simulated chemical looping process on the
lab scale is presented in Fig. 2. It is based on the idea of dynamic
experiments, where the feed is switched between different reac-
tants. This is realized by two independently operated six-port
pulse valves and a fixed bed reactor, which will be discussed
below. The first step serves as the catalyst oxidation process, by
dosing oxygen (Fig. 2 – 1), and the second step doses methane
(Fig. 2 – 3) for the reduction of the catalyst and methane coupling
reaction. The dosing of reactants is always followed by a purging
process (Fig. 2 – 2 & 4), which is necessary to avoid mixing of oxy-
gen and methane. A mixed pulse would directly lead to gas phaseFig. 1. Principal concept of a chemical-looping process for oxidation reactions.

Fig. 2. Principal concept of chemical-looping in the oxidative coupling of methane by pulse valves.
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combustion reactions. Beneficially, the purge gas is also the carrier
gas for the reactant pulses, which allows dosing of well-defined
amounts of oxygen and methane. A proper dosing strategy allows
a continuous operation of this process.

The Na2WO4/Mn/SiO2 catalyst material was first introduced by
Fang and coworkers and shows a stable catalytic activity for
hundreds of hours [14]. Further it showed suitable stability and
activity in dynamic experiments, similar to the chemical looping
concept [15,16]. In this work we want to take the advantage to
investigate the catalyst performance in yield boundary studies
without any influences by gas phase combustion reactions.
Furthermore this concept was tested in a repetitive continuous
operation and compared to classical co-feed operation mode. This
will support the investigation of the OCM surface reactions under
process relevant conditions for the Na2WO4/Mn/SiO2 catalyst. It
has to be noted, that the Na2WO4/Mn/SiO2 material fulfills two
functionalities. On the one hand it serves as oxygen carrier mate-
rial, according to the description before. Thus it will be oxidized
to store oxygen, similar to the oxygen carrier materials in the
CLC processes. On the other hand the material has also the role
of a catalyst material. The stored oxygen is used in a dynamic oper-
ation to convert methane into C2 products by the OCM reaction.
Other groups demonstrated that advanced reactor concepts for
the OCM reaction showed improved C2 production performance.
Kruglow and coworkers demonstrated the operation of a counter-
current moving-bed chromatographic reactor. They separated the
C2 products from unconverted reactants at low conversions and
recycle those back [17]. They were able to reach 0.55 C2 yield.
Godini and coworkers presented a membrane reactor with an
optimized oxygen dosing strategy [18]. They fed oxygen by use
of a membrane in small amounts to the catalyst fixed. Thus, gas
phase reactions with gas phase oxygen were minimized.

2. Materials and methods

2.1. Setup design

The chemical looping concept was realized by two pneumatic
six-port diaphragm valves (Vichi Valco DV22-2116). The concept
of such a valve and its operation is shown in the Supporting
information.

A detailed flow chart of the complete setup is shown in Fig. 3.
The oxygen and methane supply for both pulse valves is realized
by mass flow controllers (MFC, Bronkhorst), which are connected
to the first inlet of the pulse valves (PV). It was chosen for purge
gas, which is also controlled by a MFC. The pipe is split close to
the pulse valves and connected to their second inlet, in order to
supply both of them at the same time with carrier gas. Nitrogen
supply (6 bar) for the pneumatic impulse is connected to a solenoid
for each pulse valve. As mentioned before, the solenoids are con-
nected to transducers (Td, Htronic 191030), which are connected
to a PC for data aqusition. Pulse composition can be detected by
a quadrupole mass-spectrometer (QMS, IPI GAM 200). Remote con-
trol software for the solenoids and the temperature control of the
furnace was written in Visual Basic.

A scheme of the tubular fixed bed reactor is in the Supporting
information.

2.2. Catalyst preparation and catalytic tests

2.2.1. Catalyst preparation and characterization
A detailed preparation and analysis of the Na2WO4/Mn/SiO2 cat-

alyst is described elsewhere. The catalyst has a composition of
5 wt.% Na2WO4 and 2 wt.% Mn(II) and a specific surface area of
1.86 m2/g [19]. The catalyst particle size was 200–300 lm.

2.2.2. Simulated chemical looping experiments
All chemical looping experiments were performed between 700

and 800 �C and at ambient pressure. 2 g catalyst were placed into
the isothermal zone of a fixed bed reactor, held by a quartz frit
and heated up with 15 K/min under a flow of He:O2 (95:5,
30 nml/min). To start a series of experiments the reactor was first
purged with He, since a constant signal was reached. The total feed
flow rate was varied from 15 to 50 nml/min. Methane was dosed
from a 1 ml storage loop. The residence time of the gas pulse in
the catalyst bed depends strongly on the flow rate, which will be
discussed later. After each methane pulse, the catalyst was re-
oxidized for 5 min in a flow He:O2 (95:5, 30 nml/min) during yield
study experiments, taking care for a complete reoxidation.

The pulses were detected by a quadrupole mass-spectrometer
(QMS, IPI GAM 200). A small amount of the gas flow was send
through a capillary into the QMS high vacuum system, ionized by
yttrium filaments and the signal was amplified and detected by a
secondary electron multiplier (SEM). All compounds (Z = CH4,
C2H6, C2H4, CO, CO2 and O2) were calibrated with calibration gas
bottles (Z: He = 5: 95 ± 0.005%, Deuste Steiniger). The calibrated
m/e ratios for all compounds are presented in the Supplementary
material. These one-point calibrations for each compound were
repeated 15 times for a precise average value. The calibration
was verified by utilization of calibration gas mixtures of (CH4:
C2H6:C2H4:He) and (CH4:CO:CO2:He) in the range from (5:5:5:85,
±0.005%, Deuste Steiniger) to (15:15:15:55, ± 0.005%, Deuste
Steiniger).

The measurement of CH4, C2H6, C2H4, CO and CO2 by mass spec-
troscopy had an interval for each measurement of 5 s. Larger time
scales for product detection allow a higher precision for the deter-
mination of individual compound concentrations, but has worse
resolution for peak detection. Faster methods have a lower
accuracy to distinguish ethane and ethene from each other. The
number of detected data points for each pulse depends on the flow
rate. Therefore the number of data points per detected peak differs
from 8 to 34, which is an appropriate resolution for further
analysis. The carbon balance for each pulse was between 0.88
(flow = 50 nml/min) and 0.95 (flow = 15 nml/min).

Repetitive continuous simulated chemical looping was carried
out at 775 �C for 150 min (50 CH4 pulses) and further on at
800 �C for another 150 min (50 CH4 pulses) at 25 nml/min with
2 g catalyst. The experiment was started by an oxygen pulse fol-
lowed by a time delayed methane pulse. The delay time between
dosing of the individual reactants was chosen so that the overlap
of methane and oxygen pulses was negligible (120 s). The volumes
of the methane and oxygen pulses were set to 1 ml gas at 1 bar.
That decision was made to reduce the oxidation time to the same
length as the reaction time for the methane pulse.

2.2.3. Steady state experiments
The steady state experiments were carried out in a fixed bed

reactor. 250 mg of the catalyst material were placed in the isother-
mal zone of the reactor. A gas mixture of CH4:O2:He (3:1:4) was
sent through the reactor at flow rates of 25 and 50 nml/min. This
composition allows reduction of the gas phase activity and was
chosen also on the mini plant scale in a fluidized bed reactor for
a comparison of different reactor concepts [20]. The temperature
was set to 800 �C. Detection was carried out by a QMS.

3. Results and discussion

3.1. Yield studies for simulated chemical looping

For a comparison of steady state and looping experiments
performing OCM reactions, the characteristic contact time (t) of
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each methane pulse was determined by Eq. (1). All pulses were
integrated for a detailed carbon balance considering the mole
number for each compound as calculated by Eq. (2).

t ¼ mcat � Aspec
_V

gcat � m2

g � s
m3 ¼ s

m

h i

mcat ¼ amount of catalyst ðgÞ;
Aspec ¼ specific surface area of the catalyst ðm2=gÞ;
_V ¼ flow rate ðm3=sÞ

ð1Þ

ni ¼ Ai;peak½% � s� � _V � p
R � T ð2Þ

The carbon balance for each methane pulse was 0.88 in all
experiments or better. During the oxidation treatment of the cata-
lyst, after each methane pulse, no carbon oxides were detected.

This indicates that there is no carbon deposition on the catalyst
surface. All values for conversion (Eq. (3)), selectivity (Eq. (4))
and yield (Eq. (5)) were calculated from the mole number of the
detected compounds, derived from a carbon balance of the system.

XCH4 ¼
CH4;in � CH4;out

CH4;in
ð3Þ

SC2 ¼ 2 � C2H6 þ 2 � C2H4

2 � C2H6 þ 2 � C2H4 þ COþ CO2
ð4Þ

Y ¼ XCH4 � SC2 ð5Þ
The results of methane conversion, C2 selectivity and yield for

flowrate and temperature variation are shown in Fig. 4A–C. The
surfaces fitted to the data points are only supporting guidelines.

Fig. 3. Flow chart of the chemical looping setup.
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Methane conversion varies from 0.15 to 0.8, while C2-selectivity is
between 0.25 and 1. The highest observed yield was 0.25 at 0.6 C2
selectivity and 0.42 methane conversion. During the experiments
CO is only observed at flow rates between 15 and 20 nml/min at
temperatures between 775 and 800 �C. The predominant deep
oxidation product is CO2.

A similar yield limitation was observed for this Na2WO4/Mn/
SiO2 catalyst in different other reactor systems, like fixed bed,
micro-, fluidized-bed or membrane reactors [20–23]. The absence
of gas phase oxygen during the methane pulse in chemical looping
experiments allows exclusion of any gas phase deep oxidation
reactions. We conclude that the still observed yield limitation is
caused by the competition of consecutive surface reactions at this
material. This can be explained by a recently proposed surface
reaction network, which is shown in Fig. 5 [24–27]. We assume
that the activation of methane is the rate determining step for
the formation of ethane, while ethene formation and deep oxida-
tion is much faster than this. In our yield studies we analyzed a
wide range for the methane conversion and C2 selectivities. The
results of this analysis showed a yield maximum of 0.25. The C2
selectivity is strongly controlled by ethene oxidation and methane
direct oxidation as can be seen in the reaction network in Fig. 5. We
assume that all reaction steps show first order behavior with
respect to the hydrocarbon. Therefore all reaction rates are
depending on the compound partial pressures and corresponding
rate constants. Increasing the methane conversion increases the
partial pressures of ethane and ethene, too. This has the conse-
quence that the deep oxidation rate of ethene becomes much faster
than the ethene formation rate. At lower methane conversions, the
ethene partial pressure is still low. Therefore the formation of deep
oxidation products is slow compared to the ethene formation rate.

As mentioned before, the direct oxidation of methane is also
possible on the catalyst surface. Lunsford and coworkers found that
the formation and coupling of methyl radicals leads to ethane for-
mation [7]. According to their studies, the formation of deep oxida-
tion products and methyl radicals involve two different oxygen
species on the catalyst surface. On the one hand there is nucle-
ophilic oxygen which forms carbon oxides. On the other hand there
is electrophilic oxygen which leads to methyl radical formation. It
has to be noted that these species also may interact with ethane
and ethene. Especially the interactions with ethene may lead for
both species to the formation of deep oxidation products [28].
These aspects imply that the oxygen species, which is stored on
the catalyst surface, contribute to the yield limitation, because
one selective route of methane activation competes with three
unselective ones.

Fig. 4. Results of yield studies, 2 g catalyst, 15–50 nml/min, 700–800 �C, 1 ml CH4, A: conversion, B: C2 selectivity, C: C2 yield.

Fig. 5. Reaction scheme of the OCM [24–27].

Fig. 6. Early and late reactant and product peaks during continuous simulated
chemical looping, 775 �C, 25 nml/min, 2 g catalyst, pulse of 1 ml O2 or 1 ml CH4.
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3.2. Simulated chemical looping operation for 150 min

A detailed overview about reactant and product spectra at
775 �C is shown in Fig. 6 (25 nml/min, t = 2400 s/m). We observed
similar results at 800 �C. The first four peaks of all shown com-
pounds represent the initial state of the experiment while the last
four were observed after 150 min of operation. The formation of
ethane, ethene and carbon dioxide is simultaneous to the methane
pulse. Water is constantly removed by the oxygen pulse from the
catalyst surface. The increase of the water signal with time is
caused by accumulation of water in the detector of the mass
spectrometer.

The amount of formed ethane stays constant, as the amount of
ethene decreases slightly and carbon dioxide formation decreases
clearly. The results for methane conversion, C2 selectivity and yield
for both temperatures over the whole period of experiments are
presented in Fig. 7. At 775 �C (Fig. 7A) the initial C2 selectivity is
0.8 and increases to 0.85 as CO2 selectivity decreases. We observe
a small decrease in the methane conversion, which is caused by a
decrease of CO2 formation. That is a common effect for that catalyst
material in time on stream studies [29,30]. However, the C2 yield is
constant at 0.19. The increase of the water signal is based on
accumulation of that compound in the mass spectrometer. After
this test the temperature was immediately increased to 800 �C
and the experiment was continued for another 150 min. At
800 �C (Fig. 7B) the rates of carbon dioxide formation and methane
conversion increase, while C2 selectivity decreases. However, the
C2 yield increases to 0.21. The catalyst showed reasonable stability
during the whole experiment. The space time yield (STY) in our
experiments at 775 �C was 20 nmol(C2)/(s*gcat) and 23 nmol(C2)/
(s*gcat) at 800 �C, respectively. To get an idea about the potential
of this reactor concept for the OCM, a comparison with state of
the art techniques is necessary.

3.3. Comparison of steady state and simulated chemical looping
operation

The results of steady state experiments are shown in Table 1.
The characteristic residence time was 300 s/m for 25 nml/min
and 150 s/m for 50 nml/min. In all cases full oxygen conversion
was obtained. The methane conversion was between 0.18 and
0.29 and a C2 yield of 0.18 was obtained. These results are in good
agreement with the performance on a mini plant scale with a flu-
idized bed reactor with 50 g of catalyst [20]. Both experiments
operate at similar methane conversions compared to the men-
tioned chemical looping process, which allows good comparison
between both process concepts. Considering a much smaller char-
acteristic residence time under steady state conditions than in
chemical looping experiments, and full oxygen conversion, there

is a much higher reaction rate in steady state experiments. This
is also caused by much higher partial pressures of the reactants,
compared to the pulses in simulated chemical looping experi-
ments, where the carrier gas diluted the methane pulses. Conse-
quently the STY is much higher compared to our chemical
looping experiments as can be seen in the last column of Table 1.
The space time yield is one of the most critical parameters for
industrial application of a process. The large amount of carrier
gas (50 ml per 1 ml of methane) is required for these experiments
due to the dead volume of the reactor and the piping connecting it
to the analytical equipment. In an industrial scale reactor such vol-
umes are negligible in comparison to the catalyst bed and a carrier
gas can be avoided. This should increase the STY of the chemical
looping mode substantially. As demonstrated in our recent work,
the catalyst reoxidation rate is much faster and therefore much
shorter reoxidation times are needed compared to the OCM reac-
tion [31]. We demonstrated also that no temperature swing for
the oxidation step is required, as it can be seen from our continu-
ous operation experiments.

For a direct comparison of steady state and chemical looping
experiments, similar results for methane conversion should be
considered as presented in Table 2. On the one hand, a comparison
at the same methane conversion shows clearly that the simulated
chemical looping achieves higher C2 selectivities and therefore
higher yields.

Fig. 7. Observed X, S C2 and Y of continuous simulated chemical looping, 2 g catalyst, 1 ml methane pulse, 25 nml/min, A – 775 �C, B – 800 �C.

Table 1
Results from steady state experiments at different flow rates, 250 mg catalyst, 800 �C,
CH4: O2: He (3:1:4).

Flowrate (nml/min) X (CH4) X (O2) S C2 Y STY nmol(C2)/(s*gcat)

25 0.29 1.00 0.63 0.18 147
50 0.18 1.00 0.81 0.15 269

Table 2
Comparison between steady state experiment (800 �C, 25 & 50 nml/min, 250 mg
catalyst) and simulated chemical looping (2 g catalyst, 1 ml methane pulse).

Steady state
X (CH4) X (O2) S C2 Y
0.29 1.00 0.63 0.18
0.18 1.00 0.81 0.15

Chemical looping – equal methane conversion
X (CH4) T (�C) Flowrate (nml/min) S C2 Y
0.29 775 25 0.74 0.21
0.18 750 50 0.89 0.17

Chemical looping – equal C2 yield
X (CH4) T (�C) Flowrate (nml/min) S C2 Y
0.21 775 30 0.87 0.18
0.19 725 25 0.87 0.16
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The consequence of these results is that the chemical looping
process clearly produces less CO2. On the other hand, the chemical
looping process can be operated at lower methane conversion for
the same C2 yield due to the better selectivity. In both cases, the
chemical looping has a better performance and is able to save
raw material and energy for the product separation.

This becomes clear by a detailed discussion of the complete
OCM process design, which is shown in Figs. 8 and 9. In a classic
OCM process an air separation unit removes nitrogen, so that pure
oxygen and methane are fed into the reactor. This is required for
reducing the total equipment volume. Nitrogen in the feed would
increase the total volume and therefore the volume and energy

Fig. 8. Scheme of the classic OCM process [32].

Fig. 9. Scheme of chemical looping of two fluidized bed reactors [32,35].

Fig. 10. Scheme of the chemical looping utilizing of fixed bed reactors.
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consumption of each separation unit would be much larger. Espe-
cially cryogenic distillation of methane and the C2 products are
very cost intensive separation steps [32]. A proposal for an OCM
process based on chemical looping is shown in Fig. 9. As mentioned
in the introduction, the state of the art for a chemical looping pro-
cess is a combination of two fluidized bed reactors. Successful
operation of the Na2WO4/Mn/SiO2 catalyst in fluidized bed reactors
was shown previously by several groups [32–34]. Therefore two
fluidized bed reactors could be utilized for catalyst oxidation and
OCM reaction. Based on the observed phenomena, air can be used
directly for oxidation and in the same step to remove the water
from the catalyst surface. The catalyst should be transported to
the OCM reactor with methane atmosphere. Product separation
is identical to the separation process shown in Fig. 8. Remembering
the better performance of the simulated chemical looping, less CO2

has to be removed and much more methane can be recycled,
saving costs of methane from fresh raw gas.

It has to be noted that the manganese oxide system of the
Na2WO4/Mn/SiO2 system is very complex due to different oxida-
tion states (Mn2O3, Mn3O4, MnO). Supported manganese oxides
on silica were studied by Stobbe and Coworkers [36]. They have
discussed the kinetic and thermodynamic properties qualitatively
and summarized that the oxidation rate of MnO to Mn3O4 is
faster than fromMn3O4 to Mn2O3 but the Mn2O3 species is thermo-
dynamically more favored. Furthermore that system provides the
lowest oxygen capacity from all known oxygen storing systems
[37].

A well-known problem of fluidized bed reactors is the com-
minution or abrasion of the catalyst particles [38–40]. An alterna-
tive chemical looping concept, utilizing fixed bed reactors, is
presented in Fig. 10. Four fixed bed reactors can operated with
alternating gas feed. Such a concept follows the idea which was
presented in Fig. 2. Assuming that all procedures in chemical loop-
ing operate on similar time scale, continuous operation is possible.
Such a concept was reviewed in detail by Kolios et al. [41]. The first
reactor can be oxidized by air, while water from the catalyst
surface is removed. In parallel, the second and fourth reactors are
purged. All of these reactors can be connected to an outgas line.
The third fixed bed reactor performs the OCM reaction and is
connected to the product line. After this step all feed gases are
changed to the next reactor in order to complete the chemical
looping process. The outlets of each reactor must be switched to
the according line. The separation process for the product line is
similar to that discussed above.

4. Conclusion

In our work we tested the Na2WO4/Mn/SiO2 catalyst material in
simulated chemical looping experiments. The advantage was that
the contributions of gas phase oxygen were avoided, by split of
the constant reactant gas feed into separated process steps. We
demonstrated that the nature of the oxygen species, which are
stored on the catalyst material, limits the C2 yield. We could
demonstrate that the material is stable in a continuous simulated
chemical looping experiment under OCM conditions. Finally we
compared our dynamic experiment with a standard steady state
one. We found that the chemical looping converts methane more
efficiently at methane conversions lower than 0.3. Further we pre-
sented a hypothetical application of a chemical looping process
and its advantages in comparison with the standard process. In
addition, our results are compared in a plot of methane conversion
and C2 selectivity with several published results for Na2WO4/Mn/
SiO2 catalysts in Fig. 11. On the one hand, methane conversions
higher than 0.5 were not possible to realize in standard fixed bed
reactors because of the explosive regime of OCM reaction mixtures.
On the other hand the chemical looping process concept provides
higher C2 selectivities at methane conversions below 0.25. Fur-
thermore non-standard reactor concepts have shown similar per-
formance improvements which are also presented in Fig. 11. A
simulated countercurrent moving bed reactor shows promising
C2 yields by separation of C2 products and recycling of uncon-
verted methane [17]. Another example for improved performance
is a membrane fixed bed reactor with dosing of defined amounts
of oxygen to the catalyst bed through a porous membrane [18].
Another option is the modification of the co feed stream by addi-
tion of water [42]. In conclusion, it can be seen that new reactor
concepts enhance the overall performance of OCM processes.
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Chemical looping as reactor concept for 
the oxidative coupling of methane over 
a Na2WO4/Mn/SiO2 catalyst – 

Supplementary material 

1. Experimental – Mass spectrometer 
The calibrated m/e ratios for all compounds in mass spectroscopy (QMS, IPI GAM 200) are presented 

in Table 1.  

Table 1 - Calibrated m/e ratios for compound detection in chemical looping experiments 

Molecule m/e 

CO2 44 
CO 28 
He 4 
H2 2 

H2O 18; 17 
CH4 16; 15 
C2H6 30; 29; 28 
C2H4 28;27;26 
O2 32 

 

2. Experimental – Pneumatic six-port diaphragm valves 
A flowchart is presented in Figure 1. A reactant flows in by an inlet, passes through a sample loop and 
flows to the outlet. In parallel to this, a purge gas flows to the reactor from a second inlet (Figure 1 
A). A pneumatic impulse from a solenoid valve switches the connectors to the second position 
(Figure 1 B). The reactant in the sample loop is conveyed by the purge gas to the reactor, while the 
reactant from the supply port goes directly to the outlet. The connectors switch back by pressure 
release. The pneumatic impulse can be controlled by a solenoid valve, which is connected to a 6 bar 
nitrogen supply line. There is a remote control connection from a computer followed by a transducer 
to the solenoid for precise realization of time controlled pulses. The sample loop (Vicci Valco CSL250, 
CSL500, CSL1K, CSL2K) can be varied in its volume from 250 µl up to 2 ml for different amounts of 
pulsed reactants. 



 

Figure 1 - Schematic function of a 6-port pulse valve, A: storage loop is filled by reactant, while purge gas goes to the 
reactor, B: purge gas transports the reactant to the reactor 

3. Experimental – Fixed bed reactor 
The catalyst bed is placed on a quartz frit (200 µm pore size). The reactor inner diameter has a size of 

9 mm. The type K thermocouple (NiCrNi) is covered by a quartz-made sheath (din = 4 mm), which 

also seals the reactor at the top. The fixed bed reactor for chemical looping experiments is presented 

in Figure 2. The reactants are fed through the upper entrance. The bottom part of the reactor is 

reduced in diameter and is connected to the analytical system. The isothermal zone is above the frit 

and has a height of around 5 cm. 



 

Figure 2 - Detailed scheme of the fixed bed reactor. 

 

 



 
Reprinted with permission from ACS Catalysis. 2017, 7, 1403−1412, DOI: 10.1021/acscatal.6b02372. 
Copyright 2017 American Chemical Society. 
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§BasCat−UniCat BASF Joint Lab, Technische Universitaẗ Berlin, EW K 01, Hardenbergstraße 36, 10623 Berlin, Germany
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#Department of Inorganic Chemistry, Fritz Haber Institute of the Max Planck Society, Faradayweg 4-6, 14195 Berlin, Germany

*S Supporting Information

ABSTRACT: The selective oxidation of methane to methanol
is a highly challenging target, which is of considerable interest to
gain value-added chemicals directly from fuel gas. Copper-
containing zeolites, such as Cu/mordenite, have been currently
reported to be the most efficient catalysts for this reaction. In
this work, it is shown that solid-state ion-exchanged Cu/
mordenites exhibit a significantly higher activity for the partial
oxidation of methane to methanol than comparable reference
catalysts, i.e., Cu/mordenites prepared by the conventional
liquid-phase ion exchange procedure. The efficiency of these
Cu/mordenites remained unchanged over several successive
cycles. From temperature-programmed reduction (TPR) measurements, it can be concluded that the solid-state protocol
accelerates Cu exchange at the small pores of mordenite: those are positions where the most active Cu species are presumably
located. In situ ultraviolet−visible (UV-vis) spectroscopy furthermore indicates that different active clusters including dicopper-
and tricopper-oxo complexes are formed in the catalyst upon oxygen treatment. Notably after activation of methane, different
methoxy intermediates seem to be generated at the Cu sites from which one is preferably transformed to methanol by reaction
with water. It is furthermore described that the applied reaction conditions have considerable influence on the finally observed
methanol production from methane.
KEYWORDS: zeolites, methane hydroxylation, selective oxidation, methane monooxygenase, microporous, mordenite

1. INTRODUCTION
The selective oxidation of methane to methanol is of
considerable interest for obtaining valuable chemicals directly
from abundant natural gas resources without the need of syngas
production.1−4 To reach this challenging target, harsh reaction
conditions are required as activation of methane is hampered
because of its strong C−H bonds. Moreover, the desired
product, methanol, is more reactive than methane, which easily
results in overoxidations into formic acid or carbon oxides.5−9
Interestingly, methanotrophic bacteria in nature can selectively
perform this “dream reaction” under ambient conditions, using
methane monooxygenase enzymes, which contain di-iron or
di-/tri-copper active clusters.10−13 These enzymatic structures
provide intriguing structural motifs for the development of
biomimetic catalytic systems toward the activation of
methane.12,14,15
To date, many different bioinspired catalysts for the direct

methanol formation from methane have been synthesized and

intensively studied with the aim of improving the methanol
yield under milder reaction conditions. Hammond et al. found
that Fe-containing zeolites are active for the methane-to-
methanol conversion in an aqueous solution of hydrogen
peroxide.16 Notably, the production of methanol could be
significantly improved by the addition of Cu species and a 10%
conversion of methane with 93% selectivity to methanol was
achieved under appropriate reaction conditions. However, as
H2O2 is more expensive than methanol, the direct use of O2 as
an oxidant is inevitable for industrial applications.1 Several
research groups have demonstrated that iron-, cobalt-, and
copper-loaded zeolites activated in O2 or N2O can react with
methane at low temperatures (≤200 °C) and subsequently
release methanol upon treatment with water or organic solvents
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(acetonitrile, ethanol, tetrahydrofuran).6,17−23 Among them,
Cu/zeolites have currently been emerged as the best catalyst,
based on their experimental performances.5,20,21,24
Cu2+ cations are typically loaded into zeolites via liquid-phase

ion exchange in most of these reports. Bozbag et al. have
recently performed a solid-state ion exchange between H-
mordenite with copper(I) chloride to achieve a Cu/mordenite
catalyst. However, it was observed that residual chlorine
hindered the production of methanol from methane in the
first runs.25 In this study, the activity of solid-state ion-
exchanged Cu/mordenite prepared from NH4-mordenite and
copper(II) acetylacetonate was investigated for the catalytic
conversion of methane to methanol for the first time. The
methanol yield was found to be considerably higher than the
results achieved from Cu/mordenite conventionally prepared in
the liquid phase.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Catalysts. Commercial mordenites

including NH4-mordenite (Si/Al = 10, denoted as NH4-Mor-
1) and Na-mordenite (Si/Al = 6.5, denoted as Na-Mor-2) were
obtained from Alfa Aesar.

2.1.1. Conversion of Commercial Mordenites to the Na or
NH4 Form. Ammonium exchange of Na-Mor-2 was carried out
according to the method previously described.5 A mixture of 2
g of Na-Mor-2 and 80 mL of 1 M NH4NO3 solution was stirred
vigorously for 2 h at 80 °C. The ion-exchange procedure was
repeated three times. The sample was then filtered, washed
with deionized water, and dried at 105 °C for 12 h. The as-
prepared NH4-mordenite is denoted as NH4-Mor-2.
A similar treatment with NH4-Mor-1 in a 1 M solution of

CH3COONa was employed for the preparation of mordenite in
the Na-form. Calcination was performed at 550 °C under static
air for 3 h, yielding the Na-exchanged mordenite, which is
denoted as Na-Mor-1.

2.1.2. Synthesis of Cu-Containing Zeolites. Cu2+ cation
exchange with NH4-form zeolites was achieved under solid-
state conditions using copper(II) acetylacetonate (Cu-
(acac)2).16 In a typical procedure, CuMorS-1 (Table 1, entry
1) was prepared by intensively grinding a mixture of 0.120 g of
Cu(acac)2 and 0.975 g of NH4-Mor-1 in a mortar within 30
min. Ion exchange was performed in situ during the activation
step of the catalytic testing. The Cu content in the materials
was determined by inductively coupled plasma−optical
emission spectrometry (ICP-OES).
A solid-state ion exchange of NH4-Mor-1 with copper(I)

chloride producing the Cu/mordenite CuClMorS (Table 1,
entry 6) was performed based on a modified procedure of
Wulfers et al.5 0.043 g of CuCl was mixed with 0.975 g of NH4-
Mor-1 as described above. Before the catalytic test, the mixture
was heated at a rate of 2 °C min−1 to 650 °C in a 50 NmL
min−1 flow of N2. The reactor was held at this temperature for
10 h, and then cooled to 550 °C under the same flow for the
next activation step, as described in Section 2.2.
For comparison, conventional Cu/mordenites were prepared

by liquid phase ion exchange.5 For example, in order to obtain
CuMorL-1 (Table 1, entry 7), 2 g of Na-Mor-2 were added to
200 mL of an aqueous solution containing 0.476 g of
copper(II) acetate. This mixture was then stirred for 18 h at
room temperature. The solid was collected by vacuum
filtration, subsequently washed with deionized water, and
dried at 105 °C for 12 h.

2.2. Catalytic Test. Zeolite powder was pressed into pellets
at a pressure of 100 bar for 60 s, lightly ground, and sieved to a
200−400 μm diameter fraction. 0.7 g of catalyst was loaded in a
U-shaped quartz reactor (ID = 6 mm) and placed in an oven. In
a typical catalytic experiment, the material was heated at a rate
of 2 °C min−1 to 550 °C in a 50 NmL min−1 flow of O2, and
this temperature was kept constant for another 8 h. After
cooling to 60 °C, the excess gas phase O2 was removed by a 50
NmL min−1 flow of N2 for 5 min. A mixture of 5 NmL min−1
CH4 and 30 NmL min−1 N2 was introduced into the reactor.
The mixture was allowed to stand for 20 min before the catalyst
was heated under the same flow to 200 °C with a rate of 5 °C
min−1. After methane interaction for 60 min, the methane-
containing flow was switched off, and the catalyst bed was
cooled to room temperature. The resulting material was
dispersed in 5 mL of water, under vigorous stirring, for 2 h
to extract methanol. After centrifuging and filtration, the liquid
phase was transferred to a volumetric flask, mixed with a
predetermined volume of acetonitrile, as an internal standard,
and analyzed via gas chromatography (GC).
Analysis of aqueous samples was performed using a

Shimadzu Model GC 2010-Plus system that was equipped
with a flame ionization detector (FID) and a SUPELCOWAX
10 column (length = 30 m, inner diameter = 0.53 mm, and film
thickness = 1.00 μm). The oven was held at 60 °C for 8 min,
and then heated at a rate of 30 °C min−1 to 120 °C. The
temperature of inlet and detector was set constant at 180 °C.
In an experiment using the online extraction method, the

contact of catalyst with methane for 60 min at 200 °C was
followed by the introduction of 50 NmL min−1 of water-
saturated N2 flow to the reactor. The temperature of the used
gas-washing bottle was set to 25 °C during the entire
experiment. The reactor outlet was connected to a cold trap
at −78 °C that was placed in an isopropanol/dry ice bath to
condense the liquids. After 8 h, the cold trap was warmed to
room temperature, diluted with water, mixed with acetonitrile,
and then analyzed via GC, as described above.

Table 1. Details of Cu/Mordenites Used in the Study

entry catalyst
preparation
methoda substratesb

Cu
content
(wt %)

1 CuMorS-1 SSIE Cu(acac)2 (0.120 g) and
NH4-Mor-1 (0.975 g)

2.58

2 CuMorS-2 SSIE Cu(acac)2 (0.045 g) and
NH4-Mor-1 (0.975 g)

1.01

3 CuMorS-3 SSIE Cu(acac)2 (0.084 g) and
NH4-Mor-1 (0.975 g)

1.84

4 CuMorS-4 SSIE Cu(acac)2 (0.180 g) and
NH4-Mor-1 (0.975 g)

3.74

5 CuMorS-5 SSIE Cu(acac)2 (0.120 g) and
NH4-Mor-2 (0.975 g)

2.66

6 CuClMorS SSIE CuCl (0.043 g) and NH4-
Mor-1 (0.975 g)

2.84

7 CuMorL-1 LIE Cu(OAc)2 (0.476 g) and
Na-Mor-2 (2 g)

3.21

8 CuMorL-2 LIE Cu(OAc)2 (0.476 g) and
Na-Mor-1 (2 g)

3.10

9 CuMorL-3 LIE Cu(OAc)2 (0.476 g) and
NH4-Mor-1 (2 g)

2.07

aSSIE and LIE correspond to solid-state and liquid-phase ion
exchange, respectively. Liquid-phase ion exchange was performed in
200 mL of water. bSi/Al ratio = 10 (in Mor-1) and 6.5 (in Mor-2).
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Turnover numbers (TONs) were calculated based on the
ratio of the methanol amount produced (mol) per Cu loading
(mol).
2.3. Characterization of Catalysts. 2.3.1. Transmission

Electron Microscopy (TEM). Transmission electron microscopy
(TEM) and energy-dispersive X-ray spectroscopy (EDX)
measurements were recorded on a TECNAI Model G220 S-
TWIN electron microscope that was operated at 200 kV and
equipped with an EDAX EDX system (Si(Li)) SUTW detector,
with an energy resolution of 136 eV (for Mn Kα radiation). For
sample preparation, a drop of the material dispersed in ethanol
was deposited onto a carbon-coated nickel grid via evaporation.

2.3.2. N2 Sorption Analysis. N2 sorption analysis was
performed at 77 K using a QUADRASORB SI system, which
was equipped with an automated surface area analyzer. Before
analysis, samples were degassed at 150 °C for 12 h. Specific
surface areas (BET) were determined over a 0.05−0.30 P/P0
range. The total pore volume was collected at P/P0 = 0.99.

2.3.3. Powder X-ray Diffraction (XRD). Wide-angle powder
XRD was performed with a Bruker-AXS Model D8 Avance
diffractometer with DAVINCI design, using Cu Kα radiation (λ
= 1.5418 Å), that was equipped with a Lynx Eye detector.

2.3.4. In Situ UV−Visible Spectroscopy. UV−visible diffuse
reflectance (UV-vis DRS) spectra were measured on a Cary
Model 5000 spectrometer (Agilent) equipped with a Harrick
Praying Mantis diffuse reflectance attachment (Model DRP-
P72) and a reaction chamber (Model HVC-VUV). The in situ
cell was connected to a gas delivery system for operation under
flow conditions. Spectralon was used as a white standard.
Spectra were taken in the 200−800 nm range with a step size of
1 nm every 3 min during the treatment of materials. Results
were presented in the Kubelka−Munk function (F(R))
calculated from recorded reflectance data.
The in situ cell was heated to 550 °C with a rate of 10 °C

min−1 in a 50 NmL min−1 flow of O2. The sample was held at
550 °C for 60 min, and then cooled to 200 °C with a rate of 10
°C min−1 under the same flow.

2.3.5. Temperature-Programmed Reduction by Hydrogen
(H2-TPR). Temperature-programmed reduction by hydrogen
(H2-TPR) experiments were conducted on a BELCAT II
instrument (Version 0.4.5.13). Prior to measurements, Cu/
mordenites were pretreated in a 50 NmL min−1 flow of O2 at
550 °C for 4 h, and then cooled to ∼40 °C. This temperature
was kept constant for a stabilization for 3 h under a 30 NmL
min−1 flow of 5% H2/N2. H2-TPR profiles of the samples were
then recorded in the same flow at a heating rate of 3 °C min−1
up to 900 °C.

2.3.6. X-ray Absorption Spectroscopy. X-ray absorption
measurements were carried out with a novel self-developed
wavelength dispersive spectrometer in von Hamos geometry.
The spectrometer is equipped with a microfocus X-ray tube, a
curved highly annealed pyrolytic graphite mosaic crystal and a
charge-coupled device camera with a pixel size of 13.5 μm ×
13.5 μm. The tube was operated with a high voltage of 13.5 kV
and a current of 870 μA. The samples were prepared as
powders on cellophane tape and constantly moved during the
measurements to minimize effects of local thickness inhomo-
geneity. The beam size on the samples is ∼3 mm × 3 mm. The
gathered spectral range covers the Cu K-absorption edge at
8980 eV.

3. RESULTS AND DISCUSSION
Solid-state Cu2+ exchange of mordenite was carried out by
treating a well-blended mixture of NH4-form mordenite and
Cu(acac)2 at high temperature under an O2 flow (CuMorS).
The copper content within the mordenite was varied by
changing the mordenite/Cu(acac)2 ratio. For comparison,
CuCl also was used as a reactant (CuClMorS) and a
conventional liquid-phase ion exchange method was also
applied to prepare Cu/mordenites (CuMorL). Details on
Cu/mordenites used in this study are summarized in Table 1.
Only a small decrease in the BET surface area was observed
after Cu was loaded into the mordenites by both methods (see
Table S1 in the Supporting Information). Furthermore, XRD
measurements show that the structure of Cu-loaded mordenites
is in agreement with the parent mordenites (see Figure S1 in
the Supporting Information). No additional peaks specific for
elemental Cu or its oxides were detected in the patterns,
confirming that the Cu species are highly dispersed throughout
the zeolite framework and Cu-based nanoparticles, if any, are
smaller than ∼3 nm. The well-dispersed nanoparticles found in
the TEM images of both catalysts are formed during the
measurement due to irradiation within the high-energy electron
beam (see Figure S2 in the Supporting Information).25,26
The catalytic procedure for the methane-to-methanol

conversion over Cu/mordenites was performed as described
previously in a stepwise manner, namely,

(i) activation of the material at 550 °C under an O2 flow for
8 h,

(ii) interaction of the material with methane at 200 °C, and
(iii) extraction of methanol using 5 mL of water at room

temperature for 2 h.20,23,27

To investigate the activity of Cu/mordenite prepared via solid-
state ion exchange using Cu(acac)2 and to develop optimum
reaction conditions, CuMorS-1 was tested initially. It was found
that the CuMorS-1-catalyzed reaction yielded 39.3 μmol gcat−1
of methanol, while only 10.7 μmol gcat−1 was produced in a
comparable experiment, using the mordenite ion-exchanged
with CuCl (CuClMorS) with a similar copper loading. The
catalytic performance of CuClMorS was consistent with the
one reported in a recent study confirming the negative effect of
chlorine in mordenite based on the ion exchange with CuCl on
the methanol production.25 Furthermore, XANES spectra
obtained in this study showed the specific features of Cu+ is
still present in mordenite, even after activation in O2.25 Such
Cu+ species has been described to be inactive for CH4
activation. Besides the negative effect of chlorine, the
appearance of stable Cu+ sites also can be responsible for the
poor performance of CuClMorS. Therefore, the use of
Cu(acac)2 as a precursor for Cu2+ cation exchange under
solid state is clearly preferable. Typically, both the H- and NH4-
forms can be used for the preparation of metal-exchanged
zeolites.28 However, using the NH4-form zeolite offers a more
simple and facile procedure for the preparation of Cu/zeolite.
Indeed, to obtain the H-form, a further calcination step of the
NH4-form zeolite is required, which can be performed well
during solid-state ion exchange at high temperature between
Cu(II) acetylacetonate and NH4-mordenite.29 Furthermore, it
has been shown that the degree of Cu-exchange using the NH4-
zeolite is considerably higher than for using the H-zeolite at the
same temperature.30
The interaction of the catalyst CuMorS-1 with methane at

200 °C was performed at different reaction times showing that
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more methanol was generated on Cu/mordenite by prolonging
the contact time. No methanol was extracted after the activated
catalyst was purged with pure N2, indicating that methanol was
indeed generated from methane. A methanol amount of 18.1
μmol gcat−1 was achieved within 5 min at 200 °C after the
addition of methane (Figure 1). As can be expected, a steady

increase of methanol production with increasing reaction time
was observed during the first 30 min. However, after this
reaction time, methane production reached a plateau, i.e., just a
negligible yield improvement is seen within the next 30 min. In
total, a methanol amount of 40.5 μmol gcat−1 was obtained after
1 h. These results are consistent with previous studies, in which
the activated catalysts had to be reacted for at least 20 min with
methane to obtain significant methanol yields.5,20,21 Note that
the time required for completion of the reaction is dependent
on Cu loading and methane concentration in the gas flow.
In earlier studies, greater amounts of methanol were obtained

when ethanol or acetonitrile/water mixtures were used for
extraction, compared to only dry acetonitrile or n-hexane.
Therefore, the solvent was proposed to be acting not only as a
methanol-desorption agent, but also as a proton source for
hydrolysis of the intermediates, most likely methoxy
species.26,27,31 As mentioned previously, the solvent used in
our studies was water. To investigate its role in the production
of methanol, a high-temperature treatment of the catalyst in dry
inert gas was performed, instead of dispersing the catalyst in
liquid water. In particular, after interaction with CuMorS-1, the
methane-containing flow was switched off and the reactor was
cooled to room temperature. The material was then heated to
550 °C at the rate of 1 °C min−1 in a 50 NmL min−1 flow of
helium. Products in the outlet stream were detected by a
quadrupole mass spectrometer (InProcess Instruments, Model
GAM 200) (Figure 2). Helium was considered as an internal
standard to quantify the products. Neither methanol nor
dimethyl ether was observed during heating under dry inert gas.
This indicates the necessity of water for converting
intermediate species, formed on the catalyst surface after
reaction of Cu sites with methane, to methanol. Nevertheless,
the presence of such intermediates on the catalyst surface is
confirmed as CO2 was detected starting from ∼200 °C, in
accordance to the proposed formation of methoxy species
bound to dicopper sites from methane.27,31 The corresponding
formation of hydroxyl species between dicopper sites,
generated by the remaining abstracted H atom from methane,
is also indicated by detecting water, starting at ∼300 °C.
Surprisingly, other species than CO2 and H2O were detected by
heating the methane-treated CuMorS-1 under inert gas
(namely, H2 and CO). Formation of these species could also
be the result of decomposition of methoxy species stabilized on

the catalyst surface. However, observation of CO and H2 at
higher temperatures, compared to the case of CO2, indicates
that the activation of methane by Cu/mordenite catalyst results
in the formation of intermediates with different stabilities. The
CO amount was 58 μmol gcat−1 from an overall carbon oxides
amount of 84 μmol gcat−1, which is close to the methanol yield
obtained after the addition of liquid water (see below),
suggesting that the intermediate, which is decomposed to H2
and CO in the dry helium flow, is responsible for the methanol
and dimethyl ether production by reaction with water. Indeed,
when CuMorS-1 after methane activation was treated with a
water-saturated He flow, methanol and dimethyl ether were
detected already at room temperature, but no H2 and CO were
seen afterward when the catalytic bed was heated to higher
temperatures, while CO2 was formed again at 200 °C (Figure
3). Dimethyl ether was previously observed in the wet helium
flow at 135 °C;21 however, its early appearance at room
temperature in the wet helium flow in the present study
demonstrates that it should not be considered to be a product
of dehydrated methanol and another single intermediate may
be responsible for the production of dimethyl ether.
The last step in the catalytic cycle for methanol collection

can be generally performed by using either liquid water or
vapor stream. It was demonstrated that similar amounts of
methanol could be collected with different extraction
methods.20,25 In the off-line extraction protocol, strong
methanol adsorption on the zeolite surface can aggravate
methanol extraction.32,33 Indeed, increasing the water volume
used for extraction from 5 mL to 10 mL per reaction batch (0.6
g of calcined catalyst) led to a notable further increase of
extracted methanol (Figure 4). However, a further increase in
the amount of water yielded no further improvement in the
amount of methanol. In addition, an extraction protocol using a
wet N2 flow was performed for 8 h. It was observed that a very
low amount of methanol (8 μmol gcat−1) was collected in the
cold trap, compared to 55.3 μmol gcat−1 of methanol obtained
from extraction in 10 mL of liquid water. After the online
extraction, the water-saturated N2 flow was switched off and the
reactor was cooled to room temperature. A further extraction
by liquid water was performed with the catalyst. Methanol was
still found after the extraction, confirming that activated
methane species are indeed strongly adsorbed at the catalyst
surface. Therefore, the conditions of the extraction step should
be chosen with care to obtain the maximum methanol amount
that a catalytic cycle was able to produce.

Figure 1. Effect of reaction time on methanol production using
CuMorS-1 as a catalyst.

Figure 2. Volumetric flows of CO2, H2, CO, and H2O calculated from
the mass spectrometry data recorded during heating CuMorS-1 (after
interaction with CH4) in a dry helium flow.
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A typical MOR-type structure contains nonintersecting large
12-membered-ring (12-MR) channels (6.5 Å × 7.0 Å) with
parallel small 8-MR channels (5.7 Å × 2.6 Å). The 12-MR and
8-MR pores are connected by small side pockets (3.4 Å × 4.8
Å).34−36 Recent studies demonstrated that the Cu species
located at 8 MR windows of the side pockets are able to
produce oxygen-bridged dicopper/tricopper sites by high-
temperature treatment in O2, which were found to be reactive
to methane.21,35,37,38 However, it was reported that the
activation step in oxygen has only minor influence on the
methane-to-methanol performance.20 In that work, high-
temperature (450 °C) activation of Cu/mordenite at 6 bar of
oxygen even led to a decrease in methanol yield, compared to
the result obtained at 1 bar of oxygen, while the effect of
activation temperature was not further studied.20 However, our
results showed that the catalytic activity of CuMorS-1 was
remarkably enhanced by raising the activation temperature up
to 650 °C (Figure 5). The reaction with methane at 200 °C
yielded 37.3, 55.3, and 65.2 μmol gcat−1 of methanol using the
catalyst CuMorS-1 activated at 450, 550, and 650 °C,
respectively. Note that ion exchange in this study was carried
out in situ during the activation of CuMorS-1 and the higher
activation temperature might therefore also accelerate the Cu2+
exchange at the 8-MR side pockets, besides facilitating the
formation of active Cu-oxo clusters. However, activation at 750
°C results in no significant further improvement in the reaction
performance, finally yielding 65.8 μmol gcat−1 of methanol.

To confirm the positive effect of higher activation temper-
atures, the same treatment was applied for a reference Cu/
mordenite (CuMorL-1, 3.21 wt % Cu) prepared by liquid-
phase ion exchange between Na-mordenite and copper(II)
acetate. After activated at 450 °C, CuMorL-1 was able to
produce 15.3 μmol gcat−1 of methanol after treatment with
methane at 200 °C for 60 min and off-line extraction with 10
mL of water. This yield is in good agreement with the yields
found in previous studies, in which the preparation of Cu/
mordenite was performed in aqueous medium.20,23,27,39 Also, in
this case, a clear increase in methanol production to 28.2 μmol
gcat−1 was observed when the activation step was carried out at
550 °C. Therefore, it can be concluded that a larger number of
Cu species that are sufficiently active to react with methane can
be achieved at elevated activation temperatures. However, this
comparison also shows that CuMorS-1 exhibits a much better
catalytic performance for the partial oxidation of methane to
methanol under the identical conditions than CuMorL-1, even
though the Cu content in the former is significantly lower.
For a further comparison of the two ion exchange methods,

Cu2+ cation exchange was carried out under liquid- and solid-
phase conditions, using mordenites with different Si/Al ratios.
At first, the similar activities of Cu/mordenites under identical
conditions showed that the influence of the Si/Al ratio in
zeolites on their catalytic performance seemed to be negligible
(Figure 6). On the other hand, this study proves that solid-state
ion exchange of NH4-Mor with Cu(acac)2 could produce more
effective catalysts (CuMorS-1 and CuMorS-5) for the selective
oxidation of methane to methanol. The solid-state reaction
could promote the metal ion diffusion to all exchangeable
charge-balancing sites in the porous zeolitic framework.40

Figure 3. Ion intensity-based signal of CH3OH (m/z = 31), (CH3)2O (m/z = 46), and CO2 (m/z = 44) detected by the MS during the treatment of
CuMorS-1 in a wet helium flow.

Figure 4. Effect of water amount for extraction on methanol
production (water volumes used per reaction batch of 0.7 g of
CuMorS-1).

Figure 5. Effect of activation temperature on methanol production.
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Structural analysis of Cu/mordenites was carried out to
elucidate the difference in catalytic performance. As XRD and
TEM measurements show similar results for both CuMorS-1
and CuMorL-1, no conclusion for the different catalytic
performances of these catalysts can be drawn from these
analytic results.
Cu/mordenites after activation in O2 were subjected to H2-

TPR to 900 °C to determine the type and positions of Cu
species located in the mordenite framework. Note that the
temperature for the reduction of metal species is dependent on
its stability and the accessibility of the species to H2.40−42 The
Cu species located at different cages in the zeolite structure
have different correlative reducibility. The accessibility of the
different Cu cores to H2 and the activation energy for reduction
change, depending on the pore size and the coordination of Cu
into the framework, e.g., bulk CuO species on the surface and
Cu sites the supercages are more easily reduced than Cu ions
exchanged at smaller cages.40−48
The H2-TPR curves generally revealed three H2 consumption

features in the tested temperature range. The first reduction
peaks observed for both CuMorS-1 and CuMorL-1, in the
temperature range from 100 to 300 °C, were attributed to the
most accessible Cu sites on the external zeolite surface and in
the largest cage of mordenite, i.e., 12-MR channel (Figure
7b).40 Compared to the H2-TPR profiles of bulk CuO and
Cu2O (Figure 7a), these reduction peaks of Cu/mordenites are
present at lower temperatures, probably due to the small size
and the good dispersion of Cu clusters on mordenite.40,49,50
The H2 uptakes found at higher temperatures were assigned to
the reduction of the less accessible Cu sites in the smaller
channels (e.g., 8-MR pore, side pockets).40 Particularly,
CuMorL-1 exhibits only a shoulder peak for the second
reduction step at ∼370 °C, while a separate feature at much
higher temperature (530 °C) was observed for CuMorS-1,
indicating that a large number of Cu2+ cations could be loaded
into the ion-exchangeable positions of lower accessibility upon
solid-state ion exchange. Furthermore, a broad reduction peak
detected at the temperature above 750 °C for CuMorS-1 can be
attributed to Cu cations highly stabilized in the zeolitic
framework that can just be reduced at distinctly higher
temperatures.47,49,51,52 These cationic sites coordinate only
with framework oxygen atoms at the small rings of zeolite (i.e.,
5-MR, 6-MR) without any guest oxygen ligands.37,53−56 The H2
consumption at this temperature range was negligible for
CuMorL-1, indicating that much more of these Cu sites exist in
CuMorS-1. Although these Cu species have been described to
be inactive for the activation of C−H bonding,37,57,58 these

results show the high efficiency of the solid-state ion exchange
method for the diffusion of Cu species to small pores in
mordenite. Indeed, in the dissolved aqueous state, the Cu2+
cation exists as the [Cu(H2O)6]2+ complex, which is too large
to access the small cages of the zeolite. The efficient ion
exchange at these positions as one of the most important
advantages of the solid-state route was previously high-
lighted,28,59,60 yielding a higher degree of ion exchange.29,61,62
Furthermore, residual Na+ cations that are always found in the
Cu/zeolites prepared in an aqueous solution probably resulted
in a negative impact on their catalytic performance.61,63
Further TPR measurements were carried out for CuMorS

samples activated at different temperatures especially to gain
further insight into the improvement of catalytic performance
with increasing activation temperature (Figure 8). Increasing
the activation temperature in the range from 450 °C to 650 °C
led to an obvious shift of the second reduction peak to higher
temperatures. This indicates an enhanced diffusion of Cu
cations to the smaller pores in mordenite with increasing
activation temperature. As a result, methanol production over
the Cu/mordenites activated at elevated temperature was

Figure 6. Catalytic performances of different mordenites-supported
Cu catalysts.

Figure 7. H2-TPR profiles of Cu-based materials: (a) reference copper
oxides and (b) O2-activated Cu/mordenites.

Figure 8. H2-TPR profiles of CuMorS-1 activated at (a) 450 °C, (b)
550 °C, (c) 650 °C, and (d) 750 °C.
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significantly improved. Raising the activation temperature to
750 °C yields only a minor further increase in methanol
production and indeed also just a small change in the
temperature at which the second reduction occurred is
observed for this material.
By using CuO TPR for calibration, it is seen that H2

consumptions for the TPR experiments of CuMorS-1 (2.58
wt %) and CuMorL-1 (3.21 wt %) are close to the
stoichiometric ratio for the reduction of Cu2+ to Cu0 (namely,
1.08 and 1.10, respectively). The small deviation, compared to
the expected value (H2/Cu = 1), can be explained by the low
Cu loadings in mordenite.64 However, this result further verifies
that the Cu species in the materials are Cu(II) species,
consistent with earlier works, in which only Cu2+ was found in
zeolites after activation and responsible for the conversion of
methane to methanol in the subsequent steps.25,31,51 In
addition, the oxidation state of Cu in the samples was also
determined by X-ray absorption near-edge structure (XANES)
analysis (see Figure S3 in the Supporting Information). No
features of Cu+ were observed for Cu/mordenite after
activation in O2, and the spectra are completely consistent
with those of Cu(II)-containing compounds.
In situ UV-vis spectroscopy is known as one of the most

practical approaches to detect and determine the active sites in
Cu/zeolites and their structural changes during the reaction.
The spectroscopic region of 20000−30000 cm−1 is typical for
copper species that bind to extra-framework oxygen.5,65 It was
reported that high-temperature activation of Cu/ZSM-5 results
in the appearance of a band at 22 700 cm−1, which was assigned
to a mono-(μ-oxo)dicopper(II) complex ([Cu2(μ-O)]2+). The
disappearance of the band after treatment with methane indeed
suggests that a dinuclear Cu core is responsible for the activity
of Cu/ZSM-5 toward the selective oxidation of methane to
methanol.5,19,23,65−67 An activated Cu/mordenite showed the
same spectroscopic behavior with a band centered between
22 200 and 22 700 cm−1.27,35,40,51 An additional absorption
feature at 29 000 cm−1 was observed on O2-activated Cu/ZSM-
5 and assigned to a μ-(η2:η2)peroxo dicopper(II) site.60,65
However, to date, the structure of active species formed and
stabilized in Cu-exchanged zeolites has not been fully
understood. Interestingly, in a study by Grundner et al., for
Cu/mordenite activated in O2 at 450 °C, a new broad band at
about 31000 cm−1 was observed while the band at ∼22 700
cm−1 disappeared. This observation is in accordance with the
suggestion that the structure of the active clusters in the catalyst
was different from those previously described.21 The absence of
the 22 700 cm−1 band for Cu/mordenite activated at 200 °C
was also reported by Tomkins et al., in which the active site was
proposed to be dehydrated copper oxide clusters. This species
was less active than the mono-(μ-oxo)dicopper(II) site and,
therefore, only became reactive at a high methane pressure.20
UV-visible diffuse reflectance spectra of CuMorS-1 and

CuMorL-1 were recorded in situ during activation under a 50
NmL min−1 O2 flow. The materials were heated from room
temperature to 550 °C, then cooled to 200 °C. A band at
∼33 000 cm−1 with increasing intensity was observed for both
catalysts (see Figure 9a and 10a). This UV-vis spectral feature is
in good agreement with the finding previously reported.21
Using in situ X-ray absorption spectroscopy (XAS) and density
functional theory (DFT) calculation assisted by UV-vis analysis,
it was proposed that the active sites in Cu/mordenite generated
by activation in O2 are trinuclear copper-oxo clusters, namely,
[Cu3(μ-O)3]2+.21,68 Note that even though the overall Cu

content is lower in CuMorS-1, the intensity of the 33 000 cm−1
band is significantly higher than that observed for CuMorL-1.

Figure 9. In situ UV-vis spectra of CuMorS-1 activated under an O2
flow in the range of (a) 15 000−40 000 cm−1, (b) 20 000−25 000
cm−1 (bands at 33 000 and 22 200 cm−1 are indicated by the arrow).

Figure 1 . In situ UV-vis spectra of CuMorL-1 activated under an O2
flow in the range of (a) 15 000−40 000 cm−1, (b) 20 000−25 000
cm−1 (the band at 33 000 cm−1 is indicated by the arrow).
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The 22 200 cm−1 band assigned to a mono-(μ-oxo)dicopper-
(II) core was not detected when the materials were heated to
550 °C and the temperature was held for 1 h. However, this
band was observed for CuMorS-1 when the material was cooled
in an O2 atmosphere. The appearance of the band at 22 200
cm−1 became even more obvious as the temperature decreased
to <300 °C. This was simultaneous with a decrease in intensity
of the band centered at 33 000 cm−1, suggesting that a small
fraction of the [Cu3(μ-O)3]2+ clusters was converted to the
[Cu2(μ-O)]2+ site in CuMorS-1 at low activation temperatures
(Figure 9b). Vaneldegen et al. also observed the band at 22 200
cm−1 at a low activation temperature (250 °C) and a strong
decrease in intensity by heating to >330 °C.35 However, the
22 200 cm−1 feature was not found for CuMorL-1 during the
cooling step (Figure 10b). Therefore, the in situ UV-vis results
indicate that CuMorS-1 could produce a larger number of
different active copper clusters than CuMorL-1, leading to a
more efficient catalytic performance for the methane
hydroxylation by O2.
Furthermore, the study was extended to investigate the

influence of the amount of Cu loaded in mordenite via solid-
state ion exchange on the methanol production. No methanol
was detected after interaction of methane with the fresh NH4
form, proving that the presence of Cu species is essential for
production of methanol from methane. However, excellent
performances were obtained even at low Cu loadings in
mordenite. In particular, 35.7 and 51.8 μmol gcat−1 of methanol
were produced over mordenite containing 1.01 and 1.84 wt %
of Cu, respectively (Figure 11). Remarkably, the TON

increased from 0.14 to 0.22 by reducing the Cu loading from
2.58 wt % to 1.01 wt %. It can be thus calculated that 44% of Cu
sites in CuMorS-2 (1.01 wt % Cu) are active for activation of
methane molecules based on the assumption that a mono(μ-
oxo)dicopper species is responsible for the catalysis, and the
proportion of active Cu sites should be 66% when a tricopper
species is assumed.21,35,68 However, increasing the Cu content
further, from 2.58 wt % to 3.74 wt %, led to a large loss in the
amount of methanol produced. We observed that, after
calcination, this high-Cu-content catalyst turned gray instead
of light blue as expected (see Figure S4 in the Supporting
Information), indicating significant formation of larger CuO
particles in mordenite.43 The presence of bulk CuO is
undesired in the direct hydroxylation of methane, because it
is not only inactive but also could hinder the interaction of
potential Cu sites with oxygen and, subsequently, methane. To
explain the poor performance of 3.74 wt % CuMorS-4, H2-TPR
analysis on CuMorS catalysts with different Cu amounts were

performed. The comparative TPR profiles showed that the
second reduction step occurred earlier as the Cu loading
increased, indicating an impeded diffusion of Cu species to the
smaller pores (see Figure S5 in the Supporting Information).
Therefore, the efficiency of the catalyst based on the TON was
enhanced as lower Cu loadings were applied for the preparation
of Cu/mordenite via solid-state ion exchange at 550 °C in an
O2 flow.
Recoverability and reusability of CuMorS-1 were studied

over repeated catalytic cycles. After a multistep procedure
including activation at 550 °C for 8 h in oxygen, reaction with
methane at 200 °C for 1 h, and finally methanol extraction in
water at room temperature, the catalyst was dried at 105 °C for
12 h and loaded in the reactor for the next cycle. No
degradation in catalytic activity was observed with ∼55 μmol
gcat−1 of methanol produced in the successive cycles (Figure
12). ICP-OES analysis showed that the Cu content in

mordenite almost remained unchanged after the fourth
recycling step. XRD patterns of the reused catalyst are similar
to those of the fresh mordenites and the catalyst activated in
O2. N2 adsorption measurements of the catalyst after several
cycles showed an insignificant change in surface area (see Table
S1 in the Supporting Information). These results indicate that
the Cu sites loaded in mordenite by solid-state ion exchange are
highly stable and can be reactivated for successive catalytic
cycles.

4. CONCLUSIONS
Cu-containing mordenite was prepared by a facile solid-state
ion exchange of the NH4-form of mordenite with Cu(acac)2.
The Cu-exchanged mordenite was then used as a bioinspired
solid catalyst for the partial oxidation of methane to methanol
in a multistep procedure. The reaction of methane with the O2-
activated catalyst yielded high amounts of methanol upon off-
line extraction in water. The improved catalytic activity of solid-
state ion-exchanged Cu/mordenites, in comparison to Cu/
mordenites, which have been traditionally prepared in this work
via liquid ion exchange, was elucidated by in situ UV-vis
analysis, as the spectroscopic features of activated Cu sites were
detected with much higher intensity. We propose that different
active clusters including dicopper- and tricopper-oxo complexes
could be formed in the catalyst. In addition, TPR measure-
ments indicated that the Cu species were located at different
positions in mordenite and the Cu2+ cations could be
exchanged to less-accessible sites in small pores of mordenite
by high-temperature solid-state treatment, which probably
resulted in the feasible formation of active Cu-oxo cores. The
results of this study can guide synthetic approaches to further

Figure 11. Effect of Cu loading on methanol production.

Figure 12. Recycling test.
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enhance the activity of biomimetic Cu-based catalysts for the
direct conversion of methane to methanol under mild
conditions and provide Cu/zeolite material with great potential
for obtaining more information about the Cu species on zeolite.
Deeper investigation of this promising Cu/mordenite is
currently carried out to clearly identify the active Cu sites
formed and elucidate their changes during the catalytic cycle.
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Ranocchiari, M.; van Bokhoven, J. A. Catal. Sci. Technol. 2 16, 6,
5011−5022.
(26) Beznis, N. V.; Weckhuysen, B. M.; Bitter, J. H. Catal. Lett. 2 1 ,
138, 14−22.
(27) Alayon, E. M.; Nachtegaal, M.; Ranocchiari, M.; van Bokhoven,
J. A. Chem. Commun. 2 12, 48, 404−406.
(28) Abu-Zied, B. M.; Schwieger, W.; Unger, A. Appl. Catal., B 2 8,
84, 277−288.
(29) Lazar, K.; Pal-Borbely, G.; Beyer, H. K.; Karge, H. G. J. Chem.
Soc., Faraday Trans. 1994, 90, 1329−1334.
(30) Karge, H. G.; Wichterlova, B.; Beyer, H. K. J. Chem. Soc.,
Faraday Trans. 1992, 88, 1345−1351.
(31) Alayon, E. M. C.; Nachtegaal, M.; Bodi, A.; van Bokhoven, J. A.
ACS Catal. 2 14, 4, 16−22.
(32) Shah, R.; Gale, J. D.; Payne, M. C. J. Phys. Chem. 1996, 100,
11688−11697.
(33) Mirth, G.; Lercher, J. A.; Anderson, M. W.; Klinowski, J. J. Chem.
Soc., Faraday Trans. 199 , 86, 3039−3044.
(34) Baerlocher, C.; McCusker, L. B.; Olson, D. H. In Atlas of Zeolite
Framework Types, Sixth Edition; Elsevier Science B.V.: Amsterdam,
2007; pp 218−219.
(35) Vanelderen, P.; Snyder, B. E. R.; Tsai, M.-L.; Hadt, R. G.;
Vancauwenbergh, J.; Coussens, O.; Schoonheydt, R. A.; Sels, B. F.;
Solomon, E. I. J. Am. Chem. Soc. 2 15, 137, 6383−6392.
(36) Liu, K.-L.; Kubarev, A. V.; Van Loon, J.; Uji-i, H.; De Vos, D. E.;
Hofkens, J.; Roeffaers, M. B. J. ACS Nano 2 14, 8, 12650−12659.
(37) Kulkarni, A. R.; Zhao, Z.-J.; Siahrostami, S.; Nørskov, J. K.;
Studt, F. ACS Catal. 2 16, 6, 6531−6536.
(38) Zhao, Z.-J.; Kulkarni, A.; Vilella, L.; Nørskov, J. K.; Studt, F.
ACS Catal. 2 16, 6, 3760−3766.
(39) Narsimhan, K.; Michaelis, V. K.; Mathies, G.; Gunther, W. R.;
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A B S T R A C T

The chemical looping concept (CLC) has been implemented to suppress the formation of COX in an oxidative
coupling of methane (OCM) reactor under a wide range of conditions. In comparison to the normal co-feeding
strategy, this technique resulted in an enhanced C2 selectivity at the same methane conversions. Nevertheless,
the obtained yield never exceeded 25% which is still lower than the minimum value needed for industrializing
OCM. The CLC was applied in mechanistic studies to investigate the consecutive reaction of the main products of
OCM, i.e. ethane and ethene. The performance of the reaction of C2 components at 750 °C in the chemical
looping reactor was compared with that obtained in the co-feeding experiments. The effect of the surface ad-
sorbed oxygen species on the reaction of both ethane and ethene was investigated. The results of these ex-
periments reveal that some of the mechanistic assumptions about the OCM reaction are not compatible with the
nature of MnxOy-Na2WO4/SiO2, one of the most stable and best performing catalysts known for this reaction. The
yield limitation is shown to be inherent to the catalyst. However, this limitation should be solvable through the
modified process concept aiming at the production of ethane in a separated first step.

1. Introduction

Ethene (C2H4) is the building block for producing a vast range of
chemicals from plastics to antifreeze and solvents. It is among the most
produced organic compounds of the petrochemical industry. The
market demand of ethene was more than 150 million tons in 2016 and
its global growth rate is presumed to be around 3.5% over the next 5
years [1]. This chemical is usually produced in steam-cracking units
from a range of petroleum-based feedstocks, such as naphtha, and
therefore its production capacity and cost are strongly dependent on the
availability and price of crude oil. The increasing demand for ethene
[1] from the one side and the limitation in the oil reserves [2,3] from
the other side make an alternative process for producing this essential
compound highly desirable. Oxidative coupling of methane (OCM),
which converts methane directly into C2 products and higher hydro-
carbons (Eq. (1) and (2) [4,5]), may be the way to realize this aim. This
reaction has received lots of attention during the last three decades,
since the pioneering work of Bhasin and Keller [6]. In the OCM reac-
tion, methane, which is a cheaper and more abundant resource than oil,
is used as the feedstock for producing ethane and ethene (C2 hydro-
carbons) [7].

4 CH4+O2→ 2 C2H6+ 2 H2O (1)

2 CH4+O2→ C2H4+ 2 H2O (2)

The reaction is performed in the presence of an oxidizing agent
(normally oxygen) to change the OCM process from endothermic to
exothermic, which is thermodynamically preferable [4,7]. However,
the presence of oxygen in the reactor also brings total and partial hy-
drocarbon oxidation reactions, which are thermodynamically even
more favorable, in competition with the coupling reaction. In these
conditions, not only methane, but also the main products of OCM, i.e.
C2+ products, tend to react further and produce more of the COX

components, see Fig. 1 [4,8–13]. Therefore, despite all the research
done on OCM, the minimum yield of 30% towards C2+ products, which
is required to make the reaction economically feasible, has still not been
achieved.

To enhance the performance of this reaction toward C2 products, it
is essential to have better control over the formation of carbon oxide
components. To reach that point, the origin of the formation of COX

should be known more precisely. There is already a consensus that
carbon oxides are produced not only through the homogeneous gas
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phase oxidation but also the heterogeneous catalytic oxidation of the
OCM main hydrocarbons [14–21]. The occurrence of the surface reac-
tions makes the mechanism of OCM a function of the particular catalyst
in use. A vast range of metal oxide catalysts are known to activate this
reaction [22,23]. The MnxOy-Na2WO4/SiO2 catalyst, which was first
reported by Li [4], is known from a rich literature to be one of the most
effective and stable catalysts for OCM [4,11,17,24–30]. So far, a C2+

yield of 25% has been achieved for OCM performed over this catalyst
[4,31]. This promising performance has encouraged us to choose it as
the model catalyst in this study.

Previous mechanistic studies have revealed two important facts
regarding the formation of carbon oxides in the presence of MnxOy-
Na2WO4/SiO2 catalyst [11,17]. Firstly, the results of the pump probe
experiments have indicated that the oxygen is activated on the surface
of the catalyst and forms either selective or unselective surface species
[8]. The former species were reported to be strongly adsorbed on the
surface while the latter were weakly bounded there. Therefore, purging
the reactor with an inert gas was observed to remove a part of the
unselective oxygen species from the surface of the catalyst while the
concentration of the selective ones remained almost unchanged. Under
these circumstances, an increase in the selectivity of the reaction to-
ward the C2 products was noticed [8,17]. Secondly, the total and partial
oxidation of C2 products rather than that of methane are revealed to be
the main routes to the formation of COX in the OCM reactor [17,32].
The secondary oxidation of C2 components has been shown to mostly

occur in the presence of the gas phase oxygen [32].
The discussed mechanistic features of the reaction clearly indicate

the necessity for removing both these oxygen species, those in the gas
phase and the unselective weakly bounded surface species, for enhan-
cing the performance of OCM. This can be realized by applying the
chemical looping concept (CLC) to the reaction. This concept has ex-
isted for about a hundred years and is well-known for combustion
processes in order to not only separate the formed carbon dioxide from
nitrogen but also to avoid the formation of NOX [33–39]. To take ad-
vantage of such a reactor concept for OCM, the catalyst material needs
to have the ability to provide a sufficient storage capacity for one of the
reactants, in this case, oxygen. The MnxOy-Na2WO4/SiO2 catalyst is
already proven to have a good oxygen storage capacity (almost
20 μmol/gcat) [40–42]. To realize this reactor concept on the laboratory
scale two pneumatic pulse valves were installed at the inlet of a fixed
bed reactor. All the details regarding the operation and construction of
the reactor set up can be found in our recent publication [41].

The performance of oxidative coupling of methane over a wide
range of reaction conditions was the first issue tested in this reactor set
up [41]. Since a yield limitation of 25% was observed during these
experiments, the reactor was applied for mechanistic studies to in-
vestigate the reasons causing this behaviour.

2. Experimental procedure

2.1. Catalyst preparation

All catalytic reactions were performed using MnxOy-Na2WO4/SiO2

catalyst. The preparation procedure and analytical information of the
catalyst are described in detail elsewhere [32,43]. The final catalyst
consists of 5 wt.% Na2WO4, 2 wt.% Mn(II) on SiO2 and has a specific
surface area of 3.2 m2/g and a particle size of 200–300 micrometer.

Fig. 1. Simplified reaction mechanism of OCM.

Fig. 2. Schematic of the experimental setup.
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2.2. Feed stream

Methane (99.95%), Ethane (99.95%), Ethene (99.90%), Oxygen
(99.998%) and Helium (99.999%) were purchased from Air Liquide
and used in experiments as received, without further purification.

2.3. Simulated chemical looping experiments

The simplified schematic of the experimental setup is presented in
Fig. 2. Since the reactor set up and its working procedure are explained
in detail elsewhere, we have sufficed here to give only a brief de-
scription of it [41]. To simulate the chemical looping concept, two
pneumatic valves, equipped with sampling loops, were installed in front
of a fixed bed quartz reactor. Depending on the running experiment,
sampling loops at volumes of 0.25, 0.5 or 1 ml were used to inject the
gases into the reactor. One of the valves was always implemented for
dosing either oxygen or hydrogen while the other one was used to inject
hydrocarbons i.e. methane, ethane or ethene.

In all the experiments, a quadrupole mass spectrometer (MS) (GAM
200) was implemented to continuously measure the concentration of
the effluent gas versus time in the reactor outlet.

The experiments were done using 1 g of the MnxOy-Na2WO4/SiO2.
After placing the catalyst in the isothermal zone of the reactor (i.d.
9 mm, length 35 cm), it was heated under a fixed flow of helium to
750 °C with a rate of 10 K min−1. The flow of helium, which operated
as the carrier gas and internal standard, was equally divided between
the two pneumatic valves. The reason for doing the experiments with
helium was to avoid any interference in its detection by MS with the
other components of the reaction. Once the temperature reached
750 °C, the catalyst surface was always oxidized by injecting oxygen to
the reactor. After each oxidation step, the reactor was purged with
helium to remove both the remaining oxygen in the gas phase and those
weakly adsorbed on the surface.

Depending on the investigated phenomenon, different experimental
procedures were carried out after the first oxidation step.

To study the influence of the CLC on the reaction mechanism of C2

components, the so-called chemical looping experiments were done.
Under these conditions, each pulse of ethane or ethene was introduced
to the reactor while the catalyst had been already fully oxidized by
oxygen.

To investigate the effect of concentration of surface oxygen species
on the consecutive reaction of C2 components, the multi-pulse experi-
ments were conducted. In those experiments, the oxidized catalyst was
reduced by sending several pulses of reducing components (H2, ethane
or ethene) without repeating the oxidation step in between.

In all the experiments, a quadrupole mass spectrometer (GAM 200)
was implemented to continuously measure the concentration of the
effluent gas versus time in the reactor outlet.

It should be noted that the selectivity of the reaction of C2 compo-
nents toward CH4 is excluded from the data reported in this article.
Therefore, the overall selectivity of the results reported in Tables 1 and
2, S1, S2, S3 and S4 slightly deviate from 100%.

3. Results and discussion

3.1. Effect of CLC on consecutive reactions of ethane and ethene (chemical
looping tests)

The performance of OCM at various reaction conditions over the
MnxOy-Na2WO4 has already been tested in the chemical looping reactor
(CLR) [41]. These results show that at the same level of methane con-
version, the selectivity toward C2+ products (ethane, ethene, propane,
and propene) in the chemical looping reactor is higher than that mea-
sured in the co-feeding reactors. This effect is even more noticeable at
lower methane conversion. However, this reactor concept didn’t result
in the desired yield of 30% toward the C2 products which is needed for

commercializing the reaction. The origins of this limitation were in-
vestigated by studying the influence of CLC on the consecutive reaction
of ethane and ethene. To do so, the catalyst bed was heated to 750 °C.
Then the surface was oxidized and reduced again by sending pulses of
oxygen and hydrocarbon to the reactor, respectively. The changes in
the molar fraction of effluent gas obtained in these experiments using
ethane and ethene as the hydrocarbon feed are presented in Figs. 3 and
4, respectively. The first pulse shown in Figs. 3 A and 4 A represents the
oxygen peak recorded during the oxidation step, while the second one
depicts the molar fraction of the components leaving the reactor during
the reaction with the hydrocarbon. The latter peaks are enlarged and
shown in Figs. 3 B and 4 B, respectively.

The reaction performance was calculated by comparing the integral
of the curve of the mole fraction vs. time recorded for each component
at room temperature (baseline measurement) with that during the re-
action. The calculated data are presented in Tables 1 and 2 for the re-
action of ethane and ethene, respectively. These results are presented in
comparison to those obtained from the reaction of these components in
the presence of gas phase oxygen done in a co-feeding reactor.

As the data in Tables 1 and 2 shows, the consecutive reactions of
both ethane and ethene, i.e. OCM desired products, were successfully
suppressed by implementing the chemical looping reactor. This effect
was significantly higher for ethene where the conversion value de-
creased from 48% in the co-feeding reactor to 15% in the chemical
looping one. Furthermore, the reaction selectivity of ethene towards
COX is lower under CLC conditions. Concerning the reaction of ethane
in the chemical looping reactor, the selectivity was similarly sig-
nificantly enhanced, with a selectivity of 90% toward ethene and C3

products, while the selectivity of formation of carbon oxides decreased
to 6%. Notably, the conversion for the reaction of ethane in both CL and
Co-Feeding reactor are not that different. The reason for this behaviour
is assigned to the high contribution of the non-catalytic thermal de-
hydrogenation of ethane to ethene and other products under the OCM
reaction conditions [32,44,45].

It should be noted that the conversion of ethane to COX, especially
in the CLR, is already known to mainly occur through a sequential re-
action pathway as presented in Eq. (3)–(5). Since ethene is the reaction
intermediate in this conversion, the high selectivity of oxidation of
C2H6 in CLR in comparison to that of C2H4 is assigned to the higher rate
of reaction (3) and (4) in comparison to the reaction (5).

↔ +C H C H H2 6
q

2 4 2 (3)

+ → +C H O* C H H O*2 6 2 4 2 (4)

+ → +C H O* CO H O2 4 X 2 (5)

It is worth mentioning that in the ethene pulse experiment, the re-
verse reaction (3) and reaction (5) are the main pathways for con-
verting ethene. However, the Keq calculated from Eq. (6) for the former
reaction gave a value of 2.14 at 750 °C. This indicates that the reverse
reaction (3), especially under the diluted conditions in the chemical
looping reactor, is unlikely to take place. On the other side, the rate of
deep oxidation reaction in the ethene pulse experiment is higher than in
the ethane one. The first reason for this behaviour is the higher con-
centration of ethene in the reactor when it is pulsed as the reactant, in
comparison to the ethane experiment, where ethene is gradually pro-
duced during the reaction. Besides, in the latter experiment, a part of
the adsorbed oxygen species are consumed through the ODH reaction as
presented in Eq. (4). Under these conditions, the concentration of the
oxygen remaining on the surface would decrease which consequently
results in a lower rate of reaction (5) in this experiment.

= −G RTlnKΔ eq (6)

These observations clearly confirm our interpretation of the me-
chanism of consecutive reactions of C2 products [8,17,32] and show the
efficiency of the CLC in suppressing the rate of unselective oxidation of
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these components. These rejects the idea that the yield barrier of OCM
performed in the CLR originates from the incompatibility of this reactor
concept with the reaction network of OCM and the promotion effect
that it was assumed to have on the secondary oxidation of C2 products.

3.2. Changes in the reaction performance during the multi pulse tests

The multi pulse experiments were carried out with 1 g of fresh
catalyst. The reaction temperature was set to 750 °C and the catalyst
was first oxidized by sending a pulse of oxygen to the reactor.
Afterward, several pulses of hydrocarbons, i.e. ethane or ethene, were
introduced to the surface one after the other. The oxidation step was not
repeated in between the pulses.

Fig. 5 presents the changes in the concentration of the effluent gas
as a function of time recorded during the ethane multi pulse experi-
ment. For all the ethane pulses, almost the same conversion and also the
same selectivity to C2+ products was obtained (table S1). It is observed
that, although the product species, formed after each pulse, were
identical, the distribution of some of them changed with the time
(Fig. 5). The most obvious difference was seen in the hydrogen con-
centration which shows a gradual increase throughout the whole period
of the experiment. To give a better illustration of this phenomenon, the

very first and the very last peak of effluent gas shown in Fig. 5, are
separately presented in Fig. 6A and B, respectively. The comparison
between these two figures clearly shows that besides changes in hy-
drogen concentrations, the peaks of COX also exhibit a change with
time. The concentration of COX at the end of the multipulse experiment
(Fig. 6B) is lower in comparison to that after the first ethane pulse
(Fig. 6A). This observation is assigned to the decrease in the con-
centration of the adsorbed oxygen on the catalyst surface after in-
troducing several pulses of ethane. Under this conditions, the formation
of COX through partial and/or total oxidation reactions decrease over
the time [17,32].

The increase in the hydrogen concentration is the most important
observation made in this experiment, as previously mentioned. In the
following paragraphs, the reasons causing this behaviour and its rela-
tion to the yield limitation of OCM reactions operated in the CLR are
discussed.

As shown in Fig. 6A, the concentration of H2 was quite low at the
beginning of the experiment and gradually increased until it reached
the same concentration as ethene during the injection of the last pulse,
Fig. 6B. This behaviour does not match our mechanistic understanding
of the reaction. As it was mentioned before, from our previous studies
we already know that the formation of ethene in the OCM reactor is

Fig. 3. Changes in the concentrations of effluent gases during the ethane pulse experiments. A) the detected peaks for the first two pulses of O2 each followed with the effluent peak
obtained after injection of ethane pulses to the reactor B) enlarged peak of the first reduction step. Catalyst=1 g, T=750 °C, Volume of the ethane pulse=1 ml, Carrier gas
flow=25 Nml min−1.
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mainly caused by the non-catalytic thermal dehydrogenation (TDH) of
ethane, see Eq. (3) [14,26,36]. Therefore, it is expected that hydrogen,
which is the coupled product of TDH, would be formed and detected at
the same molar ratio as ethene for all the pulses. However, this ob-
servation was made just for the last pulses of ethane, see Fig. 5. This
behaviour can be explained by the occurrence of the Eq. (7), i.e oxi-
dation of the formed hydrogen by surface oxygen species, during the
injection of the first pulses of ethane.

On the one hand, it is well known that at temperatures higher than
700 °C the active oxygen species on the MnxOy-Na2WO4 are capable of
methane dehydrogenation [4,8,13,29,46–50]. On the other hand, me-
thane and hydrogen have been reported to have the same bond dis-
sociation energy (104 kcal mol−1 [51]). Therefore, the activation of
hydrogen molecules during the injection of the first pulses, where the
surface is not fully reduced, is not avoidable. The detection of water in
the reactor outlet, the intensity of which levels off from each pulse to
the other, is also an indication of the reaction of hydrogen with the
surface oxygen species at the beginning of the experiment, see Fig. 5.

The occurrence of Eq. (7) has been studied more precisely by testing
the correlation between the concentrations of the surface adsorbed
oxygen species and the hydrogen peak formed through the TDH of
ethane, Eq. (3). For this purpose, 1 g of the catalyst was treated exactly
as explained earlier in this section. But, before introducing the ethane
pulses to the reactor, the surface was reduced by sending either 1, 2 or

Fig. 4. Changes in the concentrations of effluent gases during the ethene pulse experiments. A) the detected peaks for the first two pulses of O2 each followed by the effluent peak
obtained after injection of ethene pulses to the reactor B) enlarged peak of the first reduction step. Catalyst=1 g, T=750 °C, Volume of the ethene pulse=1 ml, Carrier gas
flow=25 Nml min−1.

Table 1
comparison in the reaction performance of ethane in CLR and co-feeding experiments.
The reaction conditions in the CLR: Catalyst=1 g, T=750 °C, Volume of the ethane
pulse=1 ml, Carrier gas flow=25 Nml min−1. The reaction conditions in the co-feeding
reactor: TF=50 Nml min−1 Catalyst=1 g, T=750 °C, C2H6/O2/He ratio=1/1/23.

X (C2

H6) %
S (C2H4 and
C3HX) %

S (COX) % Y (C2H4 and
C3HX) %

Y (COX) %

CLR 82 90 6 74 5
Co-Feeding 95 50 39 47 37

Table 2
comparison in the reaction performance of ethene in CLR and co-feeding experiments.
The reaction conditions in the CLR: Catalyst=1 g, T=750 °C, Volume of the ethene
pulse=1 ml, Carrier gas flow=25 Nml min−1. The reaction conditions in the co-feeding
reactor: TF=50 Nml min−1 Catalyst=1 g, T=750 °C, C2H4/O2/He ratio=1/1/23.

X (C2

H4) %
S (C2H6 and
C3HX) %

S (COX) % Y (C2H4 and
C3HX) %

Y (COX) %

CLR 15 26 67 4 10
Co-Feeding 48 8 81 4 39
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4 ml of hydrogen to the reactor. The changes in the molar fraction of
the effluent gas obtained in each of these experiments were recorded
(Fig. S2 to S4). The reaction performance calculated for each of the
ethane pulses obtained in these experiments show that the concentra-
tion of oxygen on the surface of the catalyst had negligible influence on
both the conversion and selectivity (to ethene and C3HX products) of
ethane reaction (Table S2 to S4). However, the intensity of the hy-
drogen peak of the first ethane peak in each of these experiments
continuously increased with a decrease in the concentration of surface
oxygen (Fig. S5). These observations strongly support the idea of the
occurrence of the reaction 7 during OCM performing in the CLR.

+ →H O* H O*2 2 (7)

↔H O* H O2 2 (8)

+ →H 1/2O H O2 2 2 (9)

It is important to note that this reaction is not taking place in the
normal co-feeding reactors because gas phase oxygen is still present.
Therefore, after the formation of H2, this quickly reacts in the gas phase
through reaction 9 with a low chance of reaching over the catalyst
surface. This leads to an important difference between OCM running in
CLR and co-feeding reactors. In CLC reactors, hydrogen molecules
compete through reaction 7 with methane molecules for reacting with
the activated oxygen on the catalyst surface. Conversely, in the co-
feeding reactors, the majority of the active sites are used for dehy-
drogenating the methane molecules. Therefore, it can be concluded that
in the CLR the unreacted hydrogen has an inhibiting effect on the

conversion of methane. As a result, the yield barrier of the reaction
cannot be overcome, despite the higher selectivity of OCM performed in
the CLR.

All the previously discussed results suggest that, in order to suc-
cessfully apply the CLR for OCM, it is vital to control the formation of
hydrogen in the reactor. Fortunately, the mechanistic properties of the
hydrogen formation, which will be discussed in the next section, still
makes it possible to achieve this goal through applying some mod-
ifications in the reaction operating conditions.

3.3. Process modification

Formation of hydrogen in the OCM reactor is mainly caused by the
occurrence of the TDH reaction presented in Eq. (3). The activation
energy of this reaction has been calculated by running a temperature
programmed experiment (TPSR) with ethane (explained in detail in our
previous study) [32]. The values of ethane conversion at varying cat-
alyst bed temperature obtained in this experiment are reported in Table
S5. These data are presented in Fig. S6 and an activation energy equal
to 149 KJ mol−1 for the TDH reaction of ethane is calculated based on
these results. This value is higher than the activation energy of methane
activation on the MnxOy-Na2WO4 catalyst (with a value varying be-
tween 120 and 133 KJ mol−1 [49,52]) reported in the literature. Ac-
cordingly, it can be concluded that running OCM at lower temperatures
would be one of the possible approaches for enhancing the reaction
performance. Because under the discussed kinetic conditions, de-
creasing the temperature results in an increase in the ratio of the rate of

Fig. 6. The changes in the concentrations of the effluent gases in A) the very first and B) the very last peak measured during the ethane multi pulse experiment.

Fig. 5. The changes in the concentrations of the effluent gases during the ethane multi pulse experiment vs. time. 1 g catalyst, carrier gas flow:25 Nml min−1 of He, 0.5 ml of C2H6 pulse,
T = 750 °C.
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the coupling reaction to the TDH one. However, the major difficulty in
realizing these conditions is finding a suitable catalyst. The catalyst
candidate should be active enough to activate methane at lower tem-
perature but not activate ethane, in a manner similar to the MnxOy-
Na2WO4 catalyst. Fulfilling this requirement will certainly present a
challenge, due to general trends in activation energies among small
chain linear hydrocarbons over heterogeneous catalyst surfaces.

An alternative to kinetically controlling the rate of TDH reaction is
to change the operating conditions. Since this reaction (TDH) is equi-
librium controlled and the number of moles of its products is higher
than the reactants, increasing the pressure causes less production of
hydrogen when approaching the thermodynamic limit.

However, it should be noted that TDH of ethane is also the main
route to the formation of the most valuable product of OCM, i.e. ethene.
Regardless of the technique implemented, suppressing the rate of this
reaction for inhibiting the formation of hydrogen and consequently
saving the active site of the catalyst for methane activation would un-
avoidably decrease the rate of formation of ethene. Therefore, the de-
sired process modification would only be beneficial if a two steps
process would be applied to run this reaction. In the first stage, a CLR is
operated where methane coupling takes place at a high selectivity. To
make the CLR industrially more applicable, the purging step, needed for
removing the weakly adsorbed and gas phase oxygen, is tried to be
avoided in this design. To do so, the catalyst oxidation and the methane
coupling steps are designed to take place in two separate fluidized bed
reactors. In the first reactor, the catalyst is oxidized by the flowing air.
Then the purging and separation of the catalyst are done in the cyclone
installed in the reactor upstream. The cyclone is still equipped with an
inert gas line to make purging possible if needed. Thereafter, the cat-
alyst is sent to the second fluidized bed reactor where it reacts with
methane before it would be recycled to the oxidation reactor. Under
these conditions, continuous operation of the catalytic coupling section,
which has a high priority for industrial application, can be realized.

In the methane coupling reactor, the further conversion of ethane to
ethene and hydrogen either completely or partially should be sup-
pressed. As discussed above, this aim is achievable by either running
the process at elevated pressures or using a more active catalyst which
allows lower reaction temperatures. Afterward, the effluent of the
coupling reactor is sent to another reactor where it can be converted
thermally to ethene. In the final step, the produced C2+ products and
unconverted methane are separated from the COX products. Details on

the separation techniques applicable in the separation of COx from low
chain hydrocarbons are already discussed in detail in the literature
[53,54]. Afterward, the flow of hydrocarbons goes through one more
separation step to separate methane from C2+ products. The possible
separation techniques needed here is widely discussed in the literature
[53–55]. Next, the separated methane is recycled to the chemical
looping reactor while value added products are collected for further
processing. A scheme of the discussed process concept is presented in
Fig. 7.

4. Conclusion

The chemical looping concept can successfully suppress the rate of
unselective oxidation of OCM main hydrocarbons, i.e., methane,
ethane, ethene. However, the maximum yield obtained by applying this
concept to the reaction is still below the minimum value required for
industrializing the process. It was observed that both the inherent
nature of the MnxOy-Na2WO4 catalyst and the characteristics of the
reaction mechanism cause this limitation. It is shown that the conver-
sion of methane in the CLR is performed with a high selectivity toward
the coupling reaction. This consequently results in a higher rate of
formation of hydrogen in the reactor through the dehydrogenation re-
action of ethane. Unlike the co-feeding reactors where the H2 converts
in the presence of gas phase oxygen to water, in the CLR it competes
with methane for consuming the oxygen of active centers on the cata-
lyst surface. Under these conditions, the rate of activation of methane
decreases, therefore despite the enhancement in the selectivity, the
yield limitation could not be overcome.

Nevertheless, it is expected that operating the OCM reaction in the
chemical looping reactor at a yield of more than 30% can still be suc-
cessful. However, to reach that point it is necessary to modify the re-
action conditions in a way that the rate of the coupling reaction would
be enhanced while that of TDH is suppressed. To realize this goal, either
the reaction should be operated at higher pressures or at temperatures
lower than 750 °C. However, the decrease in the rate of TDH reaction
would also result in a lower rate of formation of ethene, requiring an
extra step in the process for converting ethane to ethene.

Acknowledgment

Financial support by the DFG (grant no. EXC 314) (UniCat Cluster of

Fig. 7. schematic of the suggested process concept for doing OCM in two stages.

S. Parishan et al. Catalysis Today 311 (2018) 40–47

46



Excellence) is gratefully acknowledged.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.cattod.2017.08.019.

References

[1] The Ethylene Technology Report 2016, (2016).
[2] N.A. Owen, O.R. Inderwildi, D.A. King, Energy Policy 38 (2010) 4743–4749.
[3] U.S. Energy Information Administration, International Energy Outlook 2016,

(2016).
[4] S. Arndt, T. Otremba, U. Simon, M. Yildiz, H. Schubert, R. Schomäcker, Appl. Catal.

A Gen. 425 (-426) (2012) 53–61.
[5] M.G. Colmenares, U. Simon, M. Yildiz, S. Arndt, R. Schomaecker, A. Thomas,

F. Rosowski, A. Gurlo, O. Goerke, Catal. Commun. 85 (2016) 75–78.
[6] G.E. Keller, M.M. Bhasin, J. Catal. 73 (1982) 9–19.
[7] S. Arndt, G. Laugel, S. Levchenko, R. Horn, M. Baerns, M. Scheffler, R. Schlögl,

R. Schomäcker, Catal. Rev. 53 (2011) 424–514.
[8] B. Beck, V. Fleischer, S. Arndt, M.G. Hevia, A. Urakawa, P. Hugo, R. Schomäcker,

Catal. Today 228 (2014) 212–218.
[9] S. Sadjadi, S. Jašo, H.R. Godini, S. Arndt, M. Wollgarten, R. Blume, O. Görke,

R. Schomäcker, G. Wozny, U. Simon, Catal. Sci. Technol. 5 (2015) 942–952.
[10] S. Arndt, U. Simon, S. Heitz, A. Berthold, B. Beck, O. Görke, J.-D. Epping,

T. Otremba, Y. Aksu, E. Irran, et al., Top. Catal. 54 (2011) 1266–1285.
[11] B. Beck, V. Fleischer, S. Arndt, M.G. Hevia, A. Urakaw, P. Hugo, R. Schomäker,

Catal. Today 228 (2014) 212–218.
[12] J.S. Lee, S.T. Oyama, Catal. Rev. 30 (1988) 249–280.
[13] K. Takanabe, E. Iglesia, J. Phys. Chem. C 113 (2009) 10131–10145.
[14] J.H. Lunsford, Angew. Chemie Int. Ed. English 34 (1995) 970–980.
[15] R.D. Golpasha, D. Karami, R. Ahmadi, E. Bagherzadeh, Chem. Eng. Technol. 16

(1993) 62–67.
[16] Y. Feng, J. Niiranen, D. Cutman, Phys. Chem. 95 (1991) 6558–6563.
[17] V. Fleischer, R. Steuer, S. Parishan, R. Schomäker, J. Catal. 341 (2016) 91–103.
[18] G.A. Martin, A. Bates, V. Ducarme, C. Mirodatos, Appl. Catal. 47 (1989) 287–297.
[19] R. Burch, E.M. Crabb, G.D. Squire, S.C. Tsang, Catal. Lett 2 (1989) 249–256.
[20] M.Y. Sinev, Catal. Today 13 (1992) 561–564.
[21] M.Y. Sinev, Catal. Today 24 (1995) 389–393.
[22] U. Zavyalova, M. Holena, R. Schlögl, M. Baerns, ChemCatChem 3 (2011)

1935–1947.
[23] E.V. Kondratenko, M. Baerns, Hand B. Heterog Catal. (2004) 3010–3023.
[24] M. Yildiz, U. Simon, T. Otremba, Y. Aksu, K. Kailasam, A. Thomas, R. Schomäcker,

S. Arndt, Catal. Today 228 (2014) 5–14.

[25] S. Pak, J.H. Lunsford, Appl. Catal. A Gen. 168 (1998) 131–137.
[26] H. Liu, X. Wang, D. Yang, R. Gao, Z. Wang, J, Nat, Gas Chem. 17 (2008) 59–63.
[27] T.P. Tiemersma, M.J. Tuinier, F. Gallucci, J. a. M. Kuipers, M.V.S. Annaland, Appl.

Catal. A Gen 433 (434) (2012) 96–108.
[28] Z. Jiang, H. Gong, S. Li, Stud. Surf. Sci. Catal. 112 (1997) 481–490.
[29] S. Pak, P. Qiu, J.H. Lunsferd, J. Catal. 179 (1998) 222–230.
[30] M. Yildiz, Y. Aksu, U. Simon, T. Otremba, K. Kailasam, C. Göbel, F. Girgsdies,

O. Görke, F. Rosowski, A. Thomas, et al., Appl. Catal. A Gen. 525 (2016) 168–179.
[31] H.R. Godini, A. Gili, O. Go, U. Simon, K. Hou, G. Wozny, O. Görke, U. Simon,

K. Hou, G. Wozny, Energy Fuels 28 (2014) 877–890.
[32] S. Parishan, E. Nowicka, V. Fleischer, M. Colmenares, R. Schomäcker, Appl. Catal.

A, Gen. (2017) (submitted).
[33] J. Adanez, A. Abad, F. Garcia-Labiano, P. Gayan, L.F. De Diego, Prog. Energy

Combust. Sci. 38 (2012) 215–282.
[34] S. Hurst, Oil Soap 16 (1939) 29–35.
[35] S. Bhavsar, M. Najera, R. Solunke, G. Veser, Catal. Today 228 (2014) 96–105.
[36] H. Fang, L. Haibin, Z. Zengli, Int. J. Chem. Eng. 200 (2009) 9, http://dx.doi.org/10.

1155/2009/710515.
[37] S. Bhavsar, G. Veser, Ind. Eng. Chem. Res. 52 (2013) 15342–15352.
[38] M.M. Hossain, H.I. de Lasa, Chem. Eng. Sci. 63 (2008) 4433–4451.
[39] M. Ishida, H. Jin, Ind. Eng. Chem. Res. 5885 (1996) 2469–2472.
[40] E.R. Stobbe, B.A. de Boer, J.W. Geus, Catal. Today 47 (1999) 161–167.
[41] V. Fleischer, P. Littlewood, S. Parishan, R. Schomäcker, Chem. Eng. J. 306 (2016)

646–654.
[42] V. Fleischer, U. Simon, S. Parishan, M.G. Colmenares, O. Görke, A. Gurlo, W. Riedel,

L. Thum, T. Risse, K.-P. Dinse, et al., J. Catal. (2017) (submitted).
[43] U. Simon, O. Görke, A. Berthold, S. Arndt, R. Schomäcker, H. Schubert, Chem. Eng.

J. 168 (2011) 1352–1359.
[44] J. A. Labinger, K. C. Ottib, 1987, 2682–2684.
[45] P.F. Nelson, C.A. Lukey, N.Q. Cant, J. Phys. Chem. 92 (1988) 6176–6179.
[46] K. Takanabe, E. Iglesia, Angew. Chemie − Int. Ed. 47 (2008) 7689–7693.
[47] M.R. Lee, M.-J. Park, W. Jeon, J.-W. Choi, Y.-W. Suh, D.J. Suh, Fuel Process.

Technol. 96 (2012) 175–182.
[48] M. Daneshpayeh, A. Khodadadi, N. Mostoufi, Y. Mortazavi, R. Sotudeh-Gharebagh,

A. Talebizadeh, Fuel Process. Technol. 90 (2009) 403–410.
[49] S.M.K. Shahri, S.M. Alavi, J. Nat. Gas Chem. 18 (2009) 25–34.
[50] M. Daneshpayeh, A. Khodadadi, N. Mostoufi, Y. Mortazavi, R. Sotudeh-Gharebagh,

A. Talebizadeh, Fuel Process. Technol. 90 (2009) 1192.
[51] S.J. Blanksby, G.B. Ellison, Acc. Chem. Res. 36 (2003) 255–263.
[52] H.R. Godini, V. Fleischer, O. Görke, S. Jaso, R. Schomäcker, G. Wozny, Chemie Ing

Tech. 86 (2014) 1906–1915.
[53] Y. Khojasteh Salkuyeh, T.A. Adams, Energy Convers. Manag. 92 (2015) 406–420.
[54] M.S. Salehi, M. Askarishahi, H.R. Godini, O. Görke, G. Wozny, Ind. Eng. Chem. Res.

55 (2016) 3287–3299.
[55] H.-R. Godini, S. Jaso, W. Martini, S. Stünkel, D. Salerno, S.N. Xuan, S. Song,

S. Sadjadi, H. Trivedi, H. Arellano-Garcia, et al., Tech. Trans. 109 (2012) 63–74.

S. Parishan et al. Catalysis Today 311 (2018) 40–47

47

http://dx.doi.org/10.1016/j.cattod.2017.08.019
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0005
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0010
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0015
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0015
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0020
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0020
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0025
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0025
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0030
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0035
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0035
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0040
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0040
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0045
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0045
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0050
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0050
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0055
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0055
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0060
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0065
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0070
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0075
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0075
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0080
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0085
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0090
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0095
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0100
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0105
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0110
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0110
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0115
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0120
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0120
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0125
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0130
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0135
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0135
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0140
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0145
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0150
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0150
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0155
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0155
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0160
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0160
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0165
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0165
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0170
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0175
http://dx.doi.org/10.1155/2009/710515
http://dx.doi.org/10.1155/2009/710515
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0185
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0190
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0195
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0200
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0205
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0205
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0210
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0210
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0215
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0215
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0225
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0230
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0235
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0235
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0240
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0240
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0245
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0250
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0250
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0255
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0260
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0260
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0265
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0270
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0270
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0275
http://refhub.elsevier.com/S0920-5861(17)30539-4/sbref0275


Supporting information chemical looping as a reactor concept for the oxidative 
coupling of methane over the MnxOy-Na2WO4/SiO2 catalyst. benefits and limitation 

Samira Parishan. a Patrick Littlewood. b Aleks Arinchtein a, Vinzenz Fleischer. a Reinhard Schomäcker a* 

a Technische Universität Berlin. Fakultät II. Institut für Chemie. Straße des 17. Juni 124. 10623 Berlin. 
Germany 

b Northwestern University . Department of Chemistry. 2145 Sheridan Rd. Evanston. IL 60208. Chicago. 
USA 

 
* Correspondence to Prof. Reinhard Schomäcker. e-mail: schomaecker@tu-berlin.de 

 
 



 

Fig. S1 The changes in the concentrations of the effluent gases in  the very first, second  and the very last peak measured 
during the ethane multi pulse experiment shown in Figure 5 

Table S1 Reaction performance obtained from each pulse of ethane in multi pulse experiment (Fig. 5) 

Pulse Nr X (C2 H6) % S (C2H4 and C3HX) % S (COX) % 

1 72 93 5 

2 70 94 4 

3 69 94 4 

4 68 94 3 

5 68 95 3 

6 68 95 2 

7 68 95 2 

8 67 96 2 

9 67 96 2 

10 67 96 1 

11 67 96 1 

12 66 96 1 

 



 
Fig. S2 The changes in the concentration of the effluent during the ethane multi pulse experiments after reducing the 

surface with 1 ml H2 vs. time. 1g catalyst, carrier gas flow: 25 Nml/min of He, 0.5 ml of C2H6 pulse, T= 750 °C 
 

 
 

 
Fig. S3 The changes in the concentration of the effluent during the ethane multi pulse experiments after reducing the 

surface with 2 ml H2 vs. time. 1g catalyst, carrier gas flow: 25 Nml/min of He, 0.5 ml of C2H6 pulse, T= 750 °C 

 
 

 



 
Fig. S4 The changes in the concentration of the effluent during the ethane multi pulse experiments after reducing the 
surface with 4 ml H2 vs. time. 1g catalyst, carrier gas flow: 25 Nml/min of He, 0.5 ml of C2H6 pulse, T= 750 °C 

 
 

 

Table S2 Reaction performance obtained from each pulse of ethane in multi pulse experiment after reducing the surface 
with 1 ml H2 (Fig. S2) 

 
 

Pulse Nr X (C2 H6) % S (C2H4 and C3HX) % S (COX) % 

1 67 96 2 

2 67 96 2 

3 67 96 2 

4 67 96 2 

5 67 96 2 

6 67 96 2 

7 67 96 2 

8 67 96 2 

9 67 96 1 

10 67 96 1 

11 66 96 1 

12 66 96 1 

13 66 96 1 

 



 

Table S3 Reaction performance obtained from each pulse of ethane in multi pulse experiment after reducing the surface 
with 2 ml H2 (Fig. S3) 

 
 

Pulse Nr X (C2 H6) % S (C2H4 and C3HX) % S (COX) % 

1 67 96 2 

2 67 96 2 

3 67 96 2 

4 67 96 2 

5 67 96 2 

6 67 96 1 

7 67 96 1 

8 67 96 1 

9 67 96 1 

10 67 96 1 

11 66 96 1 

12 66 96 1 

13 66 96 1 

 



Table S4 Reaction performance obtained from each pulse of ethane in multi pulse experiment after reducing the surface 
with 4 ml H2 (Fig. S4) 

 
 

Pulse Nr X (C2 H6) % S (C2H4 and C3HX) % S (COX) % 

1 67 96 2 

2 67 96 1 

3 67 96 2 

4 67 96 1 

5 67 96 1 

6 67 96 1 

7 66 96 1 

8 66 96 1 

9 66 96 1 

10 66 96 1 

11 66 96 1 

12 66 96 1 

13 66 96 1 

 



 
Fig. S5 Comparison of the hydrogen peak formed during the injection of the first pulse of the C2H6 to the reactor when 

the catalyst surface is reduced with different amount of hydrogen. All the other reaction condition are the same. 1g 
catalyst, carrier gas flow: 25 Nml/min of He, 0.5 ml of C2H6 pulse, T= 750 °C 

 

 

Table S5 Conversion vs catalyst bed temperature obtained in TPSR experiment of ethane. Catalyst amount= 0.5 g, C2H6: He = 
1:19 and total flow= 30 Nml min-1 

T (°C) X (C2H6 %) 
600 3.91 
610 4.47 
615 4.84 
625 5.72 
650 11.66 

 



 

Fig. S 6 The curve of Ln (X%) vs T-1 of the data reported in Table S5 

 

 

  

1 𝑇(𝐾)⁄ = 21.80268 − 17923.50 ∗ 𝐿𝑛 (𝑋%) 
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a b s t r a c t

A series of Na2WO4/Mn/SiO2 catalysts supported on mesoporous silica were prepared and tested for the
oxidative coupling of methane in chemical looping experiments. The parameter variations were done for
specific surface area, Mn-loading and support material. Chemical looping experiments reveal that highest
catalytic activity is observed at 2 wt% Mn and 5 wt% Na2WO4 on mesoporous silica. Repetitive methane
pulse experiments allowed us to determine the oxygen uptake of the Na2WO4/Mn/SiO2 catalyst in chem-
ical looping experiments. We found a correlation between oxygen storage capacity and manganese load-
ing, which is in line with the reversible change of Mn(III) concentration observed in oxidation and
reduction cycles of the material. Furthermore, we observed that ethylene formation is independent of
the catalyst material in chemical looping conditions. No indication for the presence of W(V) was found.

� 2018 Elsevier Inc. All rights reserved.

1. Introduction

The steam cracking process, using naphtha as feedstock, is most
widely utilized for ethylene production. In the last decade, the
shale gas production came up as an alternative process to provide
natural gas. Such gas contains different amounts of methane,
ethane, and propane [1–3]. However, methane is still the major
compound of shale gas, bio gas, and raw gas. Currently, methane
is typically used for heat generation or energy production, but pro-
cesses converting methane into more valuable chemicals are
highly desirable [4–6]. The oxidative coupling of methane (OCM)
is one such process to convert methane into ethane and ethylene
and would hence allow utilizing the mentioned resources as addi-
tional feedstock for the formation of C2 compounds. A suitable cat-
alyst material for this process is Na2WO4/Mn/SiO2, which was
introduced by Fang et al. [7]. This material shows stability and
high-performance for several 100 h [8,9]. However, it was reported

that C2 yields of the OCM reaction in various reactor concepts
never exceeded 0.25 [10–12]. To overcome this limitation, it is nec-
essary to understand the mechanism of the OCM process and the
functionality of this complex catalyst material.

For a better comprehension of this catalyst material, many
groups carried out compound variations. Palermo et al. found that
the phase transition of the support material from amorphous silica
to a-cristobalite is a key step for a high-performance catalyst,
which can be induced by sodium ions [13]. The role of sodium in
the catalytic activity was studied in more detail by exchange
experiments with lithium, potassium, and cesium [14]. It was
found that the Na2WO4/Mn film on the support material offers a
high structural flexibility during the OCM process. This was due
to the presence of the alkali metal ions, which offers the ability
to adapt the structure to the key transition state of methyl radical
formation by hydrogen abstraction [15–17]. A variation of tung-
sten oxide on ‘‘nano-catalysts” loading was studied by Mahmoodi
et al. [18]. Exchanging tungsten by molybdenum, niobium, chro-
mium or vanadium results in a different degree of crystallinity
on the catalyst surface with decreasing ion radius of the transition
metal ions. The formation of microcrystals on the catalyst surface
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was found advantageous for C2 selectivity rendering tungstate
loaded catalyst the most selective one for C2 production in this ser-
ies. The crystallinity was directly related to the catalytic activity,
which is in contrast to the findings of other groups. They reported
that MAOAM and terminal M@O oxygen species from the lattice
contribute to methane activation. However, the crystallization of
the ‘‘nano-catalyst” is strongly affected by the presence of sodium
ions [16].

The group of Mortazavi performed catalytic tests by exchanging
the manganese ion by other transition metal ions in the catalysts
[19]. They found that this compound is responsible for the redox
reactivity potential of the catalyst material. Tuning of this potential
has a tremendous influence on both C2 selectivity and methane
conversion. By varying the support material, Yildiz et al. showed
the silica supported catalyst to have the best long-time stability
as well as the highest performance in catalytic tests. Among differ-
ent silica support materials, they observed the highest perfor-
mance for a mesoporous structured silica catalyst [15]. The
inexpensive analogue of SBA-15, COK-12, also showed good cat-
alytic performance, which is important for industrial application
[20–22]. Sadjadi et al. found that well dispersed active compounds
will agglomerate under OCM conditions [23]. They also showed the
presence of sodium ions to be responsible for the formation of an
amorphous phase of the active compounds on the catalyst surface,
which is in good agreement with the results of the Lambert group
[13].

From the mechanistic point of view, theWang group carried out
detailed XPS and Raman spectroscopy studies focusing on tungsten
oxide species to understand the role of the activation process [24].
EPR studies by Jiang et al. indicate that the manganese ion changes
its oxidation state from + III to + II in non-steady-state experiments
[25]. The latter are generated by methane reduction but can be
reoxidized easily. Jiang et al. further concluded that manganese is
reduced in an electron transfer from CAH bond cleavage induced
by tungsten oxide. The reduction of manganese oxide was also
reported to result in the formation of MnWO4 [23,26]. The Na2-
WO4/Mn/SiO2 catalyst exhibits two different oxygen species
responsible for methane activation during steady-state conditions
as deduced by Beck et al. from temporal analysis of products (TAP)
experiments [27]. While the strongly bound oxygen species are
responsible for selective methane activation, the weakly bound
oxygen lead to deep oxidation products.

In our previous work, we investigated the catalyst material by
temperature programmed and dynamic experiments [28]. Such
experiments revealed that lattice oxygen seems to be involved in
the OCM process on the Na2WO4/Mn/SiO2 material, too. In addi-
tion, our results indicated that several oxygen species are stored
on the catalyst material even in dynamic experiments. In another
study, we could show that the involvement of lattice oxygen can
be interpreted as oxygen storage function [29]. That functionality
was successfully adapted for conducting OCM in a chemical loop-
ing process [29,30]. Such reactor concept allows separating parallel
reaction steps in steady state operation into consecutive steps of
catalyst reduction by methane conversion and subsequent catalyst
reoxidation. This has the advantage that gas phase reactions
induced by gas phase oxygen are excluded. In chemical looping
processes, one of the most important parameters is the oxygen
storage capacity [31]. The redox system of Mn(II)/Mn(III) is already
known as an attractive oxygen storage system in chemical looping
combustion [32].

In this work, we want to study the oxygen storage functionality
and its mechanistic aspects for COK-12 supported Na2WO4/Mn/
SiO2 catalysts in chemical looping experiments. Furthermore, a
non-ordered mesoporous silica supported catalyst will be com-
pared. It has to be noted, that the Na2WO4/Mn/SiO2 material acts
as both an oxygen storage material and a catalyst, simultaneously.

An alternative mode in chemical looping experiments is the repet-
itive pulsing of a reactant. Such experiments will give new insights
with respect to the involvement of lattice oxygen in the OCM sur-
face reaction mechanism. For a better understanding of the path-
ways of stored oxygen, repetitive pulse experiments were
modeled and simulated in Berkley Madonna. Furthermore, gas
phase simulations were carried out in Reaction Design Chemkin.

2. Experimental

2.1. Catalyst preparation

The catalyst support, COK-12, was synthesized in an up-scaled
batch synthesis as previously described by Colmenares et al. [22].
The preparation of Na2WO4/Mn/SiO2 catalysts supported on COK-
12 follows the procedure described in [20] for powder catalysts.
Solutions of appropriate amount of manganese (II) nitrate tetrahy-
drate (Merck) and sodium tungstate dihydrate (Sigma-Aldrich)
were separately coated on the COK-12 support material via incip-
ient wetness impregnation. After each impregnation step, the cat-
alyst was dried overnight at 100 �C. Afterwards, the catalysts were
annealed in air for 8 h at 800 �C with a 10 �C/min heating ramp in a
muffle furnace. The Mn amount was varied from 0 to 4 wt%. In
addition, catalysts with a variation in surface area were prepared
by varying the annealing temperature between 750 �C and 850
�C. The COK-12 catalysts were taken as powders and were not pel-
letized. The reference catalyst supported on silica gel was prepared
similar to the method described by Simon et al. [33]. The final 4 wt
% Na2WO4 and 2 wt% Mn reference catalyst had a specific surface
area of 1.86 m2/g. The particle size of the SiO2 support material
(Davisil 636, Sigma Aldrich) was 150–350 mm.

2.2. Catalyst characterization

All samples were heated up to 150 �C for 24 h before nitrogen
adsorption experiments were performed. The experiment was car-
ried out in an Autosorb (Quantachrome, FL, USA) at �196.15 �C.
The range of P/P0 was varied from 0.05 to 0.25.

Inductively coupled plasma optical emission spectroscopy (ICP-
OES) was carried out in a Horiba Scientific ICP Ultima2 (Horiba,
Japan), to determine the content of Na, Mn, and W.

The X-ray powder diffraction was done with a Philips X-ray
diffractometer utilizing a Bragg–Brentano geometry with a CuKa1
radiation wavelength of 0.1541 nm (Philips, Germany) and a Bru-
ker AXS D8 ADVANCE with a Bragg–Brentano geometry and a Lynx
Eye 1D detector with a CuKa1 radiation wavelength of 0.1541 nm
(Bruker, Germany). Measurements were carried out in the range
of 2H values between 10� and 90�with a step time of 1 s and a step
size of 0.02� at 40 kV and 30 mA and a step time of 370 s and a step
size of 0.014� at 40 kV and 40 mA respectively. The patterns were
analyzed using the Diffrac-Plus/EVA software from Bruker AXS.

XPS analysis was carried out by a Thermo Scientific K-Alpha
spectrometer equipped with a monochromatic Al Ka source
(Thermo Scientific, Germany). The spectra were processed with
Avantage software from Thermo Scientific.

EPR experiments were performed with a BRUKER ElexSys E680
spectrometer, operating in conventional continuous wave (cw) or
in pulsed mode with a microwave (mw) frequency of approxi-
mately 9.5 GHz (X-band). Using cw mode detection with field
modulation results in field-derivative spectra emphasizing struc-
tures with significant changes in EPR absorption, originating for
instance from van Hove singularities in powder samples lacking
orientational order. Such spectra were recorded for defining the
total spectral range. For spectral analysis and curve fitting, we used
pulse mode detection with a 2-pulse Hahn echo sequence
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(Field Swept Echo detection (FSE-EPR)), by which the EPR absorp-
tion is directly displayed. The efficiency of FSE detection for the
elucidation of paramagnetic species in powder samples of catalysts
was recently demonstrated [34–36]. 34 GHz (Q-band) experiments
were performed with a Bruker ElexSys E580 spectrometer. For Q-
band experiments sample tubes of 2.9 mm o.d. were used, which
were fitting in a home-built cavity (F. Lendtzian, TU Berlin). Sealed
samples were prepared by cooling the catalyst after reaction to
room temperature under high vacuum condition. More detailed
catalyst characterizations as SEM and TEM of 4 wt% Na2WO4 and
2 wt% Mn on COK 12 and silica gel are presented [20,33].

2.3. Catalytic performance test by chemical looping

2.3.1. Single pulse experiments
A detailed description of the chemical looping setup was pre-

sented elsewhere [29]. All catalysts were tested at 700–800 �C.
The absolute flow rate of the gases was 20 or 30 nml/min and
the dosed amount of methane was 1 ml for each pulse. For the vari-
ation of the specific surface area, 600 mg catalyst was used for each
test. The catalyst amount for the manganese and support material
variation was 1 g.

The fresh catalyst was heated up at 10 �C/min under a flow rate
of 30 nml/min O2: He (1:9). When reaching the reaction tempera-
ture, the reactor was purged by a flow of He (30 nml/min) until the
oxygen partial pressure reached baseline level. The detection of the
methane pulse was carried out by a quadrupole mass spectrometer
(QMS, IPI GAM 200). The details of the calibration method were
described in our previous work [28]. According to Eqs (1)–(4)
methane conversion (XCH4), C2 selectivity (SC2), and C2 yield (YC2),
for each methane pulse were calculated from the partial pressures
of the components. The carbon balance had an accuracy of 89–99%.

ni ¼ Ai;peak½% � s� � _V � p
R � T ð1Þ

XCH4 ¼ CH4;in � CH4;out

CH4;in
ð2Þ

SC2 ¼ 2 � C2H6 þ 2 � C2H4

2 � C2H6 þ 2 � C2H4 þ COþ CO2
ð3Þ

YC2 ¼ XCH4 � SC2 ð4Þ
This error is caused by the detection system of the mass spec-

trometer since the mass spectrum of methane, ethane, ethane,
CO, and CO2 show overlapping at several ion masses. The detection
interval for the feed composition was 5 s, each. This value was a
compromise between accuracy of compound detection and resolu-
tion of the pulse signal.

2.3.2. Repetitive pulse experiments
Repetitive pulse experiments for each of the catalysts were car-

ried out with 1 ml pulses of methane at 775 �C. The flow of He, the
carrier gas for the pulse valve, was set at 30 nml/min. The delay
between the methane pulses was chosen such that each methane
pulse was fully separated from the following one. The experiment
was stopped when no methane conversion was detected anymore,
which was after sending about 15–25 pulses of methane to the
reactor.

The methane conversion, C2 selectivity and C2 yield for each
methane pulse were calculated as presented earlier for the single
pulse experiments in Eqs. (1)–(4).

Oxygen balances for each methane pulse were calculated in two
different ways. On the one hand, we calculated a methane-based
oxygen balance. All detected products are based on methane

molecules, which were oxidized. We assume that all oxygen is
finally converted to water or CO2. The molar amounts of products
were calculated by Eq. (1) and the molar amounts of converted
oxygen atoms (O⁄) for each product was calculated by its oxygen
stoichiometry as presented in Table 1. For instance, Eq. (5) calcu-
lates the related molar amount of converted oxygen, which is
required to form the detected amounts of CO2. The total number
of converted oxygen (O⁄pulse, Eq. (6)) was calculated for each
methane pulse. Finally, the total amounts of converted oxygen
(Ototal) was obtained by summation of all O⁄pulse as presented in
Eq. (7).

ConvertedO�ðCO2Þ ¼ 4 � nðCO2Þ ð5Þ

O�
pulse ¼ 4 � nðCO2Þ þ 1 � nðC2H6Þ þ 2 � nðC2H4Þ þ 3 � nðCOÞ ð6Þ

Ototal ¼
X
i

O�
pulse;i ð7Þ

In addition, we determined a molecule specific oxygen balance.
The assumed surface reaction network for all catalysts in this study
is presented in Fig. 1. This network is based on observations in our
previous work [28]. In each reaction step, a certain number of oxy-
gen atoms are being consumed to form a new molecule. Thus, the
number of oxygen atoms was distinguished for each reaction step
(OC2H6, OC2H4, OCO2) and the consecutive routes were considered,
too. For instance, for each ethene molecule, one OC2H6 and one
OC2H4 were converted to water. For all reaction steps, we assume
a second order behavior. Furthermore, we assumed that the activ-
ity of the oxygen species on the catalyst surface is not limited by
mass transport effects. One limitation of this calculation is the ratio
of k3/k4. Lunsford and coworkers carried out isotope labeling
experiments with 13C2H4 [37,38]. They found that the ratio of
k3/k4 is between 2 and 7 at different reaction conditions. There-
fore, both ratios were considered as limiting cases. The details of
the mathematical calculations, modeling and simulation methods
are presented in the supporting information.

The kinetic model was used to simulate 15 methane pulses. The
decrease of stored oxygen (O⁄pulse) was considered for each
methane pulse as presented earlier. The final predicted concentra-
tions for each pulse of the formed products (C2H6, C2H4, CO2) were
used to calculate the molecule specific amounts of converted oxy-
gen (OC2H6, OC2H4, OCO2, C2H4 and OCO2, CH4), according to the finding
of Lunsford and co-workers with k3/k4 = 7 or 2 [37,38]. Finally, the
amounts of converted oxygen for all 15 pulses were summed up
(Ototal) and the ratio of OX/Ototal (x = OC2H6, OC2H4, OCO2,C2H4 or
OCO2,CH4) was derived, which is similar to an oxygen selectivity.

3. Results and discussion

3.1. Results of catalyst characterization

The results of the catalysts characterization are presented in
Table 2. ICP-OES results show clearly that manganese loading
was successfully varied from 0 to 4 wt%, while the Na content
remains approximately constant. At the lowest manganese loading,
a higher specific surface area (SSA) can be observed. XRD patterns
of the fresh catalyst materials prove similar crystalline phases. The
main phases of the catalyst are a-cristobalite, Na2WO4. and Mn2O3,
which might be also explained as braunite (MnMn6SiO12) phase,
since patterns of Mn2O3 and MnMn6SiO12 are very similar and
overlap. It should be noted that the catalyst with 0 and 0.04 w%
Mn shows no reflections for manganese oxide in XRD. Some sam-
ples show also reflections of quartz .

The variation of the specific surface area (SSA) for the Na2WO4/
Mn/SiO2 catalyst show similar compound loadings in ICP-OES and
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crystalline phases in XRD. This is important for a comparison of
this parameter and indicates that the effects observed during the
catalytic tests are solely due to changes in the specific surface area.
The shrinkage of the SSA is mainly caused by impregnation with
Na2WO4 and Mn and the calcination temperature, which induce
a phase change of the support material. Upon a-cistobalite forma-
tion, the ordered mesoporous structure of the COK-12 support
material vanishes. Also, the main phase of the reference catalyst
material is a-cristobalite, which is important for a high-
performance Na2WO4/Mn/SiO2 catalyst, as mentioned in the
introduction.

3.2. Catalytic tests by chemical looping with different specific surface
areas on Na2WO4/Mn/SiO2 catalysts

3.2.1. Single methane pulse experiments
It has to be noted, that an increase of the SSA, keeping the same

weight loadings of the catalyst compounds, leads to a decrease in
layer thickness covering the surface. The results of our chemical
looping experiments with SSA variation at constant weight load-
ings are presented in Fig. 2. An increase of the SSA leads to a linear

increase of methane conversion, however, the sample with the
highest SSA exhibits a decreased methane conversion. An inverse
behavior is found for C2 selectivity, which first decreases and
increases again as presented in Fig. 2B. The same results are
observed at different residence times and different temperatures
(see Fig. 2B and E).

The calculated BET surface area results indicate the absence of
mesoporous structures. Calculation of the Weisz-Prater criteria
revealed that mass transport limitation by pore diffusion can be
excluded [39]. We concluded that no mass transport effects are
responsible for our observations. In addition, ICP measurements
showed that the composition of each material has just negligible
deviation from the theoretical values.

It has to be noted, that the reaction rate in steady state experi-
ments is much higher than the chemical looping tests. Because, in
the former experiments the gas phase oxygen oxidizes the catalyst
permanently, which is not the case in latter ones. Therefore, our
comparison with results from steady-state experiments should
be handled with care.

The rate of the reaction taking place over silica gel and COK-12
supported catalysts in the chemical looping reactor was calculated
at 750 �C under a flow of 20 nml/min according to equation (8).
The reaction rate for one methane pulse at the silica gel supported
catalyst was 2 mmol/gcat min�1 and 4 mmol/gcat min�1 for COK-12
supported one. This observation is consistent with our earlier
study where a reaction rate of 5.2 mmol/gcat min�1 was reported
for the same reaction conducted at silica gel supported catalyst
in dynamic mode but with a pure methane feed [28]. In compar-
ison to recent steady-state experiments (242 mmol/gcat min�1),
these rates indicate limited amounts of stored oxygen in pulse
experiments, which are available for the OCM reaction.

rCH4 ¼
X

products;i

nCH4 ðdtÞ
mcat

� mi � dxidt

� �
i

ð8Þ

In steady state experiments, Yildiz et al. showed, that the
increase of the SSA raises the methane conversion [40]. This is
caused by more accessible active sites per gram of catalyst. Fur-
thermore, a better distribution of the active components on the
catalyst surface was reported. Such activity enhancement was also
observed in our chemical looping experiments, but the decline of

Table 1
Chemical reactions for a methane-based oxygen balance.

No. Reaction

1 CH4 þ 4O� ! CO2 þ 2H2O
2 2CH4 þ O� ! C2H6 þH2O
3 2CH4 þ 2O� ! C2H4 þ 2H2O
4 CH4 þ 3O� ! COþ 2H2O

Fig. 1. Surface reaction network of the Na2WO4/Mn/SiO2 catalyst to determine a
molecule specific oxygen balance.

Table 2
Analytic results of Na2WO4/Mn/SiO2 catalysts, P: fresh, S: spend.

Parameters Analysis

Variation condition Sample Nr Mn (w%) Annealing T (�C) BET SSA (m2/g) Crystalline phases W (w%) Mn (w%) Na (w%)

Mn
(COK-12)

1 0.02 800 P: 5.1
S: 3.7

Cristobalite, Na2WO4, (SiO2) 2.62 0.04 0.77

2 1.00 800 P: 3.1
S: 2.6

Cristobalite, Na2WO4, Mn2O3/Braunite, Quartz 2.25 1.01 0.74

3 1.90 800 P: 2.6
S: 2.6

Cristobalite, Na2WO4; Mn2O3/Braunite, Quartz 2.16 1.58 0.72

4 2.80 800 P: 2.8
S: 2.6

Cristobalite, Na2WO4, Mn2O3/Braunite, Quartz 2.54 2.37 0.70

5 3.70 800 P: 3.1
S: 1.1

Cristobalite, Na2WO4, Mn2O3/Braunite, (SiO2) 3.42 3.92 0.88

Aspec

(COK-12)
6 2.00 750 P: 4.2

S: 3.9
Cristobalite, Na2WO4, Mn2O3/Braunite 3.26 1.92 0.89

7 2.00 775 P: 3.2
S: 3.0

Cristobalite, Na2WO4, Mn2O3/Braunite 3.26 1.91 0.89

8 2.00 825 P: 2.6
S: 2.4

Cristobalite, Na2WO4, Mn2O3/Braunite 3.16 2.01 0.84

9 2.00 850 P: 2.3
S: 2.1

Cristobalite, Na2WO4, Mn2O3/Braunite 3.02 1.96 0.83

Ref.
(Silica Gel)

10 2.00 800 P: 1.9
S: 1.7

Cristobalite, Na2WO4, Mn2O3/Braunite 2.57 1.77 0.62
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activity at our highest SSA indicates that this effect is limited and
an optimal surface loading of the catalyst compounds was
exceeded.

Stobbe et al. studied the reduction and oxidation behavior of
supported manganese oxides on silica by temperature pro-
grammed experiments [41]. According to these results, the cat-
alytic performance of methane oxidation depends on the degree
of manganese oxide crystallinity. An additional dependence was
reported for the oxidation state. The crystallinity is strongly depen-
dent on manganese distribution on the catalyst surface. The more
manganese oxide is deposited per surface area unit, the higher is
the degree of crystallinity [42]. A similar relation between crys-
tallinity and catalytic activity of such catalysts was reported in
steady-state experiments, too [43]. The oxidation state of man-
ganese oxide depends also on dispersion as shown by a Raman
spectroscopy study by Buciuman et al. [44]. At low manganese
loadings, Mn2O3 is predominant, while at higher loadings Mn3O4

is formed. At OCM reaction conditions both manganese oxide spe-
cies were found to be present [41]. The transition temperature
between these two species is 827 �C at 1 bar and under OCM feed
gases. In temperature programmed experiments it was observed
that manganese oxides are reduced quantitatively to MnO by
methane, but Mn2O3 is reduced at lower temperatures than
Mn3O4. Therefore, both species should be active for oxygen storage
on the Na2WO4/Mn/SiO2 catalyst for OCM reactivity. Such a change
in oxidation state would also explain the results of temperature
programmed desorption experiments of O2, which indicate oxygen
release at temperatures higher than 827 �C [9,28,45]. It was
reported that Na2WO4 without Mn2O3 supported on silica also
shows good performance in co-feed steady state OCM studies
[13,19].

As mentioned in the introduction, the geometric structures of
the deposited compounds (Na2WO4 and Mn-oxides) observed at
ambient temperatures, will significantly change under OCM condi-
tions. Nippan, who constructed theoretical phase diagrams for the
catalyst material, reported that the catalyst goes through a phase
transfer under OCM reaction conditions [46]. This assumption
was supported by the characterization results available in the liter-
ature [15,16,33,47]. To prove this assumption a TEM analysis was
done on the reduced sample. The catalyst was quenched from
750 �C to room temperature after it was reduced with a flow of
methanefor more details see the SI. The reason for that was to
retard the recrystallization of the melted phases As it is shown in
Fig. 3, the TEM image shows a rounded particle morphology with
a spread overlayer and the loss of sharp edges. The appearance of
the particles is typical for a solidified material after melting. This
image confirms the results of the earlier studies on the catalyst́s
melting behavior by in-situ XRD [46] and thermal analysis [31].
Therefore, we assume that deposited material wets the surface of
the support to form a homogeneous layer which behaves close to
a melt or liquid phase under OCM conditions. This observation
indicates a significant interaction between the active components
(Na2WO4 and Mn) and the support material. Therefore it can be
concluded that the active compounds should be bound to the sup-
port stronger. The thicker the film of Na2WO4 and Mn becomes, the
larger amounts of both these components are not bound to the
support material anymore.

A thickness (d) of the layer of the molten active catalyst mate-
rials Na2WO4 and Mn covering the support material was estimated
with a simple geometric model according to Eqs. (9)–(11), where
the density of the catalyst compounds was assumed to be similar
to the ones of the bulk materials.

Fig. 2. Results of chemical looping experiments on Na2WO4 (5 wt%)/Mn (2 wt%)/SiO2 catalysts with different specific surface areas at different temperatures, 0.6 g catalyst, 1
ml CH4 pulse in each experiment, A – C: methane conversion, C2 selectivity and C2 Yield at 20 nml/min, D – F: methane conversion, C2 selectivity and C2 Yield at 30 nml/min.
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dðNa2WO4Þ ¼ w%ðNa2WO4Þ
qðNa2WO4Þ � Aspec;cat;P

ð9Þ

dðMn2O3Þ ¼ w%ðMn2O3Þ
qðMn2O3Þ � Aspec;cat;P

ð10Þ

d ¼ dðNa2WO4Þ þ dðMn2O3Þ ð11Þ
The results of the calculated film thickness and surface concen-

trations are presented in Table 3 for the fresh catalysts described in
Table 2. Within a series of experiments the catalysts are ranked
according to their specific surface area. The differences between
the specific surface area varies by a factor of two. Especially thick
films of Na2WO4 and Mn have less surface area. We conclude that
the remaining pores after calcination and phase transition to
a-cristobalite of the mesoporous COK-12 are filled up with the
active materials by increase of the surface concentration. There-
fore, a closed film of Na2WO4 and manganese oxide provides less
surface area. The theoretical number of layers (# Layers) was derived
according to Eq. (12). We assumed a constant bond length L(W-O)
and L(Mn-O) of 0.1925 nm and 0.1984 nm, respectively [48].

#Layer ¼ dðNa2WO4Þ
LðW� OÞ þ dðMn2O3Þ

LðMn� OÞ ð12Þ

3.2.2. Repetitive methane pulse experiments
The results of our repetitive pulse experiments are shown in

Fig. 4A–C. After six consecutive methane pulses, the methane con-
version is more or less constant for each catalyst material. The C2

selectivities for each material were between 0.8 and 0.9 but it
decreases with each additional methane pulse. The decrease of
the C2 yield is primarily affected by the decrease of methane con-
version. The results of the methane-based oxygen balances, sum-
marized for all 15 methane pulses for each catalyst in total, are
presented in Fig. 4D. Ethane and ethene formation show only
minor changes for the variation of the specific surface area. CO2

formation correlates with our findings during chemical looping
experiments. The more methane is converted, the more CO2 is
formed. In Fig. 4E the results of the simulated repetitive experi-
ment based on the kinetic model is presented for k3/k4 = 7, while
Fig. 4F shows the results for k3/k4 = 2. The more oxygen is stored

and converted, the more oxygen is consumed by CO2 formation.
This is reflected by an increase of OCO2 and decrease of OC2H6. Only
a small change in all oxygen ratios can be observed when the value
of k3/k4 is changed to seven. This is caused by the high C2 selectiv-
ity of 0.8–0.9. Interestingly the fraction of OC2H4 is more or less
constant in both cases.

The most active catalyst material in this set of experiments
(SSA = 3.2 m2/g) stores also the highest amount of oxygen. Such
effect can be explained by our assumption about the thickness of
the active compound layer. For a given loading low SSA results in
high thickness of active layer [41]. Furthermore, the amount of
stored oxygen must correlate with the amount of Mn or Na2WO4.
A thick film of the active compounds would store most of the oxy-
gen in its bulk phase, which is less accessible for the methane
pulses. Under these circumstances, the ratio of Osurface/Obulk is
low. Therefore, oxygen availability and consequently the reactivity
is expected to be lower for such a material. A decrease of the film
thickness would mean that less oxygen is stored in the bulk and
the ratio of Osurface/Obulk increases. Thus, more oxygen is present
on the catalyst surface and its availability for reaction increases.
Further decrease of the film thickness may have a strong impact
on the oxidation state of Mn, due to a stronger binding to the sup-
port material.

3.3. Catalytic tests by chemical looping with different manganese
loadings on Na2WO4/Mn/SiO2 catalysts

3.3.1. Single methane pulse experiments
In Fig. 5 the results of testing the reaction over catalyst samples

with various manganese loading are presented. For both applied
residence times, a maximum methane conversion was observed
at a certain manganese loading. First, by increasing the manganese
loading, the methane conversion increases drastically. At 2-wt%
the highest methane conversion is obtained. A further increase of
the manganese loading is observed to decrease the catalyst activity
again. The inverse trend was observed for the C2 selectivity. A max-
imum C2 yield of 0.25 was measured. As mentioned in the last sec-
tion, the catalytic activity of the catalyst compounds depends on
their crystallinity and oxidation state. An increase of manganese
loading leads to higher crystallinity and different oxidation states,
which results in higher methane conversion. Loadings higher than
2-wt% may shift manganese oxide species from Mn2O3 to Mn3O4.
Such effect is observed at higher loadings (10–20 wt% Mn) by
XRD, and for loadings in the range of 3–10 wt% by XANES and
EXAFS for manganese oxides supported on silica. At loadings below
10 wt% of Mn, XRD cannot detect Mn3O4 formation [49]. Investiga-
tion of the catalyst material by in-situ XRD showed formation of
MnWO4 under OCM reaction conditions [15]. Therefore, it would
be possible to form MnO⁄WO3 instead of Mn3O4. For our catalyst
with low manganese oxide loadings, the film on the surface of
the support is thin but still densely covered with Mn/W oxides.
An increase of the manganese loading also increases the film thick-
ness (Table 3). Therefore, the coupled effect of oxidation state and
film thickness can explain the observations made in this series of
experiments.

The findings of the catalytic activities in chemical looping
experiments are in good agreement with the results in steady state
experiments reported by the group of Mortazavi [14]. Koirala et al.
found similar results for methane conversion and C2 selectivity at
such manganese loadings in their co-feed steadystate experiments
for catalysts with low Mn loading. In contrast, they reported a con-
stant methane conversion and C2 selectivity when the loading of
Mn exceeded 2 wt% [50]. Ji et al. found similar correlations to ours
between manganese loading methane conversion and C2 selectiv-
ity in steady state experiments [51].

Fig. 3. TEM image of catalyst sample after reduction with methane and quenching
from 750 �C to room temperature.
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3.3.2. Repetitive methane pulse experiments
The results of our repetitive methane pulse experiments for dif-

ferent loadings of Mn are shown in Fig. 6. At 0.02 wt% manganese
loading, we cannot observe significant methane conversion. How-
ever, it was found that alkaline metal doped tungstate supported
on silica shows substantial OCM activity in co-feed steady-state
experiments [19,52]. Such a difference between their and our
results indicates that the oxygen storage functionality is related
to manganese ions.

Themoremanganese is loaded to the catalyst, themoremethane
pulseswere necessary to reduce it completely and reach the inactive
state of thematerial in the repetitivepulse experiments. The catalyst
containing 4 wt% Mn shows a methane conversion of 0.1 and a C2

selectivity of 0.9 even after 15 methane pulses. This catalyst also

shows the highest C2 yield for each methane pulse. Calculation of
the converted oxygen amounts showed that the highest CO2 forma-
tionwas observed for amolar ratio ofW:Mn (1:2), which is the clas-
sical high-performance composition (5 wt% Na2WO4, 2 wt%Mn) for
this material. This is illustrated in Fig. 6D.

The results of our simulated kinetic model, presented in Fig. 6E
and F, indicate similar results as presented in the last section. For
OC2H4 we observe a constant ratio at different converted oxygen
amounts, while OC2H6 is high at low oxygen conversion. An
increase of the totally converted amount of oxygen shows a drastic
increase of OCO2. The catalyst containing 4 wt% manganese load-
ings shows catalytic performance until 25 methane pulses were
dosed, which is not presented. The total amount of converted oxy-
gen was at least 105 mmole/gcat.

Table 3
Calculated theoretical film thickness d (Eq. (11)), number of compound layers (Eq. (12)).

Sample Nr Aspec (m2/g) d(Na2WO4) (nm) d(Mn2O3) (nm) d (nm) # Layer

Aspec

(COK-12)
9 2.3 5.2 1.9 7.1 36.0
8 2.6 4.6 1.7 6.3 31.8
7 3.2 3.7 1.4 5.1 25.8
6 4.2 2.8 1.1 3.9 19.7

Mn
(COK-12)

1 5.1 2.4 0.0 2.4 12.1
2 3.1 3.9 0.7 4.6 23.1
3 2.6 4.6 1.6 6.2 31.4
4 2.8 4.3 2.2 6.5 32.7
5 3.1 3.9 2.7 6.5 32.8

Ref. 10 1.9 6.3 2.3 8.6 43.5

Fig. 4. Results of repetitive methane pulse experiments on Na2WO4 (5 wt%)/Mn (2 wt%)/SiO2 with different specific surface areas, 30 nml/min, 775 �C, 0.6 g catalyst; A–C:
methane conversion, selectivity and C2 yield for each methane pulse; D: Summation of the amounts of converted oxygen for all methane pulses per catalyst, based on Eq. (7),
E: oxygen selectivity based on results of methane pulse simulation studies (molecule specific, k3/k4 = 7) vs. amount of total converted oxygen (Eq. (7)), F: oxygen selectivity
based on results of methane pulse simulation studies (molecule specific, k3/k4 = 2) vs. amount of total converted oxygen (Eq. (7)).
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In order to explain our findings, a switch of the oxidation state
of at least one of the metal active components is necessary. It has
to be noted that Na2WO4 may switch the oxidation state between
W+6 to W+5, according to the findings of Jiang et al. [53]. If Na2WO4

would be responsible for the oxygen storage capacity in chemical
looping experiments, we would expect that the amount of total
converted oxygen would be constant here. However this was not
the case, therefore, MnXOY is suggested to be switching its oxida-
tion state. To prove our hypothesis XRD, EPR and XPS experiments
were carried out, which will be discussed later.

3.4. Catalytic tests by chemical looping with different silica support
materials on Na2WO4/Mn/SiO2 catalysts

3.4.1. Single methane pulse experiments
Fig. 7 summarizes the results of chemical looping experiments

for Na2WO4/Mn/SiO2 catalysts with different support materials.
The COK-12 supported catalyst with similar weight loadings of
Na2WO4 and Mn shows in all cases much higher catalytic activity
compared to the silica gel supported catalyst (reference catalyst).
Such an activity difference was also observed in the last subsection.
The main difference in the support material variation is the SSA,
the film thickness (Table 3) and also the dispersion of the catalyst
compounds. Such findings support our hypothesis of an optimal
loading of Na2WO4 and Mn on the support material. Thick films
of the active compounds decrease catalytic activity. Our results
are in good agreement with the results of Yildiz et al., who studied
the catalyst on different support materials in co-feed steady-state
experiments [40].

3.4.2. Repetitive methane pulse experiments
The results of our repetitive methane pulse experiments are

shown in Fig. 8A–C. On the one hand, the COK-12 supported
catalyst shows much higher activity, which finally ends after 14
methane pulses. On the other hand, the silica gel supported cata-
lyst shows still catalytic activity after 15 methane pulses. That dif-
ference indicates the difference of the film thickness for these
catalyst materials. In Fig. 8D–F the oxygen balances are presented
from experimental and simulation studies. The COK-12 supported
catalyst stores around three times more oxygen than the silica gel
supported one, which can be activated for the OCM reaction in
chemical looping experiments.

The COK-12 supported catalyst has a much higher SSA (Table 3)
than the silica gel supported one. In addition, the dispersion of the
active compounds is also higher. Therefore, more surface area is
available for methane adsorption and conversion, which explains
the higher activity. Due to the higher activity, the stored amount
of oxygen is also faster depleted. The C2 selectivity for the COK-
12 supported catalyst is at higher catalytic activity significantly
lower, compared to those of the silica gel supported one. That is
because of a competition between methane and C2HX activation.
This is discussed in the next subsection in more detail.

In comparison, the silica gel supported catalyst has a much
thicker film of the catalyst compounds. Therefore, less oxygen is
stored on the catalyst surface at the top layers which becomes
active for OCM reaction. Under these circumstances, more and
more oxygen from deeper layers must be transported to the top
layers to react over the active film. This behavior leads to the con-
sumption of less oxygen from the catalyst surface by each methane

Fig. 5. Results of chemical looping experiments on Na2WO4 (5 wt%)/Mn (var. wt%)/SiO2 catalysts at different Mn loadings and temperatures, 1 g catalyst, 1 ml CH4 pulse A – C:
methane conversion, C2 selectivity and C2 Yield at 20 nml/min, D – F: methane conversion, C2 selectivity and C2 Yield at 30 nml/min, 1 ml CH4 pulse.

V. Fleischer et al. / Journal of Catalysis 360 (2018) 102–117 109



pulse, because the kinetic (diffusivity of oxygen within the film) or
thermodynamic effects may limit the oxygen availability. As a con-
sequence, more and more pulses were required until no further
reactivity was observed for this catalyst. This effect can also be
observed in the variation of the surface concentration of Na2WO4

and Mn on COK-12 support in the first experiment set, discussed
in the last subsection.

Such big differences in the oxygen storage capacity were also
observed by different groups in different chemical looping experi-
ments [54–56]. The most important factor in their findings is the
effective oxidation state of the oxygen storage material, which is
strongly influenced by the support material. As discussed earlier,
there are additional aspects which also influence the oxidation
state of the active compounds in our experiments, as compound
dispersion and film thickness.

3.5. Investigation of reduced and re-oxidized Na2WO4/Mn/SiO2

catalysts

As discussed earlier our findings indicate that the amount of
manganese oxide correlates with the amount of available oxygen
in chemical looping experiments. XRD, EPR and XPS investigations
were performed to prove this hypothesis.

XRD diffractograms of the fresh Na2WO4 (5 wt%)/Mn (2 wt%)/
SiO2 catalyst supported on COK-12 are shown in Fig. 9 over the
whole redox–cycle in OCM looping experiments. The fresh catalyst
consists of the crystalline phases a-cristobalite, Na2WO4 and
Mn2O3 or braunite (MnMn6SiO12), since the patterns of Mn2O3

and MnMn6SiO12 are highly similar. In addition, small amounts
of a quartz phase are present. Oxidizing the catalyst has no signif-
icant impact on the XRD pattern. However, changes in the XRD pat-
tern can be seen for the reduced catalyst. The reflections of the
manganese oxide phase have vanished, while the intensities of
the Na2WO4 reflections have decreased. Additional small

Fig. 6. Results of repetitive methane pulse experiments on Na2WO4 (5 wt%)/Mn (2 wt%)/SiO2 at different Mn loadings, 30 nml/min, 775 �C, 0.6 g catalyst; A–C: methane
conversion, selectivity, and C2 yield for each methane pulse; D: Summation of the amounts of converted oxygen for all methane pulses per catalyst based on Eq. (7), E: oxygen
selectivity based on results of methane pulse simulation studies (molecule specific, k3/k4 = 7) vs. amount of total converted oxygen (Eq. (7)), F: oxygen selectivity based on
results of methane pulse simulation studies (molecule specific, k3/k4 = 2) vs. amount of total converted oxygen (Eq. (7)).

Fig. 7. Results of chemical looping experiments on Na2WO4 (5 wt%)/Mn (2 wt%)/
SiO2 catalysts at different support materials, 1 g catalyst, 700 – 775 �C, 20 & 30 nml/
min, 1 ml CH4 pulse.
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reflections resemble the pattern of MnWO4. After reoxidation, the
intensities of the reflections of the manganese oxide and the
Na2WO4 phase have recovered. However, the reflections resem-
bling the MnWO4 phase have vanished. The diffractogram is almost
identical to that of the fresh catalyst, but, the intensities of the
diffraction peaks, which were assigned to the quartz phase, have
increased.

To further investigate the redox cycle of the catalyst, sealed
samples of silica gel and COK-12 supported catalysts were studied
by cw and pulsed EPR in order to identify the oxidation states of
Mn and W ions. Using spin echo detection, we could observe a
broad, nearly featureless absorption pattern at X-band (9.7 GHz)
(Fig. S1, supporting information). The spectrum taken at 34 GHz
(Q-band) (Fig. 10) was better resolved and could be fitted with a
set of spin Hamilton parameters of a S = 2 spin system, appropriate
for Mn(III). This assignment was confirmed by using the same fit
parameters for a simulation of the X-band pattern. Echo-detected
spectra for the reduced and re-oxidized samples are shown in
Fig. 11. For samples of both supported materials, we observed a
significant reduction of echo detected spectral intensity when
probing reduced samples.

Using conventional cw detection with field modulation, a strong
signal with Lorentzian line shape (DBpp = 50 mT, T = �123 �C) was
observed for the reduced samples (see Fig. 11). Although this line,
with much reduced intensity, were also observed for the
re-oxidized samples. The above described echo detected signal
apparently does not noticeably contribute to the cw-detected

Fig. 8. Results of repetitive methane pulse experiments on Na2WO4 (5 wt%)/Mn (2 wt%)/SiO2 with different silica support materials, 30 nml/min, 775 �C, 0.6 g catalyst; A–C:
methane conversion, selectivity, and C2 yield for each methane pulse; D: Summation of the amounts of converted oxygen for all methane pulses per catalyst based on Eq. (7),
E: oxygen selectivity based on results of methane pulse simulation studies (molecule specific, k3/k4 = 7) vs. amount of total converted oxygen (Eq. (7)), F: oxygen selectivity
based on results of methane pulse simulation studies (molecule specific, k3/k4 = 2) vs. amount of total converted oxygen (Eq. (7)).

Fig. 9. XRD patterns of Na2WO4 (5 wt%)/Mn (2 wt%)/SiO2 supported on COK-12
over the redox cylce. The diffraction intensities are normalized on a-cristobalite
(1 0 1) reflection.
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signal, because its much broader pattern extending over more than
300 mT is suppressed in this field-derivative detection mode.

No indication of this quite narrow (50 mT) Lorentzian signal is
found in the echo detected spectra even when decreasing the pulse
separation to 120 ns This observation is indicating that this very
strong signal originates from a spin system with very short relax-
ation time, probably less than 50 ns, thus preventing echo detec-
tion. We also found that the shape of this additional signal with
a width of 50 mT is invariant when changing the microwave fre-
quency from 9.7 to 34 GHz. This clearly shows that anisotropic g
factor broadening can be excluded, leaving strong dipolar coupling
as the most probable cause for the observed absorption pattern. A
compilation of cw spectra taken at different spectrometer frequen-
cies is shown in Fig. S2 (supporting information).

Despite the difficulty to quantify spin concentrations by pulsed
EPR, a significant reduction of spectral intensity of the FSE spectra
is evident when comparing reduced and re-oxidized samples, irre-
spective of the support material. This observation in combination
with the cw-detected much narrower signal gives first evidence
that this unstructured Lorentzian signal might originate from clus-
tered Mn(II) sites, generated by partial reduction of Mn(III). This
conclusion is further supported by various observations reported
for Mn(II) in nano-structured samples [57,58]. In these studies,

the presence of a similar signal was reported, with line width
depending on the nano cluster size. The reported increase in line
width at lower temperatures and the deviation of the signal inten-
sity from an ideal Curie dependence in the range below -173 �C
was also seen in our samples. A full description of our EPR investi-
gation will be published in a forthcoming paper.

The chemical composition and oxidation state of the surface of
the Na2WO4 (5 wt%)/Mn (2 wt%)/SiO2 catalyst supported on COK-
12 are characterized using XPS over the whole redox-cycle during
OCM looping experiments. Fig. 12 depicts high-resolution Mn 2p
and W 4f XPS spectra for all samples. The Mn 2p spectrum of the
fresh catalyst shows a doublet Mn 2p3/2 – Mn 2p1/2 with binding
energy signals at 641.0 and 652.9 eV respectively with the spin-
orbit splitting of 12.1 eV (see Fig. 12a). In addition, a small satellite
feature at 146.2 eV and 5.4 eV from the main peak is observed,
which indicates the existence of Mn2+ besides Mn3+ [59]. The fully
oxidized catalyst shows a similar spectrum. However, by reducing
the catalyst, the satellite structure at 146.2 eV gets more pro-
nounced, which indicates an increase in Mn2+ amount. The spectra
resemble those observed for MnWO4 [60], which supports the XRD
results. By reoxidizing the catalyst, the height of the satellite struc-
ture decreases again. The spectra are similar to the ones of the orig-
inal catalyst. Thus, Mn shows a reversible redox cycle during OCM.

400 600 800 1000 1200 1400

a)

magnetic field (mT) magnetic field (mT)

el
ec

tro
n 

sp
in

 e
ch

o 
si

gn
al

400 600 800 1000 1200 1400

b)

el
ec

tro
n 

sp
in

 e
ch

o 
si

gn
al

Fig. 10. 34 GHz FSE-EPR spectra of (a) silica gel- and (b) COK-12 supported Na2WO4/Mn/SiO2 catalysts, measured at 20 K. Spectra of reduced samples are shown as red traces,
signals of re-oxidized samples are depicted in blue. Spectra were measured with a 2-pulse sequence with pulse separation of 150 ns.
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Fig. 11. X-band cw EPR spectra of (a) silica gel and (b) COK-12 supported Mn-Na2WO4 catalysts, measured at �123 �C. Spectra of reduced samples are shown as red traces,
signals from re-oxidized samples are given in blue. The narrow lines at 160 mT as well as the narrow doublet at 410 mT originate from paramagnetic centers in the EPR cavity
and can be taken as intensity marker for comparing relative spin concentrations in different samples.
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For the W, 4f XPS spectra (Fig. 12b) of the fresh, the oxidized
and the reoxidized catalyst, spin-orbit doublets at 34.7 and 36.8
eV (D = 2.1 eV) for W 4f7/2 and W4f5/2 respectively, were assigned
to oxidation state of W6+ [61]. By reducing the catalyst, the peaks
are shifted to 34.8 and 37.0 eV respectively, probably due to the
changed environment of W of MnWO4 compared to Na2WO4. The
molar ratio of the chemical composition changes over the whole
redox cycle. The fresh and the oxidized catalyst show a ratio of
Mn to W of 85:15 showing an enriched surface loading with Mn
in comparison to the bulk composition. By reducing the catalyst
the Mn concentration in the surface decreases (ratio of Mn to W
= 75:25). By reoxidizing the catalyst the ratio recovers to 85:15,
as it was observed for the original fresh catalyst too. These results
show the mobility of Mn on the catalyst surface.

3.6. Mechanistic aspects

A direct relation between catalyst compounds and oxygen stor-
age capacity was only found for the manganese system, which is
presented in Fig. 13 A. We plotted three theoretical trend lines,
which show a projection of the amount of stored oxygen by differ-
ent manganese oxide species. In all cases the amount of Na2WO4 is
constant. It has to be noted that MnO is probably present on the
catalyst surface as MnWO4, as discussed earlier. Therefore,
Mn3O4 can also be interpreted as MnWO4 + Mn2O3. Our results
indicate, that full manganese oxide reduction to Mn(II) was never
reached, indicating that some amount may stay unconverted. A
possible explanation is that the manganese oxide, which is stored
close to the silica core is not affected by the redox mechanism as
mentioned before. This is supported by our EPR results in Fig. 9.
COK-12 and silica gel supported catalyst samples show significant
electron spin echos of Mn(III) after reduction. The lack of any long-
range magnetic ordering suggests a poor structural order in the
reduced state, which is in agreement with the XRD results of the
reduced catalyst. A more detailed account of these results will be
presented in a forthcoming publication.

This is also consistent with our hypothesis about film thickness
(Fig. 13B). A nearly linear dependencey was found between oxygen
storage capacity and Mn loading at constant loadings of Na2WO4,
independent of the support material. If the number of layers of
the active compounds falls below 25, the catalyst activity

decreases dramatically in all cases. Based on these findings, we
assume an optimal film thickness of the Na2WO4 and Mn. In thick
films, high amounts of oxygen are stored inside and therefore only
low catalytic activity in chemical looping experiments was
observed. Because only top layer oxygen contributes to methane
activation. A decrease of the film thickness improves the catalytic
activity since more and more oxygen is exposed to the catalyst sur-
face or in sublayers close to it. Further decrease of the film thick-
ness may diminish the structural flexibility of the active film
which is a key factor for a high-performance Na2WO4/Mn/SiO2 cat-
alyst, as discussed before. Thus, an optimal film thickness of Na2-
WO4/Mn on SiO2 seems to be the key factor for a high-
performance catalyst in chemical looping experiments. Our results
from EPR investigations show that the reduced COK-12 sample has
a larger difference of the electron spin echo intensity than silica gel
supported catalyst. Therefore, it is concludd that in the thick film of
the silica gel supported catalyst these species are less affected by
the reduction.

EPR spectroscopy studies by Jiang et al. revealed a stable oxida-
tion state of the tungsten oxide in dynamic experiments whereas
the manganese oxide exhibits redox activity [25]. They predicted
an electron transfer from CAH bond cleavage by tungsten oxide
as the active center, while the electron is transferred to the man-
ganese ion. Similar effects of supported manganese oxide catalysts
in the OCMwere also observed by Jones et al. [62]. They tested Mn/
SiO2 catalysts with a variation of the manganese loading in
dynamic experiments. The formation of Mn II+ was observed by
Salehoun et al. They were able to observe the formation of MnWO4

after dynamic experiments by XRD [26].
A scheme of the catalyst functionality of the Na2WO4/Mn/SiO2

catalyst is presented in Fig. 14, which is based on the findings of
other groups and ours. Na+ ions induce a phase change of the sup-
port material from SiO2 to a-cristobalite during the calcination
procedure [13]. Such transformation allows for the formation of
an amorphous or glassy phase of Na2WO4 and MnXOY. The consti-
tution of this phase depends on the amount of both compounds
and their dispersion on the surface of the support material. Fur-
thermore, this phase has a flexible structure under OCM condi-
tions, which is responsible for selective methane activation
[14,16,63]. When the formation of this phase is complete, no crys-
talline phases are detectable by XRD measurements for the
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Fig. 12. XPS spectra of (a) Mn 2p and (b) W 4f level for Na2WO4 (5 wt%)/Mn (2 wt%)/SiO2 supported on COK-12 over the redox-cycle.
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impregnated compounds [15]. This film can be oxidized by gas
phase oxygen through adsorption (Ox⁄) and the conversion to top
layer oxygen (Olattice), which may interact with sublayers, too [27].

Jiang et al. proposed the cooperative catalytic effect between
Na2WO4 and MnXOY as oxygen-spillover effect [25,64]

They postulated a cooperating redox mechanism for selective
methane activation according to Eqs. (13)–(17). It has to be noted,
that Jones et al. found that MnXOY/SiO2 is also active in OCM, but
much less selective for C2 products [65]. Therefore, the proposed
redox mechanism of Jiang et al. could be extended according to

Eqs. (18)–(20). Ji et al. demonstrated that even small amounts of
sodium tungstate will increase methane conversion and C2

selectivity drasticly [51]. According to their findings, the reaction
rates of Eqs. (13) and (14) have to be much higher compared to
the rate of reactions (19) and (20). Therefore, the manganese oxide
seems to contribute to the selective activation of methane by a
redox mechanism via tungstate, but unfortunately, it can also acti-
vate methane and may also other alkanes in an unselective reac-
tion. A similar increase of catalytic activity in the OCM reaction
by the addition of Na2O to supported manganese oxide was also

Fig. 13. Total stored amount of oxygen at different prepared Na2WO4/Mn/SiO2 catalyst materials, A – correlation between oxygen storage capacity and manganese oxide
loading, B – correlation between oxygen storage capacity and film thickness of Na2WO4 and Mn2O3.

Fig. 14. Proposed OCM surface and gas phase reaction network for the Na2WO4/Mn/SiO2 catalyst in chemical looping experiments [13,14,18,19,23,27,28,30,40,67–69,71,72].
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reported by Wendt et al. [66]. However, it is not clear whether the
oxygen spillover reaction effects sodium oxide itself or requires a
tungstate matrix.

� �O2� �W6þ þ CH4 ! Hþ � O2� �W6þ

� CH�
3 Selective methane activation on tungstate ð13Þ

Hþ�O2��W6þ�CH3
�! OH�+CH�

3+W5þ ð14Þ

W5þ ! W6þ þ e� Redox mechanism ð15Þ

Mn3þ þ e� ! Mn2þ ð16Þ

Mn2þ þ O2 ! Mn3þ ð17Þ

aMn2O3 þ bCH4 !! 2aMnO
þ bCOx þ cH2O Unselective methane activation ð18Þ

� �O2� �Mn3þ þ CH4 ! Hþ � O2� �Mn3þ

� CH�
3 Selective methane activation on manganese oxide ð19Þ

Hþ�O2��Mn3þ�CH�3!OH� + CH�
3 + Mn2þ ð20Þ

⁄: free site on catalyst surface.
One important finding of our experiments was the influence of

the film thickness of Na2WO4 and MnXOY on the catalytic activity.
A thick film provides less oxygen in chemical looping experiments
for methane conversion. Because most of the oxygen is stored
inside the film, which is hard to access for gas phase reactants. Thin
films may feel a less cooperated redox effect between Na2WO4 and
MnXOY. Also, the oxygen seems to be less stable bound and an auto
reduction reaction by oxygen desorption may occur. Both effects
decrease the catalytic activity. Therefore, an optimal film thickness
is required for enhancing the catalyst performance in chemical
looping experiments.

The selective activation of methane results in the formation of
methyl radicals which couple to ethane [67]. It is unclear whether
this coupling process is occuring on the catalyst surface or in the
gas phase. However, the combined radicals, which are energy-
rich species, form an ethane molecule (C2H6⁄), which still contains
the energy from these radicals. A collision partner (M) in the gas
phase or a solid phase is necessary to emit this energy to form a
stable ethane molecule. Another stabilization mechanism of
C2H6⁄ would be luminescence, but we have to consider that the
collision rate is high under OCM condition [68].

No changes in the ratio of OC2H4 was observed by using different
catalyst materials, which provided different amounts of stored
oxygen, see Figs. 4E, F and 6E, F. Such an effect is only plausible
if ethylene formation is independent of the catalyst material and
forms in the gas phase in chemical looping experiments. To test
such a hypothesis we simulated a methane pulse with a model that
combines gas phase and surface reactions in Chemkin. This is pre-
sented and discussed in the supporting information. Our findings
indicate that the thermal dehydrogenation of C2H6 to C2H4 in gas
phase is an important reaction route in chemical looping experi-
ments. This reaction is initiated by a collision of ethane with other
molecules [69]. Another possible route is the dehydrogenation of
C2H6⁄. During our chemical looping and repetitive pulse experi-
ments, we only observed small traces of hydrogen. This observa-
tion is assigned to the reaction of hydrogen with stored oxygen
on the catalyst surface to form water as discussed in the literature
[30,25,70].

4. Conclusion

In this work, we studied a series of Na2WO4/Mn/SiO2 catalysts
in chemical looping and repetitive methane pulse experiments.
The variation of the specific surface area of this catalyst material
at similar weight loadings indicates that a higher SSA increases
the catalytic activity. This effect is limited to SSA’s below 4 m2/g.
Catalysts with higher SSA showed lower catalytic activity in chem-
ical looping experiments. The highest activity for varied man-
ganese loadings was found at 5 wt% Na2WO4 and 2 wt% Mn in
chemical looping experiments. Unfortunately, no C2 yield higher
than 0.25 was observed. COK-12 supported catalysts were much
more active compared to silica gel supported one.

In the repetitive methane pulse experiments that ethylene for-
mation consumes 25–30% of the total converted oxygen atoms.
This indicates that ethylene formation is preferentially performed
in the gas phase. This result was verified by simulations. The high-
est amount of converted oxygen was 105 mmol(O)/gcat for 5 wt%
Na2WO4 and 2 wt% Mn on COK-12. We calculated an optimal sur-
face concentration of 66 Mn/nm2 and 33 W/nm2, which showed
the highest oxygen storage capacity and highest catalytic activity,
but also the lowest selectivity in our experiments. Our results
obtained from the variation of the Mn loading indicate that this
component is responsible for the oxygen storage functionality of
the Na2WO4/Mn/SiO2 catalyst. In this context, it is worth noting
that a reversible reduction of Mn(III) was observed while no indi-
cation for the presence of W(V) was found. A theoretical number
of layers for the active phase (Na2WO4/Mn) was calculated. The
highest catalytic performance for Na2WO4/Mn/SiO2 catalysts was
observed at about 25 layers and even small deviations from that
number resulted in less performance in chemical looping experi-
ments. The tungstate contributes to activity enhancement of selec-
tive methane activation. We assume that a multilayered redox
reaction mechanism of this catalyst material is responsible for
the OCM reaction in chemical looping experiments.
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Investigation of the role of the 
Na2WO4/Mn/SiO2 catalyst compounds in the 
oxidative coupling of methane by chemical 
looping experiments – supporting information 

1 EPR spectroscopy 

 

Figure S1 - 9.7 GHz FSE-EPR spectra of quartz supported reduced (red) and re-oxidized (blue) Mn-

Na2WO4 catalysts. Spectra were recorded at 20 K with a 2-pulse echo sequence ( = 300 ns). Narrow 

signals at 410 mT are caused by impurities in the BRUKER cavity. 
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Figure S2 - Cw EPR spectra of quartz supported reduced Mn-Na2WO4 catalysts measured at 9.7 GHz 

(150 K, blue) and 33.9 GHz (300 K, red). Spectra were shifted to a common zero crossing to allow 

comparison of their line shapes. 

2 Experimental -   

2.1 Residence time analyses 
The residence time of gas pulses was analyzed by pulse marking experiments. The sample loop (1 ml) 

was filled with N2 or Ar, which was used as inert tracer gas. First the pulse was injected to the tube 

system of the setup, without reactor. After that the reactor was filled with 0.5 or 1 g catalyst material 

and heated up under He (30 nml/min). Reaching 775 °C, the tracer gas was injected to the setup with 

installed reactor. The detection of the tracer pulse was carried out by a thermal conductivity detector 

(Messkonzept 200) which was located directly at the reactor outlet. The detection of the signal was 

each 0.5 s. 

2.2 Sample Quenching 

To retard the recrystallization of the melted phases, a catalyst sample was quenched after the 

reduction. To do so, 200 g of the catalyst sieved in the range of 200-300 µm located in the isotherm 

zone of a U-shaped reactor explained in detail elsewhere(Le et al., 2017). The catalyst was heated to 

750 ᵒC with a ramp of 10 K min-1 under a flow of 25/10/35 Nml min-1 of CH4/O2/N2. First, the sample 

was reduced at isothermal temperature for 4 hours. Afterwards, the catalyst was rapidly cooled 

down under the same reaction flow by bringing the whole reactor out of the heating oven. In less 

than 15 minutes, when the sample temperature arrived the room temperature, the MFCs were 

stopped. At the end, the reactor was separated from the experimental set up while the catalyst 

sample was isolated from air contact by closing the plug valves in the inlet and outlet of the reactor. 

To do the TEM analyses the isolated sample was transferred to the sample holder in a (N2) glove box. 
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3 Modelling and simulation 

3.1 Residence time analyses 
 The residence time distribution function E(t) for each experiment was derived according to 

equations (1) and (2). The amount of tracer (ntracer) was calculated according to the ideal gas law for 1 

ml gas at 298 K and 101300 Pa. 

 E(t) =  V̇ ⋅
c(t)

ntracer
 (1) 

 ∫ E(t) dt =  1 (2) 

   

All residence time experiments were modelled and fitted by Berkley Madonna. The experimental 

without dispersion effects of the reactor were fitted by an empirical square-pulse function. The 

function generates a rectangular signal and the fitting parameters were the delay time tdelay, the time 

of square-pulse duration tdose and the amplitude of the square pulse. The delay time represents the 

time, were no tracer signal was detected and the gas pulse remains in the piping system. The time of 

square-pulse duration represents the time since the complete tracer gas enters and passed the 

reactor. The amplitude of the square-pulse was set as the area of the signal is one, according to 

equation (2). 

The heated reactor was modelled by the dispersion model (equation (3), which has as fitting 

parameters the velocity of the flow (u) and an axial dispersion coefficient (Dax). The axial coordinate 

is expressed as z. That coefficient is correlated to the Bodenstein number according to equation (4), 

where L is the length of the reactor. 

 
dc

dt
=  −u

dc

dz
+ Dax

d2c

dz2
 (3) 

 Dax =
u ⋅ L

Bo
 (4) 

The model was fitted by implementation of high number (200) of spatial segments M. Tis is shown in 

equation (5). The length of each segment is defined according to equation (6). The boundary 

condition for the M = 0 was the implementation of the squarepulse function (equation (7)). 

 
dc[1. . M]

dt
=  −u

(c[i + 1] − c[i − 1])

2 ⋅ Li
+ Dax

c[i + 1] − ⋅ c[i] +  c[i − 1]

(2 ⋅ Li)
2

 (5) 

 Li =
L

M
 

 
(6) 

 
dc[0]

dt
=  −u ⋅

(−squarepulse(tdose , tdelay) ⋅ amplitude + c[i + 1])

Li

+ Dax

c[i + 1] −  c[i]

(Li)
2

 (7) 

   

3.2 Kinetic modelling of repetitive pulse experiments 
To understand the reaction routes and the consumption of stored oxygen according to Figure 1 in 

more detail the repetitive pulse experiments were fitted and simulated in Berkley Madonna. We 

assumed that each pulse is similar to batch process, where the initial concentration for methane is 

constant for each methane pulse, while the oxygen concentration decreases with each pulse.  



 

Figure 1 - Surface reaction network of the Na2WO4/Mn/SiO2 catalyst to determine a molecule specific oxygen balance 

The reactions were expressed according to equations (8)-(11), where N is the total number of 

methane pulses, which were 15. 

 R1[1. . N]  =  k1 ∗  CH4  ∗  O[i] (8) 

 R2[1. . N]  =  k2 ∗  C2H6[i]  ∗  O[i] (9) 

 R3[1. . N]  =  k3 ∗  C2H4[i]  ∗  O[i] (10) 

 R4[1. . N]  =  k4 ∗  CH4  ∗  O[i] (11) 

 

The fitting parameters were the rate constants k1 – k4. The ratio of k3/k4 was set in the first run to 7 

and in a second simulation to 2. For each repetitive pulse experiment the first four methane pulses 

where fitted to the presented parameters, getting a higher model precision. The initial concentration 

of oxygen was set according to the calculated ones by methane based oxygen balance, which is 

presented in the manuscript (Table 1). If N is 1 the total amount of stored oxygen was set as initial 

parameters. That was subtracted for the next pulse by the amount of converted oxygen (equation 

(12)). 

 O[i + 1] = Ototal − ∑ Oconverted[i]

i

 (12) 

 

The amount of methane was derived according to the ideal gas law. We assume 1 ml gas, 298 K and 

101,300 Pa. The initial concentrations were set according to equation (13). 𝑉𝑠𝑝𝑎𝑐𝑒 stands for the free 

gas space in the catalyst bed. 

 cX =
nX

Vspace
 (13) 

 

The free space was estimated according to equation (14), where the volume of the catalyst bed (ca. 6 

cm³ = 1 g catalyst) were multiplied by the void fraction 𝜖  which was assumed to be 0.45. That value 

is common for several fixed beds. [1] 

 Vspace = 𝑉𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑏𝑒𝑑 ⋅ 𝜖 (14) 

 

The material balances were derived according to equations (15)-(20). 

 
d(CH4[1. . N])

dt
 =  −2 ⋅ R1[i]  −  R4[i] (15) 



 
d(C2H6[1. . N])

dt
 =

1

2
⋅ R1[i]  −  R2[i] (16) 

 
d(C2H4[1. . N])

dt
 =  R2[i] −

1

2
⋅ R3[i] (17) 

 
d(CO2; C2H4

[1. . N])

dt
 =  2 ⋅ R3[i] (18) 

 
d(CO2; CH4

[1. . N])

dt
 =  R4[i] (19) 

 
d(CO2[1. . N])

dt
 =  CO2;C2H4

[i] + CO2;CH4
[i] (20) 

 
The residence time was set according to our findings of the residence time analyses experiments, 

which are discussed in the next section. 

3.3 Simulation in Chemkin 
To simulate a pulse experiment in Reaction Design Chemkin we choose a 0-D Batch reactor model, 

because of the fact that both reactor concepts are non-continuous. All model parameters are listed 

in Table 1. The corresponding reactor volume was defined as the free gas space in the fixed bed. The 

residence time was derived from the methane pulse width and the initial mole fraction of methane 

as mean amplitude of the methane pulse. The specific surface area corresponds to 0.6 g catalyst with 

a specific surface area of 5 m²/g. 

Table 1 - Model parameter of Chemkin simulation  

Parameter Value for simulation 

Reactor volume (cm³) 3 
Residence time (s) 55 
Spezific surface area (m²/g) 3 
Temperature (°C) 775 
Pressure (bar) 1 
Initial molefraction CH4, rest is N2 0.05 

 

One well-known model for the gas phase reaction network involved in OCM is the Dooley 

mechanism. [36] It considers 1582 reactions, 269 species and showed adequate simulation results for 

profile fixed bed reactor. [37] It must be considered that such a micro kinetic network for gas phase 

reactions is strongly influenced by a micro kinetic surface reaction model. Therefore, only well-tested 

micro kinetic models for the surface reaction can lead to adequate simulation results. There is no 

such model available for the Na2WO4/Mn/SiO2 catalyst, hence, we approximate it by a formal kinetic 

model. One of the latest models was published by Daneshpayeh and Coworkers, which showed 

adequate agreement with their experimental results. [11,38] One of the major issues of their 

network is the poor prediction of methane conversions higher than 0.1. Furthermore, their network 

contains gas phase and surface reactions in a homogenous model. Therefore we choose only 

parameters for methane activation in a selective and unselective route, similar to our recent work. 

[39] Lunsford and Coworkers found that the methane activation and ethane formation is dependent 

on methyl radical formation and coupling. [40] Furthermore it is widely accepted in micro kinetic 

models that the unselective reaction route for methane on the catalyst surface proceeds via a CH3O 

species. [41–45] Therefore both reactions were implemented as surface reactions. The pre-

exponential factor koo of Daneshpayeh et al. was adapted with respect to catalyst amount and 

specific surface area. As thermodynamic data for all species on the catalyst surface dummy values of 



0 were set, which is an adequate method if thermodynamic data for such species are not available. 

The final surface reaction model is presented in Table 2. The number of active sites for this material 

was set to 1/nm². This results from the fact that transition metal oxides, which are supported on 

silica, have monolayer coverage between 0.1 – 1 atom per square nanometer. [46]  

Table 2 - Micro kinetic reaction routes on the catalyst surface and their parameters [11,38] 

Reaction koo (1/s) Ea (kJ/mol) 

CH4 + O*electrophile => CH3 + OH* 44.100 212.60 

CH4 + O2*nucleophile => CH3O + OH* 0.614 98.54 

 

4 Results 

4.1 Residence time analyses 
The experimental results of tracer pulses of the piping system are presented in Figure 2 A. The final 

fitting parameters are presented in Table 3. These parameters were used to fit the experimental 

results of the residence time analyses with reactor at OCM conditions. This is presented in Figure 2 B 

for 1 g catalyst. The final value of the Bodenstein numbers were 26.5 (0.5 g cat) and 26.8 (1 g 

catalyst), which indicates strong dispersion effects. The pulse width was set as residence time () of 

the kinetic model, which was 50 s. 

Table 3 - Fitting results of residence time experiments 

Parameter Final value 
𝐭𝐝𝐞𝐥𝐚𝐲 16.98 [s] 
𝐭𝐝𝐨𝐬𝐞 20.35 [s] 

amplitude 0.049 

 

 

Figure 2 - Results of experimental and simulated residence time distribution functions of 1 ml tracer and 30 nml/min. A – 
tracer pulse through tube system without reactor, B – tracer pulse through tube system and reactor at 775 °C, 1 g catalyst 



 

4.2 Modelling of repetitive pulse experiments 
The results of the repetitive pulse fitting procedure are listed in Table 4. Variation of the specific 

surface area of the Na2WO4/Mn/SiO2 catalyst has a smaller influence on the rate constants as the 

variation of the manganese oxide loading.  

  



 

Table 4 - Fitted rate constants of repetitive methane pulse experiments 

Variation 
k3/k4 = 7 [ml/(moles)] k3/k4 = 2 [ml/(moles)] 

k1 k2 k3 k4 k1 k2 k3 k4 

Mn  
(COK-12) 

1.00 w-
% 

3109 2283 12 84 3109 2283 42 84 

1.90 w-
% 

1183 2997 21 150 1183 2997 75 150 

2.80 w-
% 

1709 1651 8 54 1675 1616 
83,
5 

167 

3.70 w-
% 

1246 654 4 30 1278 589 49 98 

Aspec  
(COK-12) 

2.3 
m²/g 

976 516 4 30 957 501 31 62 

2.6 
m²/g 

1375 713 6 40 1349 691 
46,
5 

93 

3.2 
m²/g 

1513 814 7 47 1476 787 60 120 

4.2 
m²/g 

1335 709 7 47 1358 694 50 100 

Reference catalyst 1990 1713 3 21 1939 1647 23 46 

 

4.3 Simulation of repetitive pulse experiments 
The calculated amounts of C2H6, C2H4 and CO2 of the first four methane pulses from experiments and 

simulations are presented in Figure 3 as parity plot. The kinetic model shows adequate reliability to 

calculate to amounts of each reactant. Based on these models, the amounts of oxygen for each 

reaction were calculated.  

 



 

Figure 3 - Parity plot of the initial four 1 ml CH4 pulses for all catalyst materials in repetitive pulse experiments vs. 
simulation results at different ratios of k3/k4. A- C k3/k4 = 7; D-F k3/k4 =2 

  



4.4 Simulation results of single pulse experiments in Chemkin to analyze 

ethene formation route 
The number of active sites was set to 1/nm² in our simulations. This was estimated from the fact that 

such a number is the monolayer coverage for a supported transient metal oxide on silica. We 

discussed that a film of several multilayers of the active compounds is present on the catalyst 

surface. Therefore, we assume that around one O atom per squared nanometer is directly available 

on the top layer of the catalyst surface, while the rest is stored in subsurface layers.  

The result of a simulation of a methane pulse to the catalyst bed in Chemkin is shown in Figure 4.  As 

can be seen in Figure 4 – A the original parameters of Daneshpayeh et al. show only poor methane 

conversion. [11,38] This is in straight contradiction to our results in the last section.  CH2O is formed 

as an intermediate species which is formed from CH3O decomposition. Further decomposition of 

CH2O forms CO and H2. It can be seen that ethane and ethene are formed and the C2 selectivity is in 

good agreement with our results of the single methane pulse experiments in the variation of the 

specific surface areas. For a sufficient comparison at same methane conversion both surface reaction 

rates were increased by factor 300. The results of this simulation are shown in Figure 4 – B. The 

methane conversion is in the range of our observations in chemical looping experiments, now. CO is 

dominating the overall selectivity, while ethene [72] is the major product among the C2 compounds. 

Ethane shows a typical trend of an intermediate species in a consecutive reaction pathway. This 

indicates that thermal dehydrogenation is a serious reaction pathway to convert ethane to ethene in 

oxygen free gas phase. Such a simulation supports our observation of a constant ratio of converted 

OC2H4 as mentioned in the last section. 

At this point it has to be noted that the simulation is only a rough estimation for testing our 

hypothesis. The increase of the surface reaction rates, the lack of an experimental investigation of 

the number of active sites and a well explored surface reaction network for this material indicate 

that a lot of important parameters are still missing for an adequate micro kinetic surface reaction 

model. Due to the fact, that only small amounts of hydrogen were observed in our experiments, we 

assume that the H2 reduces also the catalyst material, similar to the results, which were found in 

temperature programmed reduction experiments. [16,60] 

 

Figure 4 - Results of a methane pulse simulation in chemkin, A: original reaction parameters by Daneshpan et al. [11,38], 
B: Surface reaction rates increased by factor 300  
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Abstract
The reaction mechanism of ethane and ethene oxidation was studied under the OCM reaction conditions over  MnxOy–
Na2WO4/SiO2. The consecutive reaction of  C2 components is observed to be the main route to the formation of  COX under the 
applied reaction conditions here. The homogeneous or heterogeneous nature of these unselective reactions was investigated 
in more details. For this purpose, the temperature programmed surface reaction (TPSR) technique was applied. The results 
of these experiments indicate that the consecutive reaction of ethane is mainly occurring in the gas phase of the reactor. This 
point was confirmed when the activation energy of ethane both, in the presence of the catalyst and silicon carbide, as the inert 
surface, was shown to be at the same level. The concentration profile of the effluent obtained by simulating the reaction of 
 C2 components using the Dooley mechanism in ChemkinPro was also in good agreement with this proposal. The reason for 
the low influence of the catalyst on conversion of ethane was ascribed to the film diffusion limitation that is occurring under 
the OCM reaction conditions applied in these studies. Finally, a set of experiments were performed with 13CH4 to study the 
effect of methane on the consecutive reaction of ethane in the OCM reactor.

Graphical Abstract

Keywords Oxidative coupling of methane · MnxOy–Na2WO4/SiO2 · Thermal dehydrogenation of ethane · Oxidative 
coupling of labelled methane · Stationary co-feeding experiments

1 Introduction

The large known resources of natural gas [1–4] as well as 
the volatile petroleum market and growing environmental 
concerns, attract an increasing attention to the processing 
of natural gas into value-added products (VAP) [5–9]. The 
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conversion of methane to  C2 products and higher hydro-
carbons, known as oxidative coupling of methane (OCM) 
(Eq. 1), could be a possible direct method for fulfilling this 
aim [3, 8, 10–12].

One of the advantages of this direct method for utiliza-
tion of methane is that it is exothermic and therefore is not 
thermodynamically limited [3]. In addition, it represents the 
highest possible carbon efficiency of the converted methane 
compared to that of the other direct methods for conversion 
of methane to VAP [5]. However, despite all the research 
done on this process, it has not yet been commercialized, as 
the minimum yield of 30% towards  C2 products required to 
make this process economically viable, was not achieved.

The major reason for this limitation is the occurrence of 
side reactions which are thermodynamically more favora-
ble and mainly lead to the production of carbon oxides. 
To improve the  C2 selectivity and yield of the process, it 
is essential to have a better control over the formation of 
unselective products. To reach that point, a good knowledge 
of the reaction mechanism and the origin of the formation of 
 COX are essential. There is already a consensus that OCM 
follows a complex reaction network and carbon oxides are 
produced through both homogeneous and heterogeneous 
oxidation of its main hydrocarbons, i.e., methane, ethane, 
and ethene, see Fig. 1 [3, 6, 8, 11, 13–20]. Nevertheless, 
the total and partial oxidation of the  C2 components are 
reported based on isotope-labelled experiments to be the 
main routes for the production of  COX [11, 21, 22]. There-
fore, to enhance the reaction performance, the main focus 
should be on suppressing the oxidation of the ethane and 
ethene. The milestone to this aim is a detailed understand-
ing of the mechanism of consecutive reactions of both these 
components. Investigating issues such as the contribution 

(1)CH4 + O2 → C2H6 or C2H4 + 2 H2O

of the catalyst on their selective and unselective conversion 
should reveal more details.

In the literature, the mechanistic studies are carried out 
mostly by tracing the reaction of methane. Under these cir-
cumstances, the conversion of  C2 components take place 
both in sequence and parallel to the direct conversion of 
methane. In Fig. 1 the status of the discussion of the OCM 
mechanism is summarized [3–23]. Therefore, the results 
of the methane coupling reaction do not provide sufficient 
information about the mechanism of ethane and ethene con-
secutive reactions.

To solve this problem, we investigated the reaction of 
ethane and ethene separately from methane, but under the 
conditions close to OCM. First, the temperature programmed 
surface reaction (TPSR), co-feeding and isotope-labelled 
experiments were conducted to study the reaction network 
of  C2 components. Then, the experimental observations were 
verified by simulating the reaction of ethane and ethene in 
Chemkin Pro. Finally, in 13C methane isotope labelled exper-
iments the influence of methane on the consecutive reaction 
of  C2 components was compared with the conditions applied 
in our tests without methane. The  MnxOy–Na2WO4/SiO2, 
which is already known as one of the most stable and best-
performing catalysts for OCM, [1, 3, 8, 23, 24] was chosen 
as the model catalyst in these studies.

2  Experimental Section

2.1  Catalyst Preparation

All catalytic reactions were performed using a 
 MnXOY–Na2WO4/SiO2 catalyst. This material was chosen 
as the model catalyst based on the previous reports docu-
menting it as one of the most efficient and stable catalysts 

Fig. 1  Simplified reaction network of OCM
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for OCM [3, 20, 25–27]. The material was prepared by 
incipient wetness impregnation as described by Fang et al. 
[28]. First, amorphous  SiO2 (Silica Gel, Davisil, Grade 
636, Sigma-Aldrich) was sieved to the particles diameter of 
200–350 µm, and impregnated in two steps using aqueous 
solutions of Mn(NO3)2·4H2O (p.a.,≥ 97%, Sigma–Aldrich) 
and  Na2WO4·2H2O (p.a.,≥ 99%, Sigma-Aldrich) in adequate 
concentration. After each impregnation step, the sample was 
dried in a cabinet dryer at 100 °C, overnight. The obtained 
solid was then calcined at 800 °C for 8 h under static air. An 
annealing procedure was performed using a heating rate of 
1 K/min. The final catalyst was none porous and had a spe-
cific surface area of 3.2 m2/g. It consists of 5 wt%  Na2WO4 
and 2 wt% Mn(II) on  SiO2.

2.2  Feed Gases

Methane (99.95%), ethane (99.95%), ethene (99.90%), oxy-
gen (99.998%) and helium (99.999%) were purchased from 
Air Liquide. The pure labelled methane (13CH4 99 atom % 
13C) was provided by Sigma Aldrich. All the gases were used 
in the experiments as received, without further purification.

2.3  Reactor Setup

A simplified scheme of the experimental setup is presented 
in Fig. 2. The dashed line shows the path of the effluent 
in the isotope-labelled experiments. In all the other experi-
ments the gas stream goes directly to the analytical instru-
ment as presented by the solid line.

Unless noted, all the catalytic and blank tests are per-
formed using 1 g of the solid material sieved in the range 
of 200–300 µm. Two reactors which were different in 
geometry, but both made of quartz were used in our stud-
ies. These reactors were located in a temperature con-
trolled oven (T range 25–900 °C). The temperature in the 
catalytic bed was measured using a type K thermocouple. 
To regulate the flow of the gasses, Mass Flow Controllers 
(EL-FLOW, Bronkhorst) were used. To ensure a homoge-
neous reaction mixture a mixing cylinder was built before 
the reactor inlet. The pre-catalytic pressure was moni-
tored using the P-I-1, the pressure indicator 1. Depending 
on the experiment, either the mass spectrometer (MS), 
the gas chromatograph (GC) or the MS attached to a 
GC column were employed to analyse the composition 

Fig. 2  Schematic of the experimental setup
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of the effluent. Nevertheless, both the GC and MS were 
calibrated to distinguish alkanes and alkenes of  C1 − 3 as 
well as CO,  CO2,  N2, and  O2. Since helium was used as 
the carrier gas of the GC, neither  H2 nor He could be 
detected by GC, however, this limitation does not apply 
to the measurements done with the MS.

Unless otherwise mentioned, all the tests were per-
formed in a tubular fixed-bed reactor with 9 mm internal 
diameter i.d and 35 cm length. A quartz frit with the pore 
size of 120 µm, was placed in the middle of this reactor to 
keep the catalyst in its position. This set up was equipped 
with a quadrupole mass spectrometer (Inprocess Instru-
ments GAM 200) [29].

Kinetic investigations were conducted in a U-shaped 
fixed-bed reactor with 6 mm i.d and 25 cm length. The 
total flow and the volumetric flow of hydrocarbon in 
the reaction mixture were kept constant in these experi-
ments. However, the concentration of oxygen was varied 
by substituting it with the same flow of the inert gas. 
The reaction performance was calculated in a tempera-
ture range of 570–630 °C. To measure the composition 
of effluent with a high accuracy, an Agilent GC (7890 A) 
was used for gas analyses. The GC was equipped with a 
flame ionization detector (FID) and a thermal conductiv-
ity detector (TCD). The separation of effluent was done in 
a HP-PLOT/Q and a HP Molsieve column. As mentioned 
earlier, the GC carrier gas was He (Air Liquide, purity 
99.999%) therefore the detection of  H2 and He was not 
possible in these experiments [30].

For the isotope-labelled experiments, the post and pre 
catalyst sections of the tubular reactor were modified. The 
experiments were performed using a mixture of 13CH4 
and 12C2H6 hydrocarbons. The total flow of the reaction 
mixture was fixed at 70 Nml/min. The volumetric flow 
of methane was changed from 0 to 5 Nml/min by sub-
stituting its flow by the inert gas. A vacuum pump was 
installed on the set up to purge all the lines connected to 
the bottle of the labeled gas. The effluent was consist-
ing of a range of products with overlapping ionic masses 
such as CO,  C2H4,  C2H6 and their isotopes. Therefore, for 
reliable analytical results, the gas components were sepa-
rated, before entering the MS. For this purpose a Hayesep 
Q column of Agilent was installed at the inlet of the mass 
spectrometer. The effluent was sent to a VICI pneumatic 
sampling pulse valve with helium as the carrier gas, see 
Fig. 2. To ensure that the investigations are carried out 
under steady-state conditions, the effluent was injected 
to the analytical instrument at least 5 min after the reac-
tion started. More details regarding the construction of 
the set up, in addition to the calibration and measure-
ment methods applied in these experiments are provided 
elsewhere [31–33].

3  Methods and Experiments

3.1  Temperature Programmed Surface Reaction 
(TPSR)

To distinguish between the catalytic and non-catalytic 
consecutive reactions of  C2 components from each other, 
the temperature programmed surface reaction (TPSR) 
technique was implemented. These experiments were 
conducted either by using 0.5 g of the catalyst or equal 
volume of an inert bed (quartz sand or silicon carbide). 
The first step in each of these experiments consisted of 
surface oxidation at 820 °C under a flow of 40 Nml/min 
of He and  O2 at a ratio of 1 to 1. Then, the temperature 
was decreased to room temperature under the same reac-
tion flow. At the end, the bed was heated with a ramp of 
1 K/min to 800 °C; while, a flow of 30 Nml/min of 5% 
ethane or ethene diluted with He was passing through the 
reactor. The catalyst was kept at 800 °C for 10 min before 
it was cooled down under the same reaction flow to room 
temperature with a ramp of 1 K/min. The changes in the 
composition of effluent were continuously recorded by 
the mass spectrometer and the results were presented as a 
function of the catalyst bed temperature.

3.2  Mechanistic Studies in Stationary Co‑feeding 
Mode

A total flow of 70 Nml/min of either  C2H6/O2/He or  C2H4/
O2/He (volume ratio1/1/33) was used as the feed. The rea-
son for working with highly diluted gas mixture was to 
mimic the concentration ratio of  C2 components formed 
during OCM. To distinguish the surface reactions from 
those occurring in the gas phase one catalytic and two 
blank co-feeding experiments were performed. The first 
blank experiment was conducted in the empty reactor and 
the second was carried out in the presence of SiC (particle 
size 200–300 µm) as the inert surface. The amount of SiC 
in the later condition was set in a way that it provides the 
same volume as 1 g catalyst. However, the total flow in the 
former study was raised to 175 Nml/min to compensate 
the changes in the residence time caused by the removal 
of fixed bed. All the other reaction conditions applied in 
the catalytic and blank experiments were kept identical 
in these experiments. The oven was heated with a rate of 
1 K/min to a maximum temperature of 750 °C. To ensure 
a constant flow during the heating of catalyst bed, the reac-
tion mixture was introduced to the reactor at least 2 h prior 
to turning the oven on.
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3.3  Kinetic Studies in Stationary Co‑feeding Mode

These studies were performed to measure the activation 
energy and the reaction order of oxygen for the consecutive 
reaction of ethane. The first investigations were done in the 
presence of 1 g of the catalyst while the blank experiments 
were conducted using SiC. The amount of SiC was set in 
a way that its volume would be equal to the volume of 
1 g of the catalyst. These experiments were performed in 
the U-shaped reactor connected to the GC. The total flow 
was set at 90 Nml/min throughout the whole experiment. 
The reaction mixture was consisting of a fixed amount of 
 C2H6 (25 Nml/min) while the volumetric flow of oxygen 
varied between 0, 3, 4, 5, 6, 7 Nml/min. The reaction per-
formance was measured for each of the described reaction 
mixtures at the temperature range of 585, 600, 615 and 
630 °C, in the catalytic experiment, and at 585, 600, 615, 
630 and 645 °C, in the blank tests.

3.4  Experiments with 13C Labelled Methane

For this experiment, 1 g of the catalyst was placed in the iso-
thermal zone of the fixed bed reactor. To keep the residence 
time constant the total flow, 70 Nml/min, was kept constant 
for the extent of the experiment. First, the catalyst was heated 
under the flow of He to 700 °C with a temperature ramp of 
10 K/min. As soon as the target temperature was established 
the gas composition was switched from He to a mixture of 
3/3/64 Nml/min of  C2H6/O2/He. The helium flow was divided 
between two different flow controllers, MFC-2 and MFC-3, 
which were set at 5 and 59 Nml/min respectively. The reason 
for this was to ensure continuous flow in the line connecting 
the 4-WV-1 (4 way valve-1, Fig. 1) to the reactor when the 
flow of methane was switched off. Otherwise, either back mix-
ing or dead volume could have been created in these lines and 
falsify the experimental results.

In the next step, labeled methane was added to the ear-
lier reaction mixture by switching the flow from 5 Nml/min 
of helium to 13CH4. The MFC-1 (used for dosing methane) 
was set at 5 Nml/min before the direction of the valve was 
changed. The gas composition of 3/3/59/5 Nml/min of  C2H6/
O2/He/13CH4 was sent to the reactor. All the other reaction 
conditions were kept constant. The changes in the composition 
ratio of effluent were continuously recorded by the MS.

To improve the accuracy of the analyses, the post-reactor 
section of the set up was modified to operate as a GC–MS. The 
effluent was sent to the sampling loop of a VICI pneumatic 

pulse valve which used 10 Nml/min of helium as the carrier 
gas. A GC Hayesep Q column was installed between the pulse 
valve and the MS. The carrier gas was passing through the 
column creating the baseline in the MS. For measurements, 
the valve was switched toward the sampling loop, where the 
carrier gas could take the reaction sample to the analyzer. The 
gas species in the reaction mixture were first separated by the 
GC column, before entering the MS. Since, the CO,  O2, and 
 CH4 could not adsorb on the Hayesep Q column, they were 
detected at the same time shortly after the injection. This was 
followed by the detection of the well-separated peaks of  CO2, 
 C2H4, and  C2H6 one after the other. To calculate the concentra-
tion of the isotopes of each of the components, the changes in 
the ion intensity of a specific ionic mass at the corresponding 
residence time of the component was put into consideration, 
see Table 1. The first measurements were conducted at least 
30 min after each of the reaction conditions were established. 
A 15 min time interval was applied between every two meas-
urements, conducted under the same reaction conditions.

3.5  Design of the Experiments

The consecutive reaction of ethane and ethene in the OCM 
reactor is assumed to be taking place on both the catalyst 
surface and in the gas phase [22, 23, 34]. Under these cir-
cumstances, investigating the reaction mechanism of these 
components is quite difficult. First, to decrease the complexity 
of these studies, the latter reactions were distinguished from 
that of the former one by applying the TPSR technique [34]. 
This technique is quite informative in studying the reaction 
mechanism of the selective oxidation reactions, especially 
those which are taking place over a catalyst capable of either 
storing oxygen, similar to our catalyst [23, 35], or providing 
its bulk oxygen.

In the next step, the conversion of ethane and ethene in the 
presence of gas phase oxygen, i.e., in the co-feeding mode, was 
analyzed. The purpose of these experiments was to study the 
phenomena observed in the TPSR experiments more in detail. 
Furthermore, the influence of the gas phase mechanism on the 
reaction network of  C2 components was surveyed. The condi-
tion of the catalyst pore and film diffusion limitation in these 
experiments were determined by calculating the Weisz–Prater 
and Mears criterion parameters.

Further, the kinetic parameters for the reaction of ethane 
were measured to examine the accuracy of the mechanistic 
studies. The conversion of  C2 components, under the experi-
mental conditions applied in the co-feeding experiments was 

Table 1  The ionic masses considered to quantify the isotopes at the residence time specified for each of the components

Component 12CO 13CO 12CO2
13CO2

12C2H4
13CH2CH2

13C2H4
12C2H6

13CH3CH3
13C2H6

Ionic mass 28 29 44 45 25 29 30 25 31 32
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verified by simulating these reactions in Chemkin-Pro. To 
conduct the simulation, Dooley’s mechanism [36, 37], which 
was shown to be the best available microkinetic model, pre-
senting the gas phase reactions of the OCM process [38], was 
implemented.

Finally, the influence of methane on the reactions of  C2 
components was studied by adding labelled methane to the 
reaction mixture.

4  Results and Discussion

4.1  Origin of the Secondary Oxidation of  C2 
Components

As the literature studies show, the consecutive reaction of 
 C2 components is the main pathway towards the formation 
of carbon oxides in the OCM reactor [11, 21, 22]. The same 
conclusion was made from a series of co-feeding experi-
ments conducted in this study. A flow of 70 Nml/min of 
 CH4/O2/He,  C2H6/O2/He or  C2H4/O2/He with the ratios of 
4/1/5, 1/1/33 and 1/1/33, respectively, were fed to the reac-
tor loaded with the catalyst. The former reaction mixture 
 (CH4/O2/He at the ratio of 4/1/5) was the standard gas com-
position ratio used to investigate the OCM reaction, while 
the latter two were set to mimic the real concentration of 
 C2 components formed during OCM. The performance of 
the reaction of each of these gas mixtures was calculated 
at 750 °C and considered as the base of our analysis. As 
the results in Table 2 show, conversion of both ethane and 
ethene, despite their high dilution has resulted in a signifi-
cantly higher yield of carbon oxides in comparison to the 
experiment performed with the OCM standard gas compo-
sition. As shown in Table 2, CO is the main unselective 
reaction product in oxidation of ethane and ethene. This is 
very different from methane which resulted in formation of 
 CO2 as main unselective products. This difference in prod-
uct distribution can be related to the initial concentration of 
molecular oxygen in  C2 co-feeding experiment  (O2:C2HX:He 
ratio of 1:1:33) that is lower than in the normal OCM reac-
tion mixture  (O2:CH4:He ratio of 1:4:4). As shown in Fig S5 
 CO2 is the main carbon oxide product in the reaction using 

ethene. This trend is sustained as long as the concentration 
of oxygen remains relatively high. Once almost all oxygen is 
consumed (temperature around 700 °C) the concentration of 
CO continuously increases with reaction temperature while 
that of  CO2 decreases. The outcome of this experiments as 
well as results obtained in the TPSR experiments suggest 
CO as the primary product of the unselective oxidation of 
ethene. If enough oxygen would be available in the reactor 
(e.g. like in the standard OCM reaction), then CO will be 
further oxidized to  CO2. The difference in the nature of the 
main carbon oxide product observed in our studies (CO) and 
in the literature reports  (CO2) is then further explained by 
the reaction mechanism. This observation is in good agree-
ment with the literature studies where the  C2 components 
are reported to have a higher reaction rate for total oxidation 
reactions than methane [22, 39–41]. Based on these results, 
it is concluded that the secondary oxidation of ethane and 
ethene is the main route towards the production of undesired 
products in the presence of  MnxOy–Na2WO4/SiO2 catalyst, 
as well.

When the consecutive reaction of  C2 components was 
identified as the main pathway towards the production of 
carbon oxides in the OCM reactor, the mechanism of forma-
tion of these unselective products became a matter of inves-
tigation. As it was mentioned earlier, the reaction of OCM is 
accepted to take place both homo- and heterogeneously [3, 
5, 13, 42]. First, the heterogeneous mechanism was studied 
separately from the homogenous part by implementing the 
TPSR technique [43].

Two sets of experiments were conducted with either 
ethane or ethene as the reactant. The investigations were 
done in the presence of the catalyst, quartz sand, and silicon 
carbide, sequentially. The latter two materials were used as 
an inert surface to perform the blank experiments. In each 
of the experiments, the surface was firstly oxidized under 
a flow of  O2 at 820 °C for 30 min. Then, the reactor was 
cooled down to room temperature under the same reaction 
flow. Finally, the surface was heated slowly (1 K/min) to 
800 °C under a flow of either ethane or ethene, which were 
diluted with He. The changes in the composition of efflu-
ent were continuously recorded with the mass spectrometer. 
The results of the catalytic experiments are presented as a 

Table 2  The performance of the reaction using CH
4
∶ O

2
∶ He = 4:1:5, C

2
H

6
∶ O

2
∶ He = 1:1:33, and C

2
H

4
∶ O

2
∶ He = 1:1:33 at 750 °C, 

total flow 70 Nml/min (using 1 g  MnxOy–Na2WO4/SiO2 catalyst)

a (C2
+) in the experiment carried out using ethane is defined to be the sum of  C2H4,  C3H8, and  C3H6, while that in the experiments with ethene 

includes the latter two hydrocarbons plus formed  C2H6

X(CXHY) S(C2H6) S(C2H4) S(CO2) S(CO) Y(C2+)a Y(COX)

CH
4
∶ O

2
∶ He 19.45 25.47 34.48 34.89 0.7 12.72 6.92

C
2
H

6
∶ O

2
∶ He 94.57 – 50.34 2.9 35.8 50.22 36.58

C
2
H

4
∶ O

2
∶ He 47.96 2.9 – 6.91 74.15 3.65 38.88
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function of the temperature in Figs. 3 and 4. The reaction 
behavior in these experiments was compared with the sta-
tionary co-feeding ones (SI, Figure S5 and S7). With these 
experiments, not only some characteristics of the reaction 
mechanism of  C2 components were revealed, but also the 
origin of their secondary oxidation was clarified as discussed 
in the following paragraph.

In the ethene TPSR experiments, a continuous increase 
in the carbon balance was observed with the reaction tem-
perature (SI, Figure S8). The raise was simultaneous with 
the detection of hydrogen as the main product of the reaction 
(Fig. 3a). This observation was assigned to the high tendency 
of ethene to decompose (reaction 2) under the applied reac-
tion conditions [40, 44–46]. The decomposition of ethene 

is proposed to take place mostly over the catalyst surface 
since the rate of conversion in the blank TPSR experiment 
(SI, Figure S9) was not comparable to the catalytic one. In 
contrast to the TPSR experiments, where coke was the main 
reaction product, in the co-feeding experiment mostly car-
bon monoxide was formed (see SI, Figure S5). The level of 
conversion in the TPSR experiments was several times lower 
than in the co-feeding one. Therefore, the formation of  COX 
in the latter experiment is assigned to both the oxidation of 
coke (the product of ethene decomposition reaction) and the 
direct oxidation of ethene.

It is worth emphasizing that the chance of selective reac-
tion of ethene and oxygen to form VAP is higher over the 
catalyst surface than in the gas phase [47]. But even on the 

Fig. 3  Results of the TPSR 
experiment with ethene, a 
composition ratio of effluent, 
b nominal ion intensity of the 
water and  H2 in the reactor 
outlet vs. the temperature of 
the catalytic bed. Catalyst 
amount = 0.5 g,  C2H4:He = 1:19 
and total flow = 30 Nml/min
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surface, oxygen forms either electrophilic or nucleophilic 
species [48]. At the high temperature of OCM, both these 
oxygen species convert ethene unselectively to  COx prod-
ucts. The nucleophilic species cleave the C-H bond in ethene 
and form unstable and highly active radicals. These radicals 
are then over-oxidize in the presence of gas phase oxygen 
either directly or after forming higher chain hydrocarbons. 
Moreover, there is a high chance for the collision of radi-
cal intermediates to any available surface which results in 
the formation of coke. On the other side, the electrophilic 
oxygen would attack the C–C double bond in ethene and 
forms the epoxies which quickly convert to deep oxidation 
products at OCM temperature. Therefore, as observed in 
these studies and reported in the literature [11, 39, 49], the 

possibility of selective conversion of this component under 
the harsh reaction conditions of OCM, is always low.

In a second TPSR experiment, ethane was employed as a 
substrate (Fig. 4). As it is shown in Fig. 4a, ethane starts to 
react at around 600 °C and produces ethene as expected [13, 
49–52]. However, the general assumption is that this conver-
sion occurs by dehydrogenation of ethane with the active 
oxygen species at the catalyst surface. This reaction is known 
as oxidative dehydrogenation (ODH) and is presented by Eq. 
(3) [13, 17, 27, 42, 53]. However, simultaneous detection 
of hydrogen and ethene at a molar ratio of one to one in our 
experiment (see Fig. 4a), proposed the thermal dehydrogena-
tion (TDH), presented in Eq. (4), as the main route for this 
conversion. The pattern of hydrogen and ethene formation 

Fig. 4  Results of the TPSR 
experiment with ethane, a 
composition ratio of effluent, 
b nominal ion intensity of the 
water and  H2 in the reactor 
outlet vs. the temperature of 
the catalytic bed. Catalyst 
amount = 0.5 g,  C2H6:He = 1:19 
and total flow = 30 Nml/min
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remained identical until the temperature of the catalyst bed 
exceeded 750 °C. When the concentration of formed ethene 
and the reaction temperature increased the rate of the ethene 
decomposition reaction also increases. Therefore, the concen-
tration of hydrogen exceeds that of ethene during this period 
of the reaction. The proposed TDH reaction was confirmed 
by observing an identical product pattern during the cooling 
as well as along the heating period (SI, Figure S10 and S11).

In the next step, the catalytic or non-catalytic nature of 
TDH reaction of ethane was surveyed. To do so, the catalyst 
bed was substituted by either quartz sand or silicon carbide and 
the ethane TPSR experiment was repeated. The reaction per-
formance was calculated for each of these experiments and the 
results were presented in comparison with each other in Fig. 5. 
The level of conversion in the blank experiments (performed 
over the SiC and quartz) was equal to that in the catalytic test. 
Therefore, it was concluded that the TDH of ethane is not a 
catalytic reaction.

It was also shown that the occurrence of the TDH reac-
tion in the gas phase has no thermodynamic constraints under 
the OCM reaction conditions. This is because, a negative 
free enthalpy was calculated for this reaction at temperatures 
higher than 400 °C using the thermodynamic data reported by 
Deutschmann [54].

(2)C2H4 + 2* → 2C* + 2H2

(3)C2H6 + O*
ODH
������������������→ C2H4 + H2O

*

(4)C2H6

TDH
⟷ C2H4 + H2

(5)ΔG = −RTln K
x

The possibility of TDH reaction as the main route for 
converting ethane under the studied experimental conditions 
was confirmed by comparison of the theoretical and experi-
mental conversion. An equilibrium constant  (Kx) of 2.14 was 
calculated for the TDH of ethane under the applied reaction 
conditions at 750 °C. For this purpose, Eq. (5) was used. 
This value of  KX corresponds to a theoretical conversion of 
around 67% which correlates well with the experimentally 
measured value of 77%. The 10% difference between the 
experimental and theoretical conversions reported here is 
assigned to the occurrence of less dominating reactions such 
as oxidative dehydrogenation (ODH), unselective oxidation 
or coke formation reactions.

Based on all these evidence, the TDH of ethane was 
assumed as the main reaction for producing ethene under the 
applied reaction conditions here. This reaction is also shown 
to be mostly taking place in the gas phase of the reactor as 
reported in the earlier studies, too [52, 55]. Besides, these 
mechanistic interpretations are in accordance with the lit-
erature observations, where the rate of formation of ethene 
is shown to be independent of the concentration of surface 
active oxygen ([56]) and the type of catalyst [57].

Another important observation made in the TPSR experi-
ments was related to the lower rate of  COX formation (see 
Figs. 3a, 4a) in comparison to the co-feeding tests (SI, Figure 
S5 and S7). It is worth mentioning that the most important 
difference between the former and the latter experiments was 
the absence of the molecular gas phase oxygen in the reactor. 
Therefore, this behavior is assigned to the high contribution 
of gas phase reactions to the rate of secondary oxidation of 
the  C2 components. Accepting this point would have a dras-
tic influence on the choice of the reaction techniques leading 
to an improvement in the performance of OCM. Therefore, 
this idea was studied in more details experimentally as well 
as by conducting simulations.

The experimental studies were conducted by studying 
the reaction of ethane and ethene in two different blank 
co-feeding experiments. The details regarding the reaction 
conditions applied in each of these experiments (in empty 
reactor and using SiC) are explained in detail in the experi-
mental section. The results of the reaction performance 
obtained in these experiments are presented in comparison 
to the catalytic test in Fig. 6. As shown, the reaction perfor-
mance obtained in these three studies were almost identical. 
It should be noted that the experiment conducted in the pres-
ence of the SiC was performed with a time delay of about 
1 year from the other two studies. Therefore, the differences 
observed in its performance from the latter two tests are 
suggested to be mostly related to the variations occuring 
in the set points of the set up such as calibration factors 
of both the mass flow controllers and the mass spectrom-
eter. However, the small differences observed in the conver-
sion and selectivity of the catalytic reaction with the one 

Fig. 5  The conversion of ethane as a function of the reactor tempera-
ture obtained in the TPSR experiments conducted over catalyst (filled 
square), silicon carbide (red colored circle), quartz (filled triangle), 
 C2H6:He ratio of 1:19 at a total flow of 30 Nml/min, heating rate 1 K/
min
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conducted in the empty reactor could be explained by taking 
the gas phase reactions into consideration.

It should be noted that the gas phase reactions are mainly 
occurring as radical chain reactions. First, the radicals are 
formed in the rate-limiting step (initiation). Then, they react 
with the stable components and form new radicals (propaga-
tion step). Finally, the radicals would be converted to stable 
species in the termination step [58]. The interaction of these 
reactions establishes a steady state situation with a constant 
concentration of radicals in a radical pool. Therefore, it is 
expected that the concentration of the radicals would have a 
strong effect on the level of the conversion of the gas phase 
reactions. In the presence of the catalyst, a part of the radi-
cals is quenched on the catalyst surface. Under these circum-
stances, less reactant can be activated during the reaction 
and this consequently results in a lower level of conversion, 
as observed in our studies.

The higher selectivity of the reaction observed in the 
presence of the catalyst is also consistent with our inter-
pretations of the reaction mechanism of  C2 components. In 
the catalytic tests, a part of the oxygen was adsorbed on 
the surface of the catalyst. This resulted in a decrease in 
the concentration of the gas phase oxygen in the reactor. 
If the secondary oxidation of  C2 components is considered 
as reactions which mainly take place in the presence of the 
molecular  O2, then the lower rate of formation of  COX would 
be an expected consequence.

This observation which was also reported earlier [40, 55], 
clearly shows the high influence of the gas phase reactions 
on the consecutive reaction of  C2 components. A difference 
between the nature of the gas phase conversion of ethane 
and ethene was also noticed when the results of these experi-
ments were considered alongside the TPSR studies. The con-
tribution of the homogeneous and heterogeneous reactions 
to the conversion of ethene is observed to change with the 
presence of oxygen in the reactor. However, ethane is shown 
to react mainly through the non-catalytic dehydrogenation 
reaction and the oxygen doesn’t have a strong influence on 
the rate of this conversion. However, it can shift the equi-
librium forward by reacting with hydrogen, the product of 
TDH of ethane.

The last experimental approach to verify the gas phase 
nature of the consecutive reaction of ethane was made by 
measuring its kinetic parameters in the presence and absence 
of the catalyst. A formal kinetic model was used for these 
studies. For this, activation energy and the reaction order of 
oxygen were calculated.

The activation energy was measured by calculating the 
conversion of ethane at different temperatures while a con-
stant reaction mixture was sent to the reactor. The reaction 
was studied at temperatures of 585, 600, 615 and 630 °C, in 
the presence of the catalyst and at 585, 600, 615, 630 and 
645 °C in the presence of silicon carbide (blank experiment). 
The logarithmic rate of consumption of ethane was plotted 
vs. the inverse of the reaction temperature (see SI, Figure 
S12). The slope of these curves is a function of the activation 
energy of the reaction as presented in Eq. (6). These results 
indicate that activation energy of ethane in the presence of 
catalyst is lower (256 KJ/mol) than in the presence of inert 
material, Si C (285 KJ/mol), showing an important role of 
the catalyst in the overall reaction.

The reaction order of oxygen was calculated in the pres-
ence of both the catalyst and silicon carbide at temperatures 
of 585, 600, 615 and 630 °C. To do so, the rate of conver-
sion of ethane was studied at each temperature while the 
initial concentration of oxygen was changing. The oxygen 
flow varied between 0, 3, 4, 5, 6, 7 Nml/min by substitut-
ing the flow of helium with oxygen. Both the total flow and 

(6)Slope = −E
a
∕R

Fig. 6  Comparison of the reaction performance of a  C2H4, b  C2H6 
in the presence of Mn–Na2WO4 catalyst, inert SiC material or empty 
reactor
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ethane flow were kept constant in the whole period of the 
studies. The rate of conversion of ethane at each of the tested 
temperatures was calculated. The results were depicted as a 
function of the oxygen concentration in a double logarith-
mic plot (see SI, Figures S13 and 14). The reaction order of 
oxygen in both conditions, in the presence of the catalyst 
or silicon carbide, was measured to be between 0.2 and 0.3 
which is lower than the 0.5 reported in the literature [13, 
51]. This observation indicates the low dependency of the 
reaction rate of ethane to the oxygen concentration at low 
conversions.

The similarity of the activation energy of ethane in addi-
tion to the low reaction order of oxygen in the blank and 
catalytic studies are in good agreement with the idea that the 
 MnXOY–Na2WO4/SiO2 has a negligible effect on the conver-
sion of ethane under the applied reaction conditions.

Finally, the conversion of  C2 components under the co-
feeding reaction conditions was simulated with Chemkin-
Pro. The simulation was done using the Dooley mechanism. 
The reaction conditions applied to conduct the simulation 
were the same as those used in the co-feeding studies. 
The reaction was defined to occur in a plug flow reactor 
with the same dimensions as the experimental reactor. It 
was assumed that the reactor works in an isothermal situ-
ation. The temperature profile along the reactor, when the 
oven temperature was set at 750 °C, was measured and the 
obtained profile was exported to Chemkin to simulate the 
reaction behavior. The reaction mixture was defined as the 
mixture of 70 Nml/min of  O2/C2H6/He at a ratio of 1/1/33. 
The concentration profile of the components along the whole 
length of the reactor was calculated by the model. The con-
centration of the main products of the reaction, i.e.  C2HX, 
 COX, and  H2 at the reactor output were compared with the 
same values obtained during the experiment, see Fig. 7. As 
expected, the Dooley gas phase microkinetic model could 

predict the reaction behaviour of ethane and ethene well. 
The most noticeable deviation between the experimental and 
simulation results is related to the concentration of  H2 (not 
shown in Fig. 7). The reason for this observation is assigned 
to the fact that the Dooley mechanism doesn´t consider the 
decomposition reaction. This leads to an overestimation of 
ethene and simultaneously the underestimation of  H2 con-
centration predicted by the model.

4.2  Isotope‑Labelled Experiments

So far, the reaction mechanism of  C2 components was inves-
tigated in the absence of the most abundant hydrocarbon in 
the OCM reactor, i.e. methane. Under these circumstances, 
the concentration of methyl radicals in the reactor is low. 
Therefore, it can be argued that the reaction mechanism of 
 C2 components obtained from our studies does not indicate 
the behavior of these compounds during OCM. The effect 
of partial pressure of methane on the consecutive reaction 
of  C2 components is already studied briefly [39, 40, 59, 60]. 
Unfortunately, the investigations over  MnXOY–Na2WO4/
SiO2 were performed without isotope labelled hydrocarbons 
[39], that could lead to inaccurate interpretation due to the 
applied experimental procedure. In those studies, only the 
partial pressure of  CH4 was changed in a mixture of  C2,  O2, 
and  N2. The conversion of each of the hydrocarbons was cal-
culated by comparing their concentration in the feed stream 
with that measured after the reaction. A decrease in the con-
version of ethane and ethene was reported when the par-
tial pressure of methane was increasing [39]. However, the 
occurrence of methane coupling reaction is not considered in 
that analysis. By increasing the concentration of methane in 
the reactor, the rate of conversion of methane to  C2 products 
has been enhanced. This automatically results in a higher 
concentration of  C2 components measured in the reactor 

Fig. 7  Comparison of the concentration of the reaction products obtained experimentally with that calculated by Chemkin for the conversion of 
a ethane, b ethene
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outlet. Since in the reaction mixture neither methane nor 
ethane were labelled, the authors could not distinguish the 
ethane formed from methane coupling reaction and the one 
introduced with the reaction mixture. To avoid the discussed 
misinterpretation, the same experiments were repeated in 
these studies using 13C labelled methane.

The reaction of ethane in the co-feeding mode was inves-
tigated at a temperature of 700 °C. All the reaction condi-
tions were constant except the partial pressure of the labelled 
methane in the feed. First, the reaction of ethane was tested 
by sending a flow of 3, 3 and 64 Nml/min of  C2H6,  O2 and 
He to the reactor. Then, a flow of 5 Nml/min of labelled 
methane (13C) was added to the reaction mixture. To keep 
the residence time constant, methane was substituted by the 
same flow of inert gas. The effluent was continuously ana-
lyzed by a semi GC–MS.

The changes in the I.In of  COX,  C2H4,  C2H6 in the efflu-
ent was the determining parameter in these studies. Each 
of these components was detected by mass spectrometer at 
different time intervals. The labelled and non-labelled forms 
of the species were distinguished from each other by meas-
uring their individual ionic masses as reported in Table 1. 
The results obtained from these measurements are presented 
in Fig. 8.

As it is shown in Fig.  8a, negligible changes were 
observed in the concentration of  C2H6 in the presence and 
absence of the labelled methane (13CH4). This observa-
tion is consistent with the proposed gas phase nature for 
the conversion of ethane in the OCM reactor. However, the 
intensity of the ionic mass 25, assigned to the  C2H4, was 
observed to increase slightly in the experiment performed 
in the presence of labelled methane, see Fig. 8a. It should 
be noted that the conversion of 13CH4 results in the forma-
tion of both, labelled ethane (see Fig. 8e) and ethene (either 
13CH2CH2 or 13C2H4, see Fig. 8f). The former product cre-
ates a peak at the ion mass of 25 similar to the normal ethene 
(12C2H4). This suggests that the mentioned increase in the 
I.In of mass 25 observed in Fig. 8a is probably caused by 
measurement errors. Therefore, contrary to ethane, to draw 
a conclusion about the effect of methane on the behavior 
of ethene, more evidences are needed. This information is 
gained by comparing the rate of  COX formation (presented 
in Fig. 8b–d). When the labelled methane was added to the 
reaction mixture, the rate of production of 12COX decreased 
while the 13COX was detected in the effluent. This observa-
tion indicates the consumption of a part of the surface oxy-
gen by  CH4 as soon as it is introduced to the reactor (Fig. 8b, 
c). As discussed in the previous section, the heterogeneous 
reactions have a higher contribution to consecutive conver-
sion of ethene than ethane. In addition, the conversion of 
ethene on the catalyst was shown to result in the formation 
of unselective products, either coke (from decomposition) or 
carbon oxidizes (if reacted with oxygen). In the presence of 

methane, the rate of oxidation of ethene is suppressed since 
there would be a competition between these two hydrocar-
bons to react with the surface oxygen species. These obser-
vations which are consistent with the literature reports, con-
firm the validity of the mechanistic modification suggested 
for consecutive reaction of  C2 components as discussed in 
the earlier section. The reasons for the influence of meth-
ane on the rate of secondary oxidation of these components 
reported in the earlier studies [39, 40, 59, 60] could also be 
explained by the competition for the surfaced bound oxygen.

Despite all these evidences confirming the gas phase 
nature of the consecutive reaction of ethane in the OCM 
reactor, it may be questioned how the  MnXOY–Na2WO4 cata-
lyst which can activate the more stable methane and ethene 
molecules has negligible influence on the conversion of 
ethane. This point is addressed in the last section of this 
study where the external mass transfer limitation is shown 
to be causing this behaviour.

4.3  Mass Transfer Condition in the Co‑feeding 
Experiments

The concentration ratio of  C2 components and  O2 in the 
reaction mixture of the co-feeding experiments was cho-
sen to simulate the real condition in the OCM reactor to a 
certain extent. Therefore, via calculating the Weisz–Prater 
(Ψ) and Mears  (Cm) criterion [61, 62], valuable information 
regarding the mass transfer situation of methane, ethane, 
and ethene under OCM reaction conditions was obtained.

The Weisz–Prater criterion was calculated at 750 °C for 
each of the three co-feeding experiments (for the details of 
calculation see the supporting information). The value of 
Weisz–Prater in all the experiments was far smaller than 
one, see Table 3. Therefore, it is concluded that the rate of 
reaction of these components is not limited by any internal 
mass transfer limitation.

In the next step, the Mears criterion was calculated 
to study the external mass transfer situation in the per-
formed experiments. Details of the calculation procedure 
are provided in the supporting information. For the reac-
tion of methane, the parameter was much lower than 0.15, 
whereby in the reactions of ethane and ethene it exceeded 
this limit, i.e. 0.15, see Table 4. This observation indicated 
the influence of the external mass transfer on the reaction of 
 C2 components, especially ethane. This phenomenon was 
investigated for the reaction of ethane in more detail in a 
series of experiments. Conversion of ethane was tested in the 
co-feeding modus by keeping the feed composition constant 
(1/1/33  C2H6/O2/He) while the total flow was increased from 
70 to 140, 200, and 250 Nml/min. The conversion of ethane 
in each of these experiments was calculated and the results 
are presented in Fig. 9 as a function of the catalyst bed tem-
perature. In the absence of mass transfer limitation, the rate 



1671Investigation into Consecutive Reactions of Ethane and Ethene Under the OCM Reaction Conditions…

1 3

Fig. 8  Changes in the Ionic masses corresponding to the reaction products in the experiments done with (solid symbols), and without (the half-
filled symbols), mixing  CH4 in the reaction mixture
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of conversion is expected to decrease at lower residence 
times. However, in our experiments, no direct correlation 
was seen between these two parameters, see Fig. 9.

First, the conversion of ethane decreased when the flow 
was raised from 70 to 140 Nml/min. This observation indi-
cates that in this experiment, the residence time is the only 
parameter that controlles the reaction performance. But, 
as the flow was further raised to 200 Nml/min an increase 

in the conversion was observed. This behavior is assigned 
to the destruction of the diffusion layer surrounding the 
catalyst particles which allows ethane to reach the surface 
more easily. The increase made in the reaction rate under 
these circumstances has been so high that it has compen-
sated the negative effect of the residence time. Therefore, a 
higher conversion was recorded for the reaction at the end. 
After this point, the most important parameter, influencing 
the reaction rate, should be the residence time again. This 
was also observed when a lower conversion of ethane was 
obtained by further increasing the flow rate to 250 Nml/
min, see Fig. 9.

Based on the theoretical suggestion made by the Mears 
criteriams which were also proven experimentally (as dis-
cussed earlier), it was concluded that the consecutive reac-
tion of ethane and ethene can be limited by the film diffu-
sion under the OCM reaction conditions. Film diffusion limit 
also explains the results of our mechanistic studies,where it 
was shown that the conversion of ethane and ethene would 
mainly take place in the gas phase.

It worth mentioning that the selectivity of the reaction in 
the experiment done without the film diffusion limition (TF 
200 Nml/min) was observed to be substantially lower com-
pared to the one with film diffusion limition. (TF 70 Nml/
min) (SI, Figure S15). This behavior is consistent with the 
high tendency of  C2 components to react through unselec-
tive oxidation or decomposition reactions over the catalyst 
surface as discussed earlier. This behavior indicates the pos-
sibility of controlling the reaction performance by adjusting 
the formation of diffusion layer as discussed in the following 
paragraph.

As it was mentioned earlier, when no layer is surrounding 
the catalyst, the rate of secondary conversion of  C2 compo-
nents increased. This behavior shows that the presence of 
the film enhances the selectivity of the reaction. Thankfully, 
the mechanistic features of OCM enable to take advantage 
of the film diffusion limit to also enhance the performance 
of the reaction.

There is a conscience that the formation of ethane during 
OCM occurs by the coupling of methyl radicals in the gas 
phase of the reactor [3, 6, 17, 52, 63–65]. When the catalyst 
is covered with a film of an optimal thickness, methane can 

Table 3  The calculated 
Weisz–Prater Criterion and 
the characteristic values 
implemented in calculating this 
criterion for each of  CH4,  C2H6, 
and  C2H4

CH4 C2H6 C2H4

Mean free path of the molecule, Ʌ (m) 1.5E−07 4.1E−08 7.7E−08
Diffusion coefficient in the free gas space,  Dg  (cm2/s) 0.86 0.17 0.34
Initial concentration of the reactant,  Ci,0 (mol/l) 1.6E−05 1.2E−06 1.2E−06
Reaction order, n 1 1 1
Effective diffusion coefficient,  Di,e  (cm2/s) 0.09 0.02 0.03
Effective reaction rate at 775 °C,  ri (mol/(g·s)) 3.7E−6 2.0E−05 3.3E−05
Weisz–Prater Criterion 1.2E−07 5.6E−05 1.7E−06

Table 4  The calculated Mears Criterion and the characteristic values 
implemented in calculating this criterion for each of  CH4,  C2H6, and 
 C2H4

CH4:O2:He C2H6:O2:He C2H4:O2:He

Gas mixture ratio 4:1:5 1:1:33 1:1:33
υmix  (m2/s) 5.9E−05 9.99E−05 9.99E−05
Reynold Nr 0.25 0.15 0.15
Schmidt Nr 8.3 69.6 35.6
Sherwood Nr 2.6 2.9 2.8
kc (m/s) 0.06 0.01 0.02
Cm 8.8E−04 0.59 0.15

Fig. 9  Changes in the conversion of ethane in the co-feeding experi-
ments performed at 70, 140, 200, 250 Nml/min total flow vs. tem-
perature, reactant ratio:  C2H6/O2/He of 1/1/33, catalyst amount: 1 g
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diffuse through the film and form methyl radicals. The latter 
diffuse out of the film as easy as methane. Methyl radicals go 
through the coupling reaction to form ethane which can react 
further to form ethene. The cross-section area of  C2 compo-
nents are almost twice as big as both methane and methyl 
radicals. Therefore, their transportation is limited along the 
diffusion layer. Under this circumstance the diffusion film 
would inhibit ethane and ethene from the consecutive reac-
tion over the catalyst surface. It is therefore emphasized 
that the diffusion layer should not be too thick, otherwise 
it would prevent the diffusion of methane and methyl radi-
cals. Accordingly, it is concluded that an optimized particle 
size, which gives the best influence of the diffusion film, can 
improve the performance of OCM.

5  Conclusions

The results of these studies indicated that the 
 MnxOy–Na2WO4/SiO2 catalyst has a negligible effect on 
the consecutive dehydrogenation of ethane to ethene. The 
reason for this behavior is the external mass transfer limita-
tion caused by the film surrounding the catalyst particles. 
The mass transfer limitation has shown to have a positive 
effect on the selectivity of the reaction to  C2 products. Under 
these conditions, the contact between the catalyst and both, 
ethene and ethane is reduced. Therefore, the rate of over-
oxidation and decomposition of these components on the 
surface decreases.

The mechanistic investigations have shown that under 
the OCM reaction conditions the TDH rather than ODH 
reaction is the main route for converting ethane to ethene. 
Despite the complex mechanism of the OCM, the formation 
of  COX is observed to be the result of over-oxidation of all 
the three main hydrocarbons of OCM, i.e. methane, ethane, 
and ethene. The secondary oxidation of  C2 components is 
observed to take place in the presence of gas phase oxy-
gen. Therefore, it is concluded that regardless of the applied 
catalyst, suppression of oxygen from the homogeneous part 
of the reactor diminishes the formation of  COX. Accord-
ingly, implementing reactor concepts like chemical looping 
or membrane reactor, which fulfills this requirement, can be 
a promising solution for enhancing the performance of the 
OCM reaction.
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Weisz Prater Criterion 

The conversion for the reaction of CH4, C2H6, and C2H4 in the co-feeding experiments 
presented in Figure S1 to S3 are observed to be high. Therefore, the Weisz-Prater criterion is 
calculated for each of these reactions at 775 °C to ensure that the rate of these reactions are 
not influenced by the internal mass transfer limitation. The Equation-S1 is applied to 
calculate the Weisz-Prater criterion. The parameters used in this equation are introduced in 
the following. 

ᴪ = LC
2

𝑛 + 1

2
∗

𝑟. 𝜌𝐾

𝐷𝑖,𝑒 . 𝑐𝑖,0
 Eq-S1 

 

ᴪ: Weisz-Prater Criterion, 

LC: Characteristic length of the catalyst (cm),  

n: Reaction order, 

r: Effective reaction rate (mol/(g.s)), 

ρk: Density of the catalyst (g/cm3), 

Di,e: Effective diffusion coefficient (cm2/s), 

Ci,0: Initial concentration of the reactant (mol/l) 

The characteristic length of the catalyst is defined as the length of the pores available on the 
catalyst surface. However, the BET analysis has shown that the MnxOy-Na2WO4/SiO2 is not a 
porous catalyst. Therefore, the average radius of the particles (125 μm), which is the largest 
imaginable length for the hypothetical pores on the surface, is considered as the characteristic 
length to do these calculations. Each of CH4, C2H6, and C2H4 are assumed to have a reaction 
order of one under our studied condition. The rate of their conversion at the temperature of 
775 °C is reported in Table-S1. The density of the catalyst is estimated to be equal to the 
support density ( α-cristobalite) because the metal loading is almost negligible. The initial 
molar flow of ethene is calculated using the ideal gas law and converted to the concentration 
by taking the total flow (70 Nml/min) in consideration. To calculate the effective diffusion 
coefficients, the gas diffusion coefficient of the component is calculated using Equation-S2. 
Ʌ stands for the mean free path of the molecules and w for the mean velocity of the 
molecules under the reaction conditions. These values are calculated using Equation-S3 and 
S4. Noteworthy, 𝑘𝐵 is the Boltzmann constant, σ for the collision cross section, m the mass 
of the molecule, T reaction temperature and P the pressure of the reactor. 

𝐷𝑔 =
1

2
Ʌ𝑤 

 

 

Eq-S2 

Ʌ =
𝑘𝐵𝑇

√2 𝜋 𝜎2Р
 

 

Eq-S3 



𝑤 = √
8 𝑘𝐵𝑇

𝜋 𝑚
 

 
Eq-S4 

After calculating the gas diffusion coefficients (Dg), the effective diffusion coefficients (Di,e) 
can be calculated. To do so, first the type of the diffusion which is applied to the investigated 
catalyst should be specified. The decision on the most compatible diffusion model to the 
studied system is made based on the difference between the mean free path of the molecule 
and the average diameter of the catalyst pores. The former values are presented in table-S1, 
whereas, for the non-porous MnxOy-Na2WO4/SiO2, the diameter of the pores is indefinable. 
Therefore the porosity of the catalyst bed, which has been calculated through a series of 
simplification assumptions (see Figure S1), has been the basis for the decision here. Since the 
pore diameter of the catalyst bed (36 μm) is far lower than the mean free path of the 
molecules (Table S-1) the Equation-S5 which describes the normal diffusion is used in 
calculating the Di,e. 

𝐷𝑖,𝑒 = 𝐷𝑖,𝑔  
𝜀

𝜏
 Eq-S5 

As a rule of thumb, the values of 0.5 and 5 are considered for the porosity of the catalyst bed 
(ɛ) and Tortuosity (𝜏). 

At this stage, the Weisz-Prater Criterion can be calculated by substituting all the discussed 
parameters in Equation-S1. Since, the obtained value of this parameter for the reaction of 
each of CH4, C2H6, and C2H4 are at least two orders of magnitude lower than 1, it can be 
concluded that none of these components were reacting under the mass transfer limitation [1]. 

Mears Criterion 

Deciding whether or not a chemical reaction is faced with external mass transfer limitation is 
made by calculating the Mears Criterion for it [2–4]. If this criterion would be less than 0.15, 
the external mass transfer diffusion can be neglected [2,4]. Equation-S6 is used to calculate 
this parameter. The dp in this equation is representing the catalyst particle diameter which is 
equal to 250 m) and kc is the mass transfer coefficient (m/s). The rest of the parameter are 
defined along with their respective values in the previous section.  

 

𝐶𝑚 =  
𝑟 𝜌𝑐(1 − 𝜀)𝑑𝑝𝑛

2𝑘𝑐𝐶𝑖,0
< 0.15 

 

Eq-S6 

The Mears Criterion is calculated for the reaction of each of methane, ethane, and ethene in 
the co-feeding experiments at 775 °C. First, the value of mass transfer coefficient (kc) should 
be calculated. The Equation-S7 is used for this purpose. Sh, Re, and Sc symbols in this 
equation represent dimensionless parameters of Sherwood, Reynold, and Schmidt. The gas 
velocity needed for calculating the Reynold number is calculated to be equal to 2.75 (m/min) 
from the 70 Nml/min total flow and 9 mm internal diameter of the reactor. The values for the 
kinematic viscosity of each of the gas components are taken from the airliquide encyclopedia. 



Then the values of kinematic viscosity of each of the gas mixtures are calculated from Eq-
S10. 

𝑆ℎ =  
𝑘𝑐𝑑𝑝

𝐷𝐴𝑏
= 2 + 0.6 𝑅𝑒

1
2⁄ 𝑆𝑐

1
3⁄  Eq-S7 

𝑅𝑒 =  
𝑑𝑝𝑈

𝜐𝑚𝑖𝑥
 Eq-S8 

𝑆𝑐 =  
𝜐𝑚𝑖𝑥

𝐷𝑖,𝑒
 Eq-S9 

𝜐𝑚𝑖𝑥 = 𝑥𝑖𝜐𝑖 

 
Eq-S10 

  



Figures 

 

 

Figure S1 - Changes in the a) conversion and b) selectivity of the reaction vs. temperature in the co-feeding experiment 
of ethene, total flow 70 Nml/min, reactants ratio: C2H4/O2/He of 1/1/33, catalyst amount:1 g. 

 

  

Figure S2 - Changes in the a) conversion and b) selectivity of the reaction vs. temperature in the co-feeding experiment 
of ethane, total flow 70 Nml/min, reactants ratio: C2H6/O2/He of 1/1/33, catalyst amount:1 g. 

 

  

Figure S3 - Changes in the a) conversion and b) selectivity of the reaction vs. temperature in the co-feeding experiment 
of ethane, total flow 70 Nml/min, reactants ratio: C2H6/O2/He of 1/1/33, catalyst amount:1 g. 

A) 

) 

 

B) 

B) A) 

A) B) 

 



 

 

Figure S4 - Pore diameter calculated for the catalyst bed, all the numbers have the unit of micrometer   

 

 

Figure S5 - Changes in the composition fraction of gas stream vs. temperature of catalytic bed, total flow 70 Nml/min, 
reactant ratio: C2H4/O2/He of 1/1/33, catalyst amount:1 g 

 



 

Figure S6 - Changes in the carbon balance error vs. temperature of catalytic bed, total flow 70 Nml/min, reactant ratio: 
C2H4/O2/He of 1/1/33, catalyst amount:1 g 

 

 

Figure S7 - Changes in the composition fraction of gas stream vs. temperature of catalytic bed, total flow 70 Nml/min, 
reactants ratio: C2H6/O2/He of 1/1/33, catalyst amount:1 g 



 

Figure S8 – Deviation from carbon balance vs. temperature of catalytic bed in the TPSR experiment with ethene. 
Catalyst amount= 0.5 g, C2H4: He = 1:19 and total flow= 30 Nml min-1 

 

 

 

Figure S9 - The results of the TPSR experiment with ethene a) composition fraction of effluent b) nominal ion intensity of 
the water and H2 in the reactor outlet vs. the temperature of inert bed, Inert material (Quartz)= 0.5 g, C2H4: He = 1:19 
and total flow= 30 Nml min-1 

  

Figure S10 - Results of the TPSR experiment with ethene during the heating up and cooling down of the catalyst a) 
composition ratio of effluent b) nominal ion intensity of the water and H2 in the reactor outlet vs. the temperature of 
catalytst bed. Catalyst amount= 0.5 g, C2H4: He = 1:19 and total flow= 30 Nml min-1 

A) B) 

B) A) 



 

 

Figure S11 - Results of the TPSR experiment with ethane during the heating up and cooling down of the catalyst a) 
composition ratio of effluent b) nominal ion intensity of the water and H2 in the reactor outlet vs. the temperature of 
the catalytic bed. Catalyst amount= 0.5 g, C2H6: He = 1:19 and total flow= 30 Nml min-1 

 

 

Figure S12 – Logarithmic changes in the rate of conversion of ethane vs. inverse of temperature A) in the presence of 
catalyst B) in the presence of the silicon carbide. Reaction flow consisting of 25 Nml min-1 of C2H6 mixed with 65 Nml 
min-1 of Helium 
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Figure S13 - The logarithmic rate of conversion of ethane vs. the logarithm of the concentration of O2 in the reactor 
outlet at temperatures of A) 585, B) 600, C) 615 and D) 630 °C obtained in the catalytic test. Total flow was set at 90 Nml 
min-1 and it was consisting of 25 Nml min-1 of C2H6. The initial concentration of oxygen was changed between 3, 4, 5, 6 
and 7 Nml min-1  

 

 

 

 

Figure S14 - The logarithmic rate of conversion of ethane vs. the logarithm of the concentration of O2 in the reactor 
outlet at temperatures of A) 585, B) 615, C) 630 and D) 650 °C obtained in the presence of silicon carbide. Total flow was 
set at 90 Nml min-1 and it was consisting of 25 Nml min-1 of C2H6. The initial concentration of oxygen was changed 
between 3, 4, 5, 6 and 7 Nml min-1  
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Figure S15 - Comparison between A) conversion and B) selectivity of the reaction of ethane in the 

co-feeding experiments performed at 200 and 70 Nml/min of total flow vs. temperature, reactant 

ratio: C2H6/O2/He of 1/1/33, catalyst amount:1g

B) A) 
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Stepwise Methane-to-Methanol Conversion on CuO/SBA-15

Ha V. Le,[a] Samira Parishan,[b] Anton Sagaltchik,[c] Hamideh Ahi,[c, d] Annette Trunschke,[d]

Reinhard Schom-cker,[b] and Arne Thomas*[a]

Abstract: The direct partial oxidation of methane to metha-
nol is a challenging scientific and economical objective to

expand the application of this abundant fuel gas as a major
resource for one-step production of value-added chemicals.

Despite substantial efforts to commercialize this synthetic
route, to date no heterogeneous catalyst can selectively oxi-

dize methane to methanol by O2 with an economically ac-

ceptable conversion. Cu-exchanged zeolites have been re-
cently highlighted as one of the most promising bioinspired

catalysts toward the direct production of methanol from
methane under mild conditions. In this work, Cu-based cata-

lysts were prepared using mesoporous silica SBA-15 as an al-
ternative support and their activity for this conversion was

investigated. The results demonstrate that highly dispersed
CuO species on SBA-15 are able to react with methane and

subsequently produce methanol with high selectivity
(>84%) through water-assisted extraction. Furthermore, it

was confirmed that the main intermediate formed after in-

teraction of the catalyst with methane is a methoxyl species,
which can be further converted to methanol or dimethyl

ether on extraction with water or methanol, respectively.

Introduction

As supplies of crude oil are declining, methane, which is the
major component of abundant resources such as natural gas,

methane hydrates, and biogas, has emerged as a potential al-

ternative feedstock for the chemical industry.[1] However, meth-
ane is not widely utilized on a commercial scale because of its

high chemical inertness.[2] In the current energy-intensive
route, methane is first converted to syngas, typically at 1000 8C
and 30 bar, which can subsequently be transformed into meth-
anol and hydrocarbons by hydrogenation and Fischer–Tropsch

synthesis, respectively.[3] Developing an alternative process to

produce value-added chemicals such as methanol from meth-
ane, preferably in one step, has therefore been a research field

of increasing interest in recent years. Unfortunately, direct oxi-
dation strategies showed low yields and productivity due to

the much higher reactivity of the oxygenated products com-
pared to methane.[1a,3a,4] Efficient activation of methane under

milder conditions and control of reaction selectivity toward the

desired products are therefore the main challenges in hetero-
geneous catalysis.

Biological catalysts have motivated many researchers to
tackle these challenges. Methane monooxygenase enzymes

(MMOs) in methanotropic bacteria are able to consume meth-
ane as their sole source of both carbon and energy, selectively

oxidizing methane to methanol under ambient conditions with

atmospheric O2.
[5] Two forms of MMOs are located at different

cellular positions, namely, cytoplasmic MMOs (soluble form)
and membrane-bound MMOs (particulate form). A bis(m-oxo)-
diiron core is known to be the active site in the soluble MMOs,

while the particulate form contains di- and tricopper clusters
that are proposed to efficiently activate the C@H bond of

methane.[6] Inspired by these prototypical natural machines, in
the last decade, Cu-, Co-, and Fe-exchanged zeolites have
been used as heterogeneous catalysts for methane-to-metha-

nol conversion due to their ability to activate methane at low
temperatures and show high selectivities to methanol. This is

typically achieved in a stepwise process in which the catalyst is
first oxidized in O2 or N2O at high temperature (>200 8C) and
then reacts with methane at lower temperature (,200 8C). The
resulting intermediate, stabilized on the catalyst surface, is sub-
sequently transformed into methanol by final treatment with

water.[7]

As the most active catalysts so far, Cu/zeolites have been in-

tensively studied to identify the possible structures of active
Cu sites and the catalytic mechanisms to finally develop im-

[a] H. V. Le, Prof. Dr. A. Thomas
Institute of Chemistry–Functional Materials, BA2
Technische Universit-t Berlin
Hardenbergstrasse 40, 10623 Berlin (Germany)
E-mail : arne.thomas@tu-berlin.de

[b] S. Parishan, Prof. Dr. R. Schom-cker
Institute of Chemistry–Technical Chemistry, TC8
Technische Universit-t Berlin
Strasse des 17. Juni 124, 10623 Berlin (Germany)

[c] A. Sagaltchik, Dr. H. Ahi
BasCat-UniCat BASF Joint Lab
Technische Universit-t Berlin, EW K 01
Hardenbergstrasse 36, 10623 Berlin (Germany)

[d] Dr. H. Ahi, Dr. A. Trunschke
Department of Inorganic Chemistry
Fritz Haber Institute of the Max Planck Society
Faradayweg 4–6, 14195 Berlin (Germany)

Supporting information and the ORCID identification number(s) for the au-
thor(s) of this article can be found under:
https://doi.org/10.1002/chem.201801135.

Chem. Eur. J. 2018, 24, 12592 – 12599 T 2018 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim12592

Full PaperDOI: 10.1002/chem.201801135



proved procedures.[6a,7d,8] Interestingly, no steady-state activity
was observed for large copper oxide nanoparticles supported

on pure silica MFI (average size of 30 nm for copper oxides) or
on pure silica BEA (average size of 40–60 nm for copper

oxides) in a continuous isothermal process in which a prede-
termined mixture of methane, O2, and water was introduced
into the catalyst bed at 200 8C,[8a] while a small amount of
methanol was produced over amorphous silica impregnated
with Cu(OAc)2·H2O in the original work of Groothaert et al. , in

which the above-described stepwise procedure was applied.[7a]

To expand this promising material class, we report here the
first demonstration of methane-to-methanol conversion over
an SBA-15-supported Cu catalyst. Unlike Cu oxo complexes in

zeolite matrix previously suggested to be the active sites for
the hydroxylation of methane, the catalytic activity of CuO/

SBA-15 is attributed to small/ultrasmall CuO nanoclusters that

are highly dispersed throughout the SBA-15 framework. Our
results are expected to accelerate the development of novel

Cu-based catalysts on supports other than zeolites for this re-
action.

Results and Discussion

Cu species were supported on SBA-15 by wet impregnation.
The catalyst synthesized from CuII acetylacetonate [Cu(acac)2]

was named Cu-AA/SBA, whereas that obtained by using CuII

acetate [Cu(OAc)2] was named Cu-OA/SBA. Similar Cu loadings

(&2.7 wt%) were obtained for both Cu-AA/SBA and Cu-OA/

SBA.
The powder XRD pattern at small angles of unloaded SBA-

15 showed three diffraction peaks indexed as (100), (110), and
(200) planes corresponding to the well-ordered two-dimen-

sional hexagonal structure of SBA-15 (Figure 1a).[9] Observation
of the (100) diffraction peak for both CuO/SBA-15 materials in-

dicated that the porous structure of SBA-15 was maintained

during impregnation. The decreased intensity of the peaks for
Cu-containing materials can be attributed to the presence of

Cu species in the SBA-15 channels.[10] Wide-angle XRD meas-
urements on the CuO/SBA-15 materials gave results that de-
pended on the CuII precursor (Figure 1b). No obvious peaks
for any crystalline phase were observed for Cu-AA/SBA, indicat-

ing that the Cu species are well-dispersed on the support. In
contrast, the diffractogram of Cu-OA/SBA showed two peaks at

2q=36 and 398, indicative of the formation of CuO particles
on the support.

The structure of the CuO/SBA-15 materials was further inves-

tigated by TEM. Regular hexagonal mesochannels were seen
for all materials, before and after impregnation and calcination

(Figure 2). No nanoparticles were detected in the TEM images
of Cu-AA/SBA (Figure 2b), while nanoparticles with various

sizes (10–50 nm) were clearly seen for Cu-OA/SBA (Figure 2c).
Nitrogen sorption measurements showed a decrease in surface
area and total pore volume after impregnation of SBA-15 with

Cu species, which was found to be more significant for Cu-AA/
SBA (Table 1). In addition, both mesopore and micropore vol-

umes of Cu-AA/SBA are lower than those of Cu-OA/SBA. In
combination with TEM and XRD results, it can be concluded

that Cu species are indeed mainly located within the pores of

Cu-AA/SBA, while for Cu-OA/SBA larger CuO nanoparticles are
also located on the outer surface of SBA-15.

The catalytic activity of the CuO/SBA-15 materials was inves-

tigated in the selective oxidation of methane to methanol ac-
cording to the well-known stepwise procedure first reported

by Groothaert et al.[7a] Typically, the catalyst was activated in
oxygen at 550 8C and then allowed to interact with methane at

200 8C. The last step for extraction of methanol could be per-
formed with liquid water (off-line extraction) or steam (on-line

extraction). For comparison, Cu/mordenite with a Cu loading
of about 2.6 wt%, prepared by a recently reported solid-state
ion-exchange reaction between NH4-mordenite and Cu(acac)2,

was used as a reference zeolite-based catalyst.[8b]

After extraction with water, methanol was detected in cata-

lytic cycles over both CuO/SBA-15 catalysts, indicating that
methane was indeed activated by Cu sites in SBA-15 at low

temperature (200 8C) and then converted to methanol on the

treatment with water (Table 2). Cu-AA/SBA yielded
30.2 mmolg@1

cat of methanol (Table 2, entry 1), whereas a smaller

amount of methanol amount of 11.1 mmolg@1
cat was produced

over Cu-OA/SBA (Table 2, entry 3), which is even comparable

to the original result reported by Groothaert et al. using a Cu/
mordenite catalyst.[7a] However, in the latter work, the catalyst

Figure 1. PXRD patterns of the materials at a) low angles and b) wide
angles.
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was activated in O2 at 450 8C, and only 2 mL of water was used
to extract methanol, whereas in the present study the activa-

tion step was performed at 550 8C, and 10 mL of water was
added to the catalyst for collection of methanol. It was previ-

ously demonstrated that the methanol yield can be significant-
ly improved by increasing the activation temperature and

using more water.[8b,c, 11] Similar to our previous report on Cu/
mordenite,[8b] CO2 was observed when the extraction was per-
formed above 100 8C (Figure 3). Notably, the selectivity toward

methanol in the reaction with the CuO/SBA-15 catalysts
(>84%) is comparable to that obtained with Cu/mordenite.

Besides Cu–oxo sites, small/ultrasmall copper oxide clusters
have been proposed to be reactive to methane molecules

under appropriate reaction conditions in recent studies on Cu-
exchanged zeolite catalysts.[8a,c] The well-ordered porous struc-

ture of SBA-15 is advantageous in ensuring good dispersion of

active copper oxide species, whereas large copper oxide nano-
particles (30–60 nm) supported on pure silica were previously
shown to be inactive.[8a] The increased production of methanol
over Cu-AA/SBA is attributed to the highly dispersed Cu spe-

cies in the SBA-15 framework. It can be therefore concluded
that the Cu source and the method of material preparation

can significantly affect the size of the formed Cu clusters and
consequently their catalytic performance.

Figure 2. TEM images of a1), a2) pure SBA-15, b1), b2) calcined Cu-AA/SBA,
and c1), c2) calcined Cu-OA/SBA.

Table 1. Textural properties of SBA-15-based materials.

Material Cu loading
[wt%]

SA[a]

[m2g@1]
Vmeso

[b]

[cm3g@1]
Vmicro

[b]

[cm3g@1]
Vtotal

[c]

[cm3g@1]

SBA-15 – 899.1 0.92 0.18 1.10
Cu-AA/SBA 2.71 508.8 0.45 0.10 0.55
Cu-OA/SBA 2.78 588.5 0.52 0.12 0.64

[a] SA= surface area calculated by the BET method. [b] Vmeso=mesopore
volume, Vmicro=micropore volume calculated by the NLDFT method.
[c] Vtotal= total pore volume calculated at P/P0=0.99.

Table 2. Catalytic performance of CuO/SBA-15 materials.

Entry Catalyst Cu loading Product yield [mmolg@1
cat] Oxidized CH4

[c] Selectivity to MeOH
[wt%] MeOH[a] DME[b] CO2

[b] [mmolg@1
cat] and DME[d] [%]

1 Cu-AA/SBA 2.71 30.2 0 3.4 33.6 89.9
2 Cu-AA/SBA[e] 2.71 31.7 0 5.8 37.5 84.5
3 Cu-OA/SBA 2.78 11.1 0 1.0 12.1 91.7

[a] Methanol was analyzed by GC after off-line extraction with liquid water. [b] Gas-phase products were analyzed by MS during online extraction with
steam. [c] Amount of oxidized methane=moles(MeOH)+2Vmoles(DME)+moles(CO2). [d] Selectivity to MeOH and DME= [moles(MeOH)+2Vmo-
les(DME)]/moles(reacted CH4). [e] Reused catalyst for the second cycle.

Figure 3. Mass-spectral signals of products after interaction of Cu-AA/SBA
with methane at 200 8C, followed by online extraction in an He flow saturat-
ed with water.
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Dimethyl ether (DME) can be considered to be a side prod-
uct due to acidic zeolite-catalyzed in situ dehydration of meth-

anol, as the extraction with steam was performed at elevated
temperature (+135 8C).[6a,7b] However, in our earlier study ap-

plying a Cu/mordenite catalyst, methanol and DME were de-
tected at room temperature, and this suggests that different

intermediates were generated on the catalyst surface and
transformed into methanol and DME, respectively, by treat-

ment of the catalyst with steam.[8b] In this study, no DME was

produced over CuO/SBA-15 catalysts, whereas 1.6 mmolg@1
cat of

DME was obtained in the catalytic cycle with Cu/mordenite
(Table S1 in the Supporting Information). To investigate the
mechanism of formation of DME on the Cu-based catalysts,
online extraction with a methanol-saturated He stream at
room temperature was performed after their interaction with

methane.

Notably, 27.6 mmolg@1
cat of DME was obtained with Cu-AA/

SBA after treatment with methanol vapor (Table 3). Also, the

production of DME on Cu/mordenite was remarkably increased

to 48.6 mmolg@1
cat . These DME yields are close to the amounts of

methanol produced in the water-mediated extraction step, in-

dicating that DME obtained in the experiment with a metha-
nol-saturated inert flow is a product of the reaction of metha-

nol used in the extraction protocol with the bound intermedi-

ate species. It can be thus concluded that the intermediate is
indeed a methoxyl species bound on the catalyst surface after
the reaction of active Cu species with methane (Scheme 1).
The rate of such a reaction could be significantly enhanced by

acidic sites, which are abundantly available in zeolite catalysts.
Mass spectrometry detected signals of DME with approximate-

ly 30 times higher intensity for Cu/mordenite after its contact
with the methanol-saturated He flow compared to the results

obtained with Cu-AA/SBA (Figure 4 and Figure S6 in the Sup-

porting Information, red curves). Furthermore, DME can be
also produced in an online extraction stage with water due to

the attack of in situ produced methanol on unconverted inter-

mediate species. Such as-formed methanol species will be re-
tained for a longer time within the zeolite framework, which

mainly has micropores as opposed to the mesopores of SBA-
15. This can explain the small amount of DME generated along

with methanol over Cu/mordenite in the steam-assisted extrac-
tion step at room temperature.

To gain more insight into the location of the Cu sites in SBA-

15, H2 temperature-programmed reduction (H2-TPR) measure-
ments were performed for both CuO/SBA-15 materials in com-

parison with the H2-TPR data of Cu oxide standards. The first
reduction stage for CuO/SBA-15 materials is observed from

200 to 300 8C and is attributed to CuO nanoparticles on the
surface and at the readily accessible mesopores of SBA-15

(Figure 5). Most of the Cu species in Cu-OA/SBA-15 were re-

duced by H2 in this temperature range, consistent with the

Table 3. Production of DME by online extraction at room temperature
with different solvents.

Entry Catalyst DME produced[a] [mmolg@1
cat]

Online extraction
with steam

Online extraction with
methanol vapor

1 Cu-AA/SBA 0 27.6
2 Cu/mordenite 1.6 48.6

[a] Analyzed by MS.

Scheme 1. Proposed formation of products on the Cu-based catalyst, based
on former studies[8a,b, 12] and mass spectrometric data.

Figure 4. Comparison of mass-spectral signals of DME extracted from Cu-
AA/SBA in the online stage at room temperature by using different solvents.

Figure 5. H2-TPR profiles of Cu oxides, calcined Cu-OA/SBA, and calcined Cu-
AA/SBA.
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above characterization result that the Cu phase of this material
consists of larger CuO nanoparticles. Besides, further H2 reduc-

tion steps at 350 and 500 8C are found for Cu-AA/SBA, indicat-
ing that Cu species are also distributed at less accessible sites

of SBA-15, namely, micropores in the main-channel wall, by
using Cu(acac)2 for the preparation of CuO/SBA-15. It is there-

fore suggested that the formation of smaller CuO clusters in
Cu-AA/SBA led to the better catalytic performance of Cu-AA/
SBA compared to Cu-OA/SBA. Calculation of H2 consumption
in the TPR measurements further indicated that, after activa-
tion in O2, the samples indeed contain CuII species only as
found in Cu/zeolites, which were responsible for activation of
methane in earlier studies.[6a,7d,8b,13]

Since the first report on the stepwise manner of the gas-
phase direct production of methanol from methane over Cu-

exchanged zeolites,[7a] only zeolites and zeotypes have been

used as supports for preparation of Cu-based catalysts. In spite
of many attempts over the last decade, the nature of the

active species in the Cu/zeolite catalysts is still unknown.[8a] On
the basis of both theoretical and spectroscopic analyses, sever-

al different structures of Cu sites that can be activated in O2

and subsequently react with methane molecules have been

suggested for a zeolitic model with a cation-exchangeable

framework.[8e,14] In situ UV/Vis spectroscopy is one of the essen-
tial characterization techniques to obtain more information on

the activated Cu sites. In earlier studies, the UV/Vis spectra of
O2-activated Cu/ZSM-5 and Cu/mordenite showed a band at

about 22500 cm@1, the intensity of which rapidly decreased
when methane was added to the materials.[7a,8d, 15] This band is

assigned to a monooxo dicopper (m-Cu2O) active site.[16] How-

ever, several studies have recently reported the absence of this
band for Cu/mordenite during the O2-activation step.[6a,8a,c] In-

stead, Grundner et al. reported another broad band at about
31000 cm@1, which was stable in O2 and disappeared after

30 min of contact with methane.[6a] Also in this study, a [Cu3(m-
O)3]

2+ core was suggested to be responsible for the activation

of methane. A similar result was reported recently by Kim

et al.[17] In addition, several other Cu sites embedded in the
zeolite channels have been proposed as potential sites for the
activation of methane, namely, a simple monocopper site,[18]

larger Cu oxo clusters such as [Cu4O4]
2+ and [Cu5O5]

2+ ,[8e] and
even small/ultrasmall CuO clusters.[8a,c]

SBA-15 is known as a porous silica material without ion-ex-

changeable positions. Therefore, the formation of isolated Cu
oxo species, which are regarded as active sites for Cu/zeolites,
in SBA-15 seems to be impossible. After O2 activation up to

550 8C, indeed no band in the region of 20000–25000 cm@1

was found in the in situ UV/Vis spectra, demonstrating the ab-

sence of a mono-m-oxo dicopper site. The spectra of the sam-
ples activated in O2 show an absorption band centered at

about 13000 cm@1, which is assignable to d–d transitions of

CuII ions.[19] Interestingly, similar to the results recently reported
for Cu/mordenite,[6a,17] considerable development of the broad

band centered at about 32000 cm@1 was observed for both
Cu-AA/SBA and Cu-OA/SBA during the activation step (Fig-

ure 6a and Figure S7a in the Supporting Information). The
&32000 cm@1 absorption commonly appears in UV/Vis spectra

of Cu-based materials due to a charge transfer of O2@Cu2+ in

CuO clusters.[19b,20] This increasing feature observed in the UV/

Vis spectra of CuO/SBA-15 materials is therefore assigned to
activated CuO species deposited on SBA-15. As expected, in
the next step of interaction with methane at 200 8C, the inten-
sity of the 32000 cm@1 band started to decrease as methane
was introduced to the sample (Figure 6b and Figure S7b in
the Supporting Information), proving that the O2-activated

CuO species are reactive towards methane. Importantly, MS
analysis of the outlet stream during contact of the catalysts
with methane revealed that water, which is typically generated

on simple reduction of CuO in the presence of methane at
higher temperatures (>500 8C),[21] and methanol were not de-

tected. Such a decrease in the 32000 cm@1 band intensity is
therefore attributed to the activation of methane by CuO spe-

cies at 200 8C, which yields the corresponding intermediate sta-

bilized on the catalyst surface. However, the incomplete disap-
pearance of the band after 2 h of interaction with methane,

which is more significantly observed for Cu-OA/SBA, showed
that the CuO species in the materials consist of both active

and inactive sites. Together with the better production of
methanol observed for Cu-AA/SBA, we therefore conclude that

Figure 6. In situ UV/Vis spectra of Cu-AA/SBA after a) activation in O2 and
b) subsequent reaction with methane at 200 8C.
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well-dispersed small CuO nanoparticles located within the SBA-
15 framework are more active for the methane-to-methanol

conversion. Also, according to the in situ UV/Vis spectroscopic
data of Cu/mordenite catalysts previously reported,[8b,c, 17] it is

suggested that Cu/zeolites may have different active sites in-
cluding Cu oxo complexes stabilized by aluminum in the zeo-

lite framework and small CuO nanoclusters.
In the second catalytic cycle, Cu-AA/SBA was able to pro-

duce a similar amount of methanol under identical conditions.

Mass-spectrometric analysis during the on-line extraction of
products with steam also showed similar results to those of

the first run (Figure S4 in the Supporting Information). No con-
siderable changes in structure and morphology of the used

catalyst were found by TEM, XRD, and N2-sorption measure-
ments. Therefore, it can be concluded that CuO species are

stable in SBA-15 and can be reactivated after the first cycle.

Conclusion

CuO/SBA-15 catalysts were prepared by wet impregnation and

tested for the partial oxidation of methane to methanol in a
three-step manner. This study showed that methanol is indeed

produced on CuO/SBA-15. CuO species are able to activate
methane to methoxyl species and stabilize them on the sur-

face. Methanol or DME can be produced depending on the sol-

vent used in the subsequent extraction step. The reactivity of
CuO species on SBA-15 with methane was further demonstrat-

ed by in situ UV/Vis spectroscopic measurements, in which the
intensity of the band centered at 32000 cm@1 increased on O2

activation and considerably decreased after contact with meth-
ane. The catalyst prepared from Cu(acac)2 showed better cata-

lytic performance than the Cu(OAc)2-based catalyst due to

high dispersion of small/ultrasmall CuO species in the SBA-15
framework. However, further studies on supported CuO are

needed to gain more insight into the size of the active clusters
and subsequently to improve the performance. While the

active sites for the hydroxylation of methane over Cu-ex-
changed zeolites is not fully defined, CuO/SBA-15 can be seen

as a much simpler model catalyst. On the basis of this first
demonstration, it might be worthwhile to test a variety of fur-

ther porous silica or other materials as supports for CuII for the

challenging direct conversion of methane to methanol.

Experimental Section

Synthesis of materials

Synthesis of SBA-15 : SBA-15 was prepared according to the pro-
cedure previously described.[9, 22] Typically, P123 (EO20PO70EO20,
Mav=5800, 2 g) was dissolved in a mixture of water (30 g) and 2m
hydrochloric acid (60 g) at 35 8C. After vigorous stirring for 1 h, tet-
raethoxysilane (4.2 g) was added. The resulting mixture was stirred
at the same temperature for 24 h before aging in a Teflon-lined au-
toclave at 100 8C for another 24 h. The white solid was then col-
lected by filtration, washed with water, dried at 105 8C for 12 h,
and calcined under static air at 500 8C for 4 h.

Synthesis of CuO/SBA-15 : CuII acetylacetonate or CuII acetate
(0.45 mmol) was added to a mixture of SBA-15 (0.975 g) and abso-

lute ethanol (10 mL). After sonication for 10 min, slow evaporation
of ethanol was conducted at 40 8C under vigorous stirring until a
sludgelike phase was obtained. The product was dried at 80 8C for
12 h for complete removal of ethanol. The resulting powder was
then pressed into pellets at 100 bar for 60 s, lightly ground, and
sieved to a 200–400 mm diameter fraction. Calcination of the mate-
rial was performed under static air at 550 8C for 4 h. The Cu con-
tent in the materials was determined by inductively coupled
plasma optical emission spectrometry (ICP-OES).

Synthesis of Cu/mordenite : Cu/mordenite (2.58 wt.% of Cu) was
prepared by intensively grinding Cu(acac)2 (0.120 g) and NH4-form
mordenite (Si/Al=10, 0.975 g) in a mortar for 30 min.[8b,23] The re-
sulting mixture was pressed and sieved to a 200–400 mm diameter
fraction, after which Cu exchange was performed in situ during the
activation step of the catalytic testing.

Catalytic tests

A U-shaped quartz reactor (ID=6 mm) was loaded with &0.6 g of
the catalyst and placed in an oven. The catalyst bed was then
treated at 550 8C (2 8Cmin@1) in a 50 mLSTPmin@1 flow of O2 for 8 h.
After cooling to 60 8C (10 8Cmin@1), the excess of gas-phase O2 was
removed by a 50 mLSTPmin@1 flow of N2 for 5 min. A mixture of
5 mLSTPmin@1 CH4 and 30 mLSTPmin@1 N2 was then introduced to
the reactor. The temperature was kept unchanged for 20 min, after
which the catalyst was heated under the same flow to 200 8C at a
rate of 5 8Cmin@1. After interaction of the catalyst with methane for
60 min, the methane-containing flow was switched off, and the
catalyst bed was cooled to room temperature. For quantification
of methanol, the resulting material was dispersed in 10 mL of
water with vigorous stirring for 2 h. After centrifugation and filtra-
tion, the liquid phase was transferred to a volumetric flask, mixed
with a predetermined volume of acetonitrile as internal standard,
and analyzed with a gas chromatograph. Analysis of aqueous sam-
ples was performed with a Shimadzu GC 2010-Plus equipped with
a flame ionization detector and a SUPELCOWAX 10 column
(length=30 m, ID=0.53 mm, and film thickness=1.00 mm). The
oven was held at 60 8C for 8 min, and then heated at a rate of
30 8Cmin@1 to 120 8C. Temperatures of inlet and detector were set
constant at 180 8C.

In an experiment using the on-line extraction method, after inter-
action of the catalyst with methane for 60 min at 200 8C, the gas
stream was switched off and the catalyst bed was cooled to room
temperature. The outlet stream was connected to a quadrupole
mass spectrometer (InProcess Instruments GAM 200). A
50 mLSTPmin@1 flow of water-saturated He was introduced into the
reactor at room temperature for 3 h, after which the reactor was
heated at a rate of 1 8Cmin@1 to 200 8C. This temperature was kept
constant for another 3 h. The temperature of the gas-washing
bottle was maintained at 25 8C during the whole experiment. The
products were identified on the basis of the evolution of the sig-
nals at m/z=31, 44, and 45 characteristic for methanol, CO2, and
DME, respectively. The He signal (m/z=4) was used as an internal
standard to quantify DME and CO2.

Characterization of materials

TEM and energy dispersive X-ray spectroscopy (EDX) analyses were
performed with a TECNAI G220 S-TWIN electron microscope operat-
ed at 200 kV, equipped with an EDAX EDX system [Si(Li) SUTW de-
tector, energy resolution of 136 eV for MnKa] . For sample prepara-
tion, a drop of the material dispersed in ethanol was deposited on
a carbon-coated nickel grid by evaporation.
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N2 sorption analysis was performed at 77 K by using a QUADRA-
SORB SI instrument equipped with an automated surface area ana-
lyzer. Before analysis, samples were degassed at 150 8C for 12 h.
Specific surface area was determined in the partial-pressure range
of P/P0=0.05–0.30 by the BET method. Total pore volume was de-
termined at P/P0=0.99. Average pore width was calculated by the
nonlocal DFT method.

Powder XRD was performed with a Bruker-AXS D8 Advanced dif-
fractometer of DAVINCI equipped with a Lynx Eye detector design
by using CuKa radiation (l=1.5418 a).

In situ UV/Vis diffuse-reflectance spectra were measured on a Cary
5000 spectrometer (Agilent) equipped with a Harrick Praying
Mantis diffuse-reflectance attachment (DRP-P72) and a reaction
chamber (HVC-VUV). The in situ cell was connected to a gas-deliv-
ery system for operation under flow conditions. Spectralon was
used as a white standard. Spectra were taken in the 200–800 nm
(50000–12500 cm@1) range with a step size of 1 nm every 3 min
during the treatment of materials. Results were shown as the Ku-
belka–Munk function F(R), which was calculated from the recorded
reflectance data.

The in situ cell was heated to 550 8C at a rate of 10 8Cmin@1 in a
50 mLSTPmin@1 flow of O2. The sample was held at 550 8C for
60 min and then cooled to 200 8C at a rate of 10 8Cmin@1 under
the same flow. After O2 removal by a 50 mLSTPmin@1 flow of He for
5 min, a mixture of 15 mLSTPmin@1 CH4 and 15 mLSTPmin@1 He was
sent to the cell for 120 min at 200 8C.

H2-TPR experiments were conducted with a BELCAT II instrument
(Version 0.4.5.13). Prior to measurements, Cu/mordenite materials
were pretreated in a 40 mLSTPmin@1 flow of O2 at 550 8C for 3 h
and then cooled to 40 8C. H2-TPR profiles of the samples were re-
corded in a 30 mLSTPmin@1 flow of 5% H2/N2 at a heating rate of
3 8Cmin@1 up to 900 8C.
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Figure S1. Photographs of Cu-loaded SBA-15 samples, Cu-AA/SBA (a) before calcination, (b) 

after calcination, and (c) after the first catalyst cycle; Cu-OA-SBA (d) before calcination, (e) 

after calcination, and (f) after the first catalyst cycle. 
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Figure S2. (a) N2-sorption isotherms and (b) pore size distribution of as-synthesized SBA-15, 

calcined Cu-AA/SBA, and calcined Cu-AC/SBA. 

 



 

Figure S3. Mass-spectral signal of the products in the online extraction of Cu-OA/SBA with 

water. 

 

Figure S4. Mass spectral signal of the products extracted from Cu-AA/SBA by online extraction 

with water in the second catalytic cycle. 



 

Figure S5. Mass-spectral signal of the products in the online extraction of Cu/mordenite with 

water. 

Table S1. Catalytic performance of Cu/Mor. 

Cu loading 

(wt.%) 

Product yield                                        

(µmol gcat
-1

) 
Oxidized 

methane
c 

(µmol gcat
-1

) 

Selectivity
 
 to MeOH 

& DME
e
 (%) 

MeOH
a
 DME

b
 CO2

b
 

2.58 56.0 1.6 9.0 68.2 87.7 

a
Methanol was analyzed by GC after off-line extraction with liquid water. 

b
Gas-phase products were analyzed by MS during online extraction with steam. 

c
Amount of oxidized methane was = moles(MeOH) + 2*moles(DME) + moles(CO2). 

d
Turnover number (TON) = moles(oxidized methane)/moles(Cu). 

e
Selectivity to MeOH and DME = [moles(MeOH) + 2*moles(DME)]/ moles(reacted CH4). 

 



 

Figure S6. Comparison of mass-spectral signals of DME released from Cu/mordenite in the 

online extraction stage at room temperature using different solvents. 
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Figure S7. In situ UV-vis spectra of Cu-OA/SBA (a) after activation in O2 and (b) subsequent 

reaction with methane at 200 
º
C.  
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Figure S8. (a) Small-angle and (b) wide-angle XRD patterns of Cu-AA/SBA and Cu-OA/SBA 

after the first cycle. 

 

  

  

 

Figure S9. TEM images of (a1, a2) Cu-AA/SBA and (b1, b2) Cu-OA/SBA after the first 

catalytic cycle. 

 



Table S2. Textural properties of CuO/SBA-15 catalysts after the first use. 

Sample SA
a
 (m

2 
g

-1
) 

Vmeso
b                  

  

(cm
3
 g

-1
)

 
 

Vmicro
b
                  

(cm
3
 g

-1
)

 
 

Vtotal
c
           

(cm
3
 g

-1
)

 
 

Cu-OA/SBA 647.8 0.58 0.12 0.88 

Cu-AA/SBA 515.6 0.49 0.09 0.72 

a 
SA = surface area calculated by the BET method.  

b
Vmeso = mesoporous volume, and Vmicro = microporous volume 

calculated by the NLDFT method.  

c
Vtotal = total pore volume calculated at p/po = 0.99. 

0.0 0.5 1.0

0

200

400

600

(a)

(2) Cu-AA/SBA

(1) Cu-OA/SBA (2)

V
o
lu

m
e
 [

c
m

3
 g

-1
 S

T
P
]

Relative pressure [P/P
o
]

(1)

 

0 2 4 6 8 10 12 14

0.0

0.2

(b)

 Cu-AA/SBA

 Cu-OA/SBA
P

o
re

-s
iz

e
 d

is
tr

ib
u
ti
o
n
 d

V
(d

) 
[c

m
3
 n

m
-1
 g

-1
]

Pore width [nm]

 

Figure S10. (a) N2-sorption isotherms and (b) pore size distribution of calcined Cu-AA/SBA and 

calcined Cu-OC/SBA after the first use. 
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