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ABSTRACT 

The study of new energy carriers for sustainable energy conversion processes is a hot 

research area. Among the potential energy carriers one finds biogas, containing a 

large fraction of methane, which attracts high interests worldwide. However, to be 

more useful, e.g., concerning storage and transportation, conversion of gaseous 

methane fuel into liquid fuel like methanol is desired. The conventional route for 

production of methanol from methane is a two-step process including energy intensive 

syngas production. To reduce energy costs, direct catalytic conversion of methane to 

methanol provides an attractive possibility to circumvent syngas production provided 

proper catalysts can be found. 

In this work, Fe2(MoO4)3 catalysts were hydrothermally synthesized and tested as 

potential methanol production catalysts. By employing different pH value of the 

precursor solution different catalysts were formed, i.e., pale green (pH=1.65) and 

brown (pH=3) colored iron molybdate samples. Transient (pulse-response) methane 

oxidation experiments were performed in a continuous gas-flow reactor connected 

with a mass spectrometer. Essentially five parameters were studied: i) reaction 

temperature, ii) catalyst preparation route, iii) CH4/O2 ratio iv) H2 addition and v) the 

concentration of hydrogen. Analysis of BET surface area and XRD patterns for fresh 

and treated samples was performed as well. 

The pulse-response experiments show that the reaction is promoted by high 

temperature and also is very sensitive to the reactant composition. Addition of 

hydrogen shifts the product selectivity to some extent. Both samples seem to have the 

ability to store and release oxygen during lean/rich cycling. The study shows that 

methanol may be produced in small amounts for certain reaction conditions. 

 

Key words: Sustainable energy carrier, methane partial oxidation, methanol, 

Fe2(MoO4)3 catalyst  
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1 Introduction  

1.1 Project background  

The increased usage of petroleum in the modern society together with decreasing 

resources of crude oil accentuates the need to find alternative energy carriers to fossil 

based oil for energy conversion processes. Moreover, concerns about climate change 

related to enhancement of global warming due to emissions of greenhouse gases are 

increasing. All together this stimulates the worldwide R&D on finding new 

sustainable energy conversion processes. Among the renewable sources often 

discussed one finds solar-, wind-and water energy. Also various processes relying on 

the utilization of a biological feedstock are discussed. In this connection, to be 

efficiently used, transformation of biomass into other energy carriers like biogas and 

biodiesel, alcohols and ethers are considered. In this project, partial oxidation methane 

(CH4) over heterogeneous catalysts for potential production of methanol (CH3OH) is 

considered.  

Biogas refers to the gas produced from biomass in the absence of oxygen. The raw 

materials in biogas production include organic waste, manure, sewage, municipal 

waste and even animal dung. The production of biogas is environmentally friendly as 

otherwise useless waste is converted to a usable energy carrier. Additionally, the 

residuals may serve as useful fertilizers. Methane and carbon dioxide are the main 

constituents of biogas accounting for, respectively, 65 and 30 vol. % [1]. 

Biogas (and associated derivatives) is a carbon neutral fuel. Thus conversion of biogas 

by, for example, oxidation into water and carbon dioxide, will not contribute to the 

increase of the (average) concentration of carbon dioxide in the atmosphere [2]. The 

carbon balance is fulfilled as long as carbon neutral fuels are used. For example, 

hypothetically, one mole of atmospheric CO2 is required to produce one mole of 

methanol that after burning, in an energy conversion process again, forms one mole of 

CO2 emitted to the atmosphere. Here, methanol acts as an energy carrier in this ―one 

carbon in - one carbon out‖ process without bringing any other effects.  

As most of the facilities for production of biogas are located in remote areas, 

transportation of biogas is an essential issue that may be connected with significant 

energy costs and safety risks. In case of vehicle transportation, high-pressure cylinders 

are required to carry sufficient quantities. This is, however, associated with high 

explosion risks. To decrease the potential risk of explosion, heavy gas containers with 

thick walls are needed. Such containers demands extra material and may lead to even 

more severe damages in case of explosion. For this reason, liquid fuels are preferred. 

In addition to safety aspects, liquid fuels contain more energy per unit volume thanks 

to the high density of the condensed phase. Transportation of liquid fuels is thus 

beneficial, as compared to gaseous fuels, and conforms better to sustainable transports. 
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Figure 1.1 Schematic of a fixed dome plant commonly used for small-scale production 

of biogas. The raw material (wet organic waste) is fed into a reservoir from where it 

falls into the reactor dome constituting both slurry- and gas containers. Bacteria in 

the raw material digest the slurry so as to produce biogas leaving at the top [3]. 

Conversion of methane into liquid methanol has attracted attention by researchers 

both in industry and academia. The conventional route to produce methanol is a two-

step process via an intermediate CO/H2 gas mixture, so-called synthesis gas or syngas. 

The production of syngas is often based on a three-step process involving i) stream 

reforming, ii) carbon dioxide (or dry) reforming and iii) partial oxidation [4]. Steam 

reforming of methane is an energy intensive process that requires high temperature 

and pressure. The process is carried out in large furnaces. The necessary high 

temperature put strong demands on issues like process operation, reactor construction 

and maintenance. Steam reforming is an expensive process. For example, the costs 

associated with steam reforming in syngas generation in processes for conversion of 

CH4 to methanol, production of ammonia and Fischer-Tropsch products has been 

estimated be over 60% of the overall process cost [5].  

With the aim to circumvent the high energy demands and associated costs in the two-

step process for production of methanol, direct conversion of methane to methanol by 

catalytic partial oxidation attracts great interests. Large efforts on finding appropriate 

catalysts that can realize this one-step process have been made. During the last two 

decades, a significant number of studies on various catalysts have been reported. 

Despite this, attractive processes are still lacking as the present catalytic processes 

suffer from low yields of methanol and thus has a low commercial viability [6].  
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1.2 Project objective  

The objective of the present master thesis is to i) screen the open literature to 

document typical catalyst formulations and catalytic processes for conversion of 

methane into methanol and ii) study partial oxidation of CH4 over Fe2(MoO3)4 as a 

potential catalyst for production of methanol (CH3OH). 
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2 Catalytic conversion of methane into methanol 

2.1 Concepts in heterogeneous catalysis 

Historically, catalysis as a phenomenon was coined first by J. J. Berzelius: 

 “Many bodies have the property of exerting on other bodies an action which is very 

different from chemical affinity. By means of this action they produce decomposition 

in bodies, and form new compounds into the composition of which they do not enter. 

This new power, hitherto unknown, I shall call it catalytic power. I shall also call 

catalysis the decomposition of bodies by this force [7].” 

Catalysis is the change of chemical reaction rate when a small amount of a material, 

called catalyst, is added. Unlike reactants, a catalyst itself is not consumed during a 

reaction. A catalyst can only influence thermodynamically possible reactions. It 

augments a reaction rate by changing the apparent activation energy of the reaction by 

providing new reaction routes. Catalysis is commonly categorized into three different 

cases, i.e., homogeneous catalysis, heterogeneous catalysis and enzymatic catalysis. 

The feature of homogeneous catalysis is that the catalyst and reactants are contained 

in the same phase. In heterogeneous catalysis, the catalyst (usually a solid) and the 

reactants (gases or liquids) are present in different phases. For enzymatic catalysis, 

protein is the catalyst [8]. 

Heterogeneous catalysis is one of the most important technologies for our modern 

society. It underpins the chemical and materials industries, being fundamental to the 

production of fuels and solving pollution problems [9]. The heterogeneous catalytic 

cycle is commonly described by the five steps. Here we demonstrate these steps by 

using the example CO oxidation on a supported metal see Fig.2.1. The first step is the 

diffusion of gas phase CO and O2 to the metal surface. The second step involves the 

associative (molecular) adsorption of CO and dissociative (molecule splitting) 

adsorption of O2 on the metal surface. These adsorption events are so-called 

chemisorption processes where new chemical bonds are formed to be separated with 

physisorption for which molecules interacts more weekly with the surface. The third 

step is the surface reaction between CO and O (this step also involves surface 

diffusion of reactants and products). The desorption of the formed product CO2 is the 

fourth step and finally the fifth step is the diffusion of CO2 to the gas phase. Fig.2.2 

and Fig.2.3 show the energy diagrams of adsorption and catalytic cycle in 

heterogeneous catalysis. 
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Fig. 2.1 Schematic present of stages of             Fig. 2.2 Energy diagram of adsorption on  

a heterogeneous catalysis reaction[8]                               a catalyst surface[8] 

 

 

               

 

Fig. 2.3 Energy diagram of a heterogeneous reaction [8] 
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2.2 Properties of methane 

Methane (CH4) is the first compound in the alkane series. The melting- and boiling 

point is, respectively, -182.5 and -161.5°C. Methane is a symmetric molecule with no 

functional group, magnetic moment or polar distribution that can facilitate chemical 

attacks and thus methane is very stable. The C-H bond is strong reflected by the high 

dissociation energy of CH3-H bond (439.3 kJ/mol). Activation of CH4 by splitting a 

first C-H bond requires high temperatures and/or the use of strong oxidation agents 

[10]. Concerning the transformation of methane into other partially oxidized products 

like CO and methanol is thus a dilemma, as the activation of methane most often 

requires temperatures too high to avoid complete oxidation. For this reason, the basic 

concept of direct catalytic partial oxidation of methane into methanol is to find a 

catalyst that can activate methane under mild conditions while simultaneously 

preserve formed methanol. 

2.3 Processes for converting methane to methanol 

The partial oxidation of methane in gas phase occurring at high pressure is dominated 

by free radical reactions. Thus the presence of solid catalyst cannot change 

significantly those reactions. However, at lower pressures, around 1 atm, which is 

preferred in industrial processes, the inclusion of catalysts plays an essential role for 

both product yield and selectivity [10].  

Homogeneous catalysis 

Among the homogeneous catalytic processes for conversion of methane to methanol, 

mercury-catalyzed reactions for high yield of methyl bisulfate as a pre-product for 

methanol production have been proposed. The reaction occurs in concentrated sulfuric 

acid under mild conditions (180°C). The catalyzed oxidation of methane by mercuric 

ions is remarkable efficient. For a 50% methane conversion a 85% selectivity to 

methyl bisulfate (43% yield) have been reported [11]. A drawback, however, is that 

this is a two-step process including separation and hydrolysis of methyl bisulfate and 

re-oxidation of sulfur dioxide, which may be difficult and expensive to handle in 

industrial production. 

An alternative of the mercury based system is the route including a 

bipyrimidylplatinum (II) complex. Using this Pt complex, 90% conversion of methane 

into methyl bisulfate at 493K and 35bar with selectivity of 81% has been reported. It 

is expected that methyl bisulfate can be hydrolyzed to methanol in later step. 

Although both high conversion and selectivity to intermediates are achieved the 

complete production cycle demands an expensive process step where the catalyst is 

regenerated from the concentrated sulfuric acid. Also the high pressure is not 

preferred in industry. All in all, the two-step homogeneous catalytic process described 

here are not sufficiently attractive for methanol production [12]. 
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 Fig. 2.4 The suggested working model for mercury-catalyzed methane reactions [11] 

 

 

 

Fig.2.5 Reaction mechanism for methane partial oxidation using a bipyrimidylPt(II) 

complex in concentrated sulfuric acid [12]. 
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Plasma processes and doping effects 

The influence of applying low-temperature plasma though a dielectric-barrier 

discharge (DBD) with a Cu/ZnO/Al2O3 (CZA) based catalyst used for methane 

conversion have been studied by A. Indarto et al. By preparing a CZA catalyst with 

and without DBD plasma treatment, different types of Cu species in the CZA catalyst 

are formed. For one of the forms, the selectivity to methanol in the range of 19-23% 

was observed while for the other form of Cu, the selectivity was around 15-18% under 

actual experimental conditions. Through sample characterization, Cu
+
 and Cu

2+
 were 

suggested to be the active sites for methane partial oxidation to methanol in low- 

temperature plasma process [13].In addition to the low- temperature plasma treatment, 

the influence of doping CZA systems with other elements has also been studied. For 

example, dopants like Pt, Ni, Fe and Y have been evaluated. Doping CZA with 3 wt.-

% Y increases the methanol selectivity from 12% to 31%, which is the largest effect 

reported for the mentioned dopants [14]. 

Y. Yamada and co-workers doped silica with 43 different elements and studied the 

resulting performance in methane partial oxidation. Based on their results, they 

suggested that V, Fe, Sc, W, Mo and Os are the most suitable elements for 

improvement of the selective oxidation methane at pressures under 1 atm using O2 as 

an oxidant [15]. 

Furthermore, MoOx/La-Co-O and MoOx/ZrO2 have been investigated in methanol 

production from methane partial oxidation. It was found that 7% (n%) MoOx/La-Co-

O resulted in the highest methanol selectivity, i.e., 60% at 420°C and 4.2MPa. The 

methane conversion was 11.2% and methanol yield was 6.7% in this study [16]. 

Zeolites like ZSM catalysts are also interesting candidate materials for partial 

oxidation of methane to methanol. The ZSM-5 molecular sieves with inclusion of iron 

in a silicon framework were employed as catalysts under atmospheric pressure 

conditions. Using oxygen as oxidant, both Fe-NaZSM(5) and Fe-HZSM-(5) can 

produce methanol. Moreover it is found that a certain content of Na in molecular 

sieves can increase the selectivity towards methanol significantly [17]. 

K.Otsuka, Y.Wang tested Mo, V2O5, MoSnP on SiO2 supports and blank SiO2 for 

partial oxidation of methane [18]. Experiments were carried out in the temperature 

range 500-650 °C. Here, HCHO is the main oxidation product with selectivity around 

30% depending on the specific catalyst. The highest selectivity towards HCHO is 

64.8% with a methane conversion of 7.2%, which is observed for MoSnP/SiO2. 

Homogenous additive effects 

Homogenous additives H2, N2O or NO can enhance methanol selectivity [19, 20]. By 

introducing small amount of NO into CH4/O2 reactants on low surface area V2O5/SiO4, 

both CH4 conversion and HCHO/CH3OH yield are strongly enhanced. Selectivity to 

C1-oxygenates can reach 16% at highest at methane conversion close to 40%. Radical 

initiator NO can circumvent the antagonistic effects in some extend could be the 

explanation for the improvement [21]. 
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Table 2.1 The effect of N2O on catalytic proprieties [22] 

Catalysts Temp 

(°C) 

Conversion 

(﹪) 

Selectivity(﹪) 

CO CO2 HCHO CH3OH HCHO+CH3OH 

PMo11V 700 2 --- 77.27 --- 22.73 22.73 

750 6 15.58 60.30 5.45 16.67 22.12 

PMo11Fe 700 2 16.42 52.24 --- 31.34 31.34 

750 8 43.26 20.88 13.72 22.14 35.86 

SiMo11Fe 700 6 46.35 20.76 10.30 22.59 32.89 

750 13 43.29 19.75 21.08 15.88 36.96 

 

Table 2.2 The effect of O2 on catalytic proprieties [22] 

 

Heteropolycompound catalysts have been tested using N2O or O2 as oxidants under 

atmosphere pressure. Results presented in the tables below show that selectivity to 

CH3OH decreases clearly when temperature increases, whereas both methane 

conversion and selectivity to HCHO increase. The results from this study support the 

suggested mechanism where methane is initially oxidized to methanol and then 

further oxidized to formaldehyde, CO or CO2, which are more stable oxides [22]. 

NO significantly promotes the CH3OH formation using a CH4/O2 mixture. On a low 

surface area V2O5/SiO2 catalyst, 0.39 n% of NO leads to a highest yield, around 7%, 

of CH3OH respecting of 27% selectivity under 15% conversion of CH4. With 

increasing CH4 conversion, CH3OH selectivity reaches a maximum (~27%) at 15% 

Catalysts Tem

p 

(°C) 

Conversion 

(﹪) 

Selectivity(﹪) 

CO CO2 HCHO CH3OH HCHO+CH3OH 

PMo11V 700 3 43.54 40.90 7.28 19.89 27.17 

750 13 45.86 45.04 15.64 12.25 27.89 

PMo11Fe 700 4 43.54 19.86 12.92 23.68 36.60 

750 23 45.86 17.42 26.08 10.64 36.72 

SiMo11Fe 700 4 23.19 47.13 8.23 21.45 29.68 

750 32 27.85 43.84 20.46 7.85 28.31 
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CH4 conversion and then diminishes as CH4 conversion increases. Unfortunately, the 

concentrations of CH4 and O2 are not explicitly accounted for in the article. To avoid 

decomposition and further oxidation of formed methanol, the downstream 

temperature is suggested to be an important parameter in experimental studies on the 

methanol formation process [23]. 

On Fe2(MoO4)3 under atmospheric pressure, main products switched from HCHO and 

CO to C2H6 and C2H4 when oxidant O2 was replaced by N2O. In O2 case, it indicates 

that CH3OH is the main first step product. However, in the case of N2O, the 

concentration of active oxygen species is not high enough to oxidize all CH3 species 

to oxygenates, so CH3 coupling takes place giving C2H6 as main products [24]. Mix 

O2 with N2O in order to decrease active oxygen species on catalyst‘s surface could be 

useful to prevent methanol further oxidized.    

Besides converting methane to methanol, methanol stability over different solid metal 

catalysts is concerned at the same time. Results show that CeO2, Fe2O3, V2O5 convert 

30% of methanol at temperature around 300°C. WO3 shows a better result, over 

which CH3OH conversion is around 25% at 400°C. Sb2O3 gives best result during all 

33 tested simple oxides. Methanol conversion is as low as 5% around temp 500°C, 

even lower for lower temperature. All the tests are operated under atmosphere 

pressure. MoO3, Nb2O5, Sb2O3, Ta2O5 and WO3 are suggested for methane partial 

oxidation due to lower methanol decomposition. If contact time can be decreased, 

formaldehyde is prevented to form hopefully. Injection water may quench gas-phase 

reaction [25]. These two precautions may assist preserve methanol on catalysts.  

Injection of Br2 into reaction chamber can also improve methanol production. On 

HgO/ Zn-MCM-41 catalyst, CH3OH selectivity is increased to 30% at 10% CH4 

conversion after Br2 injection. The reaction is carried under 1 atm at 220°C, reactants 

mole ration is CH4/O2/Ar =3:1:6 [26]. 

2.4 Mechanistic interpretations 

Despite the large efforts reviewed above the encouraging experimental results are still 

lacking. For the studied catalytic systems either a high methanol selectivity or 

methane conversion is achieved. Some studies showed excited methanol selectivity 

together with relative high methane conversions, however, the necessary experimental 

conditions including high pressure and costly regeneration of condensed sulfuric acid 

limit the industrial applications. 

In order to gain understanding on why methanol production from the reaction between 

methane and oxygen is so difficult on most solid catalysts, K. Otsuka et al. 

investigated methane partial oxidation reaction mechanism on Fe2(MoO4)3 catalysts. 

Based on their detailed kinetic measurements and isotopic studies, the authors 

proposed the reaction scheme is given below. This mechanism is essentially the same 

for Fe-Nb-B mixed oxide catalyst and similar to silica supported MoO3 and V2O5. It 

also coincides with mechanisms advised by other scholars on several metal catalysts.  

 

 



CHALMERS, Competence Centre for Catalysis, Master‘s Thesis 2010 11 

 

 

Fig. 2.6 Schematic reaction model for the partial oxidation of methane on the surface 

of iron molybdate catalyst [27] 

Activated surface oxygen species from either dissociative adsorption of gaseous 

oxygen or diffusion of bulk lattice oxygen from the Fe2(MoO4)3 may promote 

methane dissociation into CH3 which can react further CH3O. Both CH3 and CH3O 

are considered to be reaction intermediates. If proton is offered, CH3OH can be 

produced from the intermediate CH3O. Most of the intermediate species would be 

further attacked by surface oxygen giving products HCHO or COX. Aiming at high 

selectivity of methanol, special structure catalysts which can provide both Brönsted 

acid active sites for protonation and protect intermediate from further oxidation to 

HCHO or COX are recommended. However, such bifunctional catalysts working well 

under experimental conditions are still to be found. However, it offers a conceptual 

direction for selective synthesis of methanol from partial oxidation of methane. Also 

catalytic processes that can occur at low temperatures is important, as CH3OH 

otherwise may decompose on the Fe2(MoO4)3 surface (> 500°C) [27]. 

Based on a kinetic study on Pd/Al2O3, the first step of activating CH4 needs an easy H 

acceptor. Then a good proton donor is favorable to have a high CH3OH selectivity. 

Low oxidant concentration is preferred to prevent further oxidation of methane to 

formaldehyde, CO or CO2. One option for an improved reaction process may be to 

transiently switch on and off O2 while keep CH4 concentration at a certain level. To 

produce some CH3OH, hydrogen peroxide, donating H
+
 easily, can be considered to 

add to gas mixture. H2O is suggested to be a good option to decrease formaldehyde 

synthesis [28, 29]. 

A specific iron phosphate attracts scholars‘ interest. The uniqueness of this structure is 

that iron atoms are coordinated tetrahedrically and are isolated by phosphate groups. 

As the iron sites are considered to be responsible for the (partial) oxidation of 

methane, isolating adjacent active sites from each other is expected to decrease the 

risk of further oxidation into unwanted side products. A proposed mechanism is 

shown in Fig. 2.7 H2-O2 and CH4 are reactants.  

In a suggested mechanism, surrounding phosphate groups are bifunctional acting both 

as proton accepters and proton donors, and probably enhance H2O2 formation.  At first, 

phosphates groups accept protons from H2, forming O-O groups together with iron 

sites (steps B, C and D). The formed H2O2 groups at isolated Fe sites are protected 
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from H2 attacking which is adsorbed on the most neighboring iron sites. Then O-O 

groups activates methane (step E) and produce intermediate CH3O. CH3OH is 

produced by CH3O obtaining a proton from neighboring phosphate group (step F). 

Acidic protons formed at phosphate groups would promote the CH3O protonation to 

form CH3OH.The isolated Fe sites also protect formed CH3O or CH3OH adsorbed on 

the site from attack of O2 on the most neighboring sites [18]. Step E is the hardest. It 

calls for a rapid protonation, while no further oxidation happens.  

By studying the selective oxidation of methane to formaldehyde, Dowden et al. 

suggested approaches for designing novel catalysts [30]. To obtain considerable 

amount of selective products HCHO and CH3OH, one vital job is to suppress the total 

oxidation of products. Theoretically, a perfect catalyst for methane partial oxidation 

should have dehydrogenation, oxygen insertion as well as hydration capabilities. 

When methane is attached to a catalyst surface, dehydration of methane produces two 

major intermediates, CH3 and CH2. They are chemisorbed on the catalyst‘s surface. In 

order to inhibit total oxidation, the dehydration of intermediates methyl or methylene 

should be suppressed considering their migration.  Methylene groups bond to metal 

surface more firmly than methyl groups, leading that they are more susceptible to 

further dehydrogenation. Therefore, the formation of intermediate methyl is preferred. 

This indicates that an oxides catalyst is more suitable than metal, which can prevent 

forming CH2. Mo and V oxides are suggested. Another suggestion is the bond 

strength of CH3 to the surface should be weaker than the one of O2 to the surface. In 

this case methyl migration is favored and high selectivity to preferable products 

CH3OH may be achieved. 

 

Fig. 2.7 Reaction mechanism for selective oxidation of CH4 to CH3OH by H2-O2 over 

FePO4 catalyst with active iron sites [18]. 
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For V2O5/SiO2, charge transfer in surface lattice of vanadium oxide results active 

surface O species: V
5+

 +O
2-

 =V
4+ 

+O
-
. In formaldehyde formation, H2 addition can 

decrease reaction temperature by 50 degrees. A moderate temperature reduce is 

required preserving CH3OH.  But low temperature will eliminate forming specific 

active center (from V
4+

 to V
3+

) which decreases reaction rate sharply [19]. 
 

To avoid further oxidation of CH3OH, transit reaction has also been considered. R. 

Burch published several articles focusing methane partial oxidation under transient 

reaction conditions. Unfortunately, main product is synthesis gas or formaldehyde. 
 

Fe2(MoO4)3 is the most active and selective catalyst among several molybdates for 

methane partial oxidation to formaldehyde under atmospheric pressure. Dope 

Fe2(MoO4)3 with Zn, Li can enhance HCHO formation by inhibiting HCHO oxidation. 

If pure Fe2(MoO4)3 doesn‘t work well, doping could be an option for improvement 

[31].   

Iron-molybdate based catalysts are also used for side chain oxidation of 

alkylaromatics. Isolating iron molybdate active sites enhances selectivity to –CHO 

groups when activates -CH3 groups. It gives higher selectivity compared to bulk iron 

molybdate in p-xylene(  ) oxidation to para-tolualdehyde(PTA 

  ) and terephthaloaldehyde(TPA   ) [32]. Active sites 

isolation may be a good option if a catalyst is too active, i.e. converts CH4 to CO, CO2 

in methane oxidation. It provides a clue how to improve a catalyst performance which 

may be useful in my project.   

 

 

Fig.2.8 Surface scheme for the design of methane oxidation catalyst [30] 
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3 Experimental methods  

3.1 Determination of total surface area 

The physisorption of N2 is utilized to measure the surface area of a solid material. The 

principle is physisorbed N2 molecules form a monolayer covering the total area of the 

material at low temperature. The formed monolayer is independent of the atomic 

structure of the surface, only depends on the size of the molecule. Knowing the size of 

the molecule, one can then calculate the entire surface area. Multilayer will eventually 

form when enough gas is added.  

The operation procedure is as follows. A sample is put into a glass chamber. To get 

rid of things (for example water) those are already adsorbed, the sample is dried under 

high temperature for several hours in a vacuum oven. This chamber is then installed 

on the BET equipment properly, cooled in a container filled with liquid nitrogen. 

After the machine evacuates the chamber and creates a vacuum, small portions of 

gaseous nitrogen is added to the chamber. After each injection, time is given for the 

system to reach equilibrium. Then a new injection is done, giving a new equilibrium, 

pressure etc. When a desired number of measurements have been done, the 

calculations based on the BET equation are done automatically by the computer 

connected to the machine and the specific surface area is obtained. 

The experiment is performed at 77K and the measured parameter is pressure P. P0, 

NA/VA should be given by standard data and the amount of added gas V is controlled 

by the instrument. Vm and C are calculated by the computer and are used to calculate 

surface area, SA. 

The BET equation: 

 

 

 

P Equilibrium pressure for a particular surface coverage 

P0 The saturated vapour pressure of the liquid adsorbate at the adsorption  

 temperature 

V The volumetric uptake of gas at pressure P 

C constant 

 

This is an equation in a linear form and a graph (Fig.3.1 b) is made. C and Vm are 

extracted from the slope and the intercept. Solving equation (1) and (2), the 

monolayer volume Vm will give the surface area (SA) in turn. 
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NA/VA    Avogadro‘s number per unit volume of gas 

A    Area of the adsorbate molecule (0.16 nm
2 

for N2) 

In order to get the specific surface area, SSA, the surface area is divided by the weight 

of the sample.  

 

m Weight of the sample 

 

Physisorption can be used to determine the distribution of pore volumes and pore 

sizes. The filling of pores with condensed adsorbate beyond a monolayer is related to 

the radius of the pores and the gas pressure. Smallest pores are most easily to be filled. 

However, this idealized assumption doesn‘t work in reality. Multilayer can form 

before completion of the monolayer and the BET equation is used since it better 

account for this phenomena. The BET equation actually applies to the region before 

monolayer are created, at low pressures when P/P0 in the range between 0.05 – 0.30. 

But still a number of assumptions are made for the BET equation to work, e.g. the 

Langmuir theory can be applied, no adsorbate-adsorbate interaction. 

The total surface area is important since a large support area could facilitate high 

surface area of the active component and hence good activity. But it should be 

stressed that N2 adsorbs in a non-specific way and this method cannot be used to 

measure the active surface. When only look at the total surface area this won‘t tell you 

how well dispersed the catalyst particles are. 
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3.2 X-ray diffraction for powder catalysts 

Generation of X-rays: 

An electrically heated filament, usually tungsten, emits electrons, which are 

accelerated by a high potential difference (20-50 kV) and allow striking a metal or 

anode which is water cooled (Fig.3.2). The anode emits a continuous spectrum of 

―white‖ X-radiation but superimposed on this are sharp, intense X-ray peaks (Kα Kβ) 

as depicted. The frequency of the Kα and Kβ lines are characteristic of the anode metal; 

the target metals most commonly used in X-ray crystallographic studies are copper 

and molybdenum, which have Kα lines at 154.18 pm and 71.07 pm respectively. 

These lines occur because the bombarding electrons knock out electrons from the 

innermost K shell (n=1) and this in turn creates vacancies which are filled by 

electrons descending from the shells above. The decrease in energy appears as 

radiation; electrons descending from the L shell (n=2) give the Kα lines and electrons 

from the M shell (n=3) give the Kβ lines. As the atomic number, Z, of target atom 

increases, the lines shifts to shorter wavelength. 

Normally in X-ray diffraction, monochromatic radiation is required. Usually the Kα 

line is selected and Kβ line is filtered out by using a filter made of a thin metal foil of 

the element adjacent (Z-1) in the Periodic Table; thus nickel effectively filters out the 

Kβ line of copper, and niobium is used for molybdenum. A monochromatic beam of 

X-rays can also be selected by reflecting the beam from a plane of a single crystal, 

normally graphite. 

a b 

Fig.3.1 a) Setup of BET and b) Graph using BET equation 
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Diffraction of X-rays 

Crystalline solids consist of regular arrays of atoms, ions or molecules with 

interatomic spacing of the order of 100 pm. For diffraction to take place, the 

wavelength of the incident light has to be the same order of magnitude as the spacing 

of the grating. Because of the periodic nature of the internal structure, it is possible for 

crystals to act as a three-dimensional diffraction grating to light of a suitable 

wavelength. X-ray diffraction behaves like ‗reflected‘ from the planes of atoms within 

the crystal and that only at specific orientations of the crystal with respect to the 

source and detector are X-rays ‗reflected‘ from the planes. It is not like reflection of 

light from a mirror, as this requires the angle of incidence equals the angle of 

reflection, and this is possible for all angles. With X-ray diffraction, the reflection 

only occurs when the constructive interference are fulfilled. 

Bragg condition:  

Bragg diffraction occurs when electromagnetic radiation or subatomic particle waves 

with wavelength comparable to atomic spacings, are incident upon a crystalline 

sample, scattered by the atoms in the system and undergo constructive interference in 

Fig.3.2 Working principle of X-ray diffraction experiment. 
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accordance to Bragg's law. For a crystalline solid, the waves are scattered from lattice 

planes separated by the interplanar distance d. If the scattered waves interfere 

constructively, they remain in phase since the path length of each wave is equal to an 

integer multiple of the wavelength. The path difference between two constructive 

interference waves is given by 2dsinθ, where θ is the scattering angle. This is Bragg's 

law, which describes the condition for constructive interference from successive 

crystallographic planes (h, k, l) of the crystalline lattice: 

2dsinθ = nλ. 

A diffraction pattern is obtained by measuring the intensity of scattered waves as a 

function of scattering angle. Very strong intensities known as Bragg peaks are 

obtained in the diffraction pattern where scattered waves satisfy the Bragg condition. 

 

 

 

 

 

 

 

 

 

 

Powder Diffraction 

A finely ground crystalline powder contains a very large number of small crystals, 

known as crystallites, which are oriented randomly to one another. If such a sample is 

placed in the path of a monochromatic X-ray beam, diffraction will occur from planes 

in those crystallites which happen to be oriented at the correct angle to fulfill the 

Bragg condition. The sample was rotated and the incident X-ray beam was going up 

and down to bring as many planes as possible into the diffraction condition. A 

detector is used to record the angle and the intensity of the diffracted beams, which 

are plotted as intensity against 2θ. Thus the d (h, k, l) spacing for each reflection can 

be calculated. 

 

 

Fig.3.3 Diffraction of X-rays 
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3.3 Activity tests using continuous gas-flow reactor and 

mass spectrometry 

Methane partial oxidation experiments were performed in a continuous gas-flow 

reactor in this project. Product stream was analyzed by a mass spectrometer connected 

with the reactor. A common set-up of a flow reactor is schematic presented in Fig. 3.4. 

Gases were introduced by mass flow controllers, which were controlled with a 

computer. The reactor tube was surrounded by metal coil for resistive heating and 

carefully insulated by quartz wool. Thermocouples were attached to measure 

temperature of the inlet gas. Due to that powder samples were investigated, a vertical 

tube as shown in Fig.3.5 was used for all experiments. The powder sample was put on 

a white porous quarts glass platform, which allows only the gas flow to pass through. 

To monitor the composition of the outlet gas flow, a mass spectrometer (MS) was 

used. With a MS, both qualitative and quantitative measurements can be performed. 

The general principle used in mass spectrometry is that the sample gas (molecules) are 

separated by their mass-to-charge ratios by usage of a magnetic and/or electric fields. 

Uncharged molecules are ionized first. Mass analyzer separates the 

molecules/fragments and a detector is used to monitor the incoming ions. 

 

 

         

Fig.3.4 Horizontal flow reactor set-up                Fig.3.5 Vertical reactor tube together   

                                                                                   with heating coils and insulation 
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Fig.3.7 Schematic representation of mass spectroscopy principle [33]  

 

 

 

Fig.3.8 Main parts of a mass spectrometer 
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4 Experimental part  

4.1 Catalyst preparation 

In this project, two types of Fe2(MoO4)3 were synthesized by hydrothermal treatment. 

Raw materials were analytic grade Fe(NO3)3 ∙9H2O (Sigma Aldric >98%) and 

(NH4)6Mo7O24∙7H2O (Acros,>99%). 2* 88mL distilled water were added into 2.73g 

Fe(NO3)3 ∙9H2O and 1.79g (NH4)6Mo7O24  ∙7H2O separately. After complete 

dissolution, the (NH4)6Mo7O24 solution was dropped into the Fe(NO3)3 solution under 

magnetic stirring to form a homogenous solution. The pH of the mixed solution was 

adjusted to pH=1.65 for sample no.1 and pH=3 for sample no.2 using NH3 ∙H2O (25 

wt%) and HNO3 (1 mol/L). Thereafter the precursor solution was transferred into a 

Teflon-lined autoclave and sealed. The autoclave was put into an oven for 12h at 

140°C. Followed by hydrothermal treatment, the autoclave was cooled down to room 

temperature naturally. The synthesized Fe2(MoO4)3 was then washed several times 

with distilled water and pure ethanol. Finally the samples were dried in a vacuum 

oven for 4h at 60°C [34]. 

4.2 Flow reactor measurements 

Flow reactor measurements 

Methane partial oxidation experiments were performed in the gas-flow reactor 

mentioned above. The powder samples were positioned on a porous quartz plate 

permanently fixed inside the vertical tube. The inlet gas temperature was measured by 

a thermocouple (type k) about 10 mm above the sample bed. Gases were injected 

from the top of the tube and passed through the sample bed. A mass spectrometer was 

used to analyze product stream with respect to H2 (m/e=2), CH4 (m/e=15), CO 

(m/e=28), HCHO (m/e=29 and 30), CH3OH (m/e=31), O2 (m/e=32), CO2 (m/e=44). In 

all cases, temperature was adjusted manually and kept constant before reactants 

injection. Gases employed were 2% CH4/Ar, 2% O2/Ar and 4% H2/Ar. The total flow 

was 100 mL/min and the composition was composed by using individual mass flow 

controllers.  

Partial oxidation of methane – pulse-response experiments 

To study the impact of temperature and the effect of CH4/O2 ratio on the partial 

oxidation of methane over the two Fe2(MoO4)3  samples, various experiments were 

carried out at different temperatures and different CH4/O2 ratio. The experiments were 

started by feeding x% O2 for t=10min followed by addition of y% CH4 also for 10 

min at the temperature to be studied. The experiments then contained two parts for 

each temperature. First the O2 concentration was kept constant while varying the CH4 

concentration, i.e. switch the CH4 feed on (10 min) and off (10 min). Thereafter the 

CH4 concentration was kept constant while the O2 feed was switched on (10 min) and 

off (10 min). Table 4.2 shows a summary of all test conditions for the two samples. 
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Table 4.1.Experiment conditions of CH4-O2 group a. Temperature increased 50 

degree every time 

 

Influence of hydrogen on partial oxidation of methane  

To study the effect of hydrogen addition on formation of products for the two samples, 

H2 was introduced to the reactant gas stream. Similar as the CH4/O2 test described 

above, only one reactant was varied periodically while the remaining reactants were 

kept constant. The experiment contained three parts. First, the concentration of CH4 

and O2 were kept constant while H2 was switched on (10 min) and off (10 min). 

Thereafter, O2 was switched on and off while CH4 and H2 were constantly fed. In the 

last part then, CH4 was switched on and off keeping the O2 and H2 concentrations 

constant. In all other respects these experiments were following the same procedure as 

the experiments described above. For a summary of experimental conditions, see 

Table 4.2. 

 

 

 

 

 

 

CH4/O2  ratio CH4 concentration Experiment temperature 

5:1 15000ppm 373K ~973K  (a) 

 

 

4:1 

 

 

10000ppm 

673K 

773K 

873K 

973K 

 

 

3:1 

 

 

9000ppm 

673K 

773K 

873K 

973K 
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Table 4.2 Experiment conditions of CH4-O2-H2 system 

CH4/O2 ratio CH4 concentration Experiment          

temperature 

H2 concentration 

 

 

4:1 

 

 

10000ppm 

773K 500ppm 

1000ppm 

873K 500ppm 

1000ppm 

973K 500ppm 

1000ppm 

 

 

3:1 

 

 

9000ppm 

773K 500ppm 

1000ppm 

873K 500ppm 

1000ppm 

973K 500ppm 

1000ppm 

 

4.3 Characterization 

To achieve structural information and characterize the total surface, XRD and N2 

physisorption measurements according to the BET method were carried out for fresh 

as well as heat and hydrogen treated samples. In the latter case, the samples were 

dried in a vacuum oven for 4h at 230°C before surface area measurement.  

The XRD experiments were carried out at the division Environmental inorganic 

chemistry (Professor Vratislav Langer). 
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5 Results and discussion  

5.1  Synthesis 

The pH value of precursor suspension has significant influence on crystallized 

Fe2(MoO4)3 formation. The pH value 1.65 led to pale green product sample no.1 and 

pH 3 resulted brown product sample no.2.  

 

        

Fig.5.1 a                                                Fig.5.1 b 

a.sample no.1 synthesized from pH 1.65 solution b.sample no.2 synthesized from pH 3 

solution 
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5.2 Partial oxidation of methane - pulse-response 

experiments 

In this section the results from partial oxidation of methane are presented. Mainly, the 

influence of five different parameters are considered, i.e., i) reaction temperature, ii) 

catalyst preparation route, iii) CH4/O2 ratio iv) H2 addition and v) the concentration of 

hydrogen. 

Influence of reaction temperature 

In Fig.5.2, the results from oxidation of 10000 ppm CH4 using 2500 ppm O2 over 

0.4177g sample no.2 during reactant pulsing described above at three different 

temperatures, i.e., 673K (blue), 873K (green) and 963K (red) are shown. The top 

panel displays the reactants changes during the test. The remaining panel then show 

the the signals for the products HCHO, CO and CO2. Due to the cracking pattern in 

the ionization of the product gas HCHO contributes to both m/z 29 and 30.  

At t=10min, 2500ppm O2 is introduced. It can be seen as a rapid increase of O2 in 

outlet gases at 673K, for 873K and 963K the increase in O2 concentration is 

somewhat slower. This reflects higher adsorption of oxygen at higher temperature 

which may imply that the O2 adsorption process is activated. After a short period, 

about 2min for 673K and about 5-6min for 873K and 963K case, the O2 concentration 

stabilizes at a certain level. At t=20min, 10000 ppm CH4 is injected into the reactor 

tube. Similar as for the introduction of O2, the fastest increasing response, although 

now for CH4, is observed for the lowest temperature followed by the other 

temperatures. At 673K, CH4 signal reaches steady condition shortly after the injection. 

For the other cases, CH4 reaches maximum only at the end of CH4 on pulse close to 

t=30min. As can be seen, the CH4 peak concentrations reach different levels. The 

higher the reaction temperature, the lower CH4 concentration in the outlet gases 

indicates a higher reaction rate for methane oxidation at higher temperature, at least 

transiently. Immediately after injection of CH4 the products HCHO, CO and CO2 can 

be observed. The concentration of products keeps increasing and reaches maximum 

concentration at the highest CH4 concentration. This can be read in different panels as 

product signals start increasing at t=10min and arrive tops at t=30min. Products share 

the same trends with CH4. Before CH4 injection, the catalyst surface is likely already 

covered with activated oxygen species. When CH4 is switched on, it reacts with 

surface O2 species immediately with a simultaneous formation of products. In first 

step, CH4 goes through lean and rich conditions. But it seems that no productivity 

appears. Otherwise, straight line segment can be seen in product signals. The variation 

of O2 signal during CH4 on-off process is difficult to explain but may, unfortunately, 

be due to changes in the total flow during pulsing. By comparing the differences 

between 873 to 673K and 963 to 673K the amount of consumed O2 can be estimated. 

Obviously, more O2 is consumed when the temperature is increased. During CH4 off 

periods, CH4 decreases slower at 963K compared with 873K and 673K. Furthermore, 

it reaches higher levels than for 873K and 673K. This could be due to the release of 

surface adsorbed CH4 molecules or recombination of CHx and hydrogen species to 

form methane. Analogous to the CH4 switch-off, the O2 response during O2 switch off 

at t=80 min decreases slower at the higher temperatures which could be due to 

desorption of O2.  
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At t=90min, the second part of the experiment starts. At first only methane is injected 

to the reactor. All product signals increase immediately when CH4 is introduced. 

Rapid response of product signals may be due to the reaction between remaining 

active surface oxygen species. The increasing trend of the CH4 signal is similar as for 

the CH4 on/off cycling above. At t=100min the CH4 signal is stable. The pulsing of 

oxygen starts at t=100 min. During O2 on and off process, product signals vary. The 

product signal peaks correspond to the O2 signal peaks. Easily can be seen, during O2 

off periods, O2 decreases slower at 963K and reaches higher levels than for 873K and 

673K. This may indicate a O2 supply by catalyst. The release of oxygen from bulk or 

recombination of activated oxygen species to form oxygen may be the sources. 

In summary, the higher the reaction temperature the higher CH4 and O2 consumptions 

and product concentrations. Also, the oxygen release from catalysts is higher. 

 

 

Fig.5.2 Temperature influence. CH4 conc. 10000ppm, CH4/O2=4, over 0.4177g 

sample no.2 
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Influence of sample preparation route  

Fig.5.3 displays data over the different samples at 873K using 10000ppm CH4 and 

2500ppm O2. Black curve are results obtained over 0.4177g no.1 sample and red 

curve shows results obtained over 0.5713g no.2 sample. 

Although most parts of Fig.5.3 are almost the same as description for Fig.5.2, some 

differences will be pointed out. At time range t=100 to 160 min, the CH4 signals for 

the two samples are close although the product signals for sample number two is 

significantly higher than for sample one. The reason for the ―missing methane‖ may 

be methanol production over sample one. Unfortunately, methanol is not able to be 

measured in this project. Under the present reaction conditions, the product signals are 

usually lower for sample no.1 as compared to sample no.2. This indicates that sample 

no.1 is less active in forming HCHO, CO and CO2 than sample no.2 during 

experimental conditions, but may be more active in methanol production.  

 

Fig.5.3  Catalyst impact. CH4 conc.10000ppm, CH4/O2=4, T=873K. 0.4177g sample 

no.1 and 0.5713g sample no.2 
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Influence of CH4/O2 ratio 

As shown in Table.4.1, tests were performed for different concentrations of CH4 and 

O2, i.e., CH4/O2 ratio of 5,4 and 3. For CH4/O2=5, no changes in product signals were 

found as compared to CH4/O2=4 as shown in Fig.5.3, thus in Fig.5.4 data for 

CH4/O2=3 and 4 is shown. For CH4/O2=3, CH4 concentration is 9000 ppm, O2 

concentration is 3000 ppm and for CH4/O2=4, CH4 concentration is 10000 ppm, O2 

concentration is 2500 ppm. 

As can be seen in the top panel, the CH4 signals and O2 signals for the two gas ratios 

are very similar during the methane on-off cycling (the CH4 signal may be sligtly 

higher in general). The same is obsrved for the HCHO product. However, turning to 

the other product panels, the CO and CO2 signals are apparently higher in the case of 

CH4/O2=4. It seems that instead of inhibiting complete oxidation, higher CH4 

concentration promotes methane oxidation further to CO and CO2 (more favored to 

CO2) over the tested samples. Or in other words, lower oxygen concentration results 

in higher CO and CO2 production. This may indicate that the partial oxidation of 

methane is sensitive to oxygen concentration, i.e., the catalyst may suffer from 

oxygen poisoning. Even more interesting is that since the CH4 consumption is similar 

in the two cases, the lower ratio may lead to formation of products not measured in 

the present experiment, i.e., methanol.  

The difference in CO signals between, on the one hand, CH4 on/off cycling and, on 

the other hand, O2 on/off cycling is most likely due to that in the first case, it is the 

reactant containing the carbon that is shut on and off leading to more clear peaks in 

the CO (and CO2 signals). Interestingly, when performing O2 on/off cycles, it is the 

CO2 that varies most. This supports further that selectivity is strongly connected to the 

CH4/O2 ratio as this ratio changes in the transient during pulsing. 

To summarize, CH4/O2 ratio has strong influence on product selectivity. Higher 

methane concentration promotes further oxidation products CO and CO2.  
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Fig.5.4  The effect of different CH4/O2 ratio. For CH4/O2=4, CH4=10000ppm, 

O2 =2500ppm. For CH4/O2=3, CH4=9000ppm, O2=3000ppm. Experiments were 

performed at 873K over 0.5713g sample no.2 

Influence of hydrogen addition 

In this and next section the results obtained when a small amount H2 is introduced to 

the reactant stream will be discribed. The focus is on the most important differences 

between the experiments. Each test contains three parts. In the first part, CH4 and O2 

were kept constant while H2 was switched on and off. In the second part, O2 was 

switched on and off while CH4 and H2 were supplied at constant level. In the last part 

then the O2 and H2 were kept constant while CH4 was switched on and off. 

Fig.5.5 shows the experiment with T=873K, 9000 ppm CH4, 3000 ppm O2 and 1000 

ppm H2. The amount of catalyst was 0.5713g for sample no.1 and 0.5653g for sample 

no.2. 
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In the top panel it can be seen that O2 signals start to decrease/increase when H2 is 

switch on/off. The highest H2 signals correspond to the lowest O2 signals and vice 

versa. In the product panels, all signals follow almost straight lines, no fluctuation 

appear. Signals obtained over sample no.1 are slightly higher than those obtained over 

sample no.2. In the second part, the relationship between O2 and H2 is the same as for 

the first part. Despite this, the CH4 signal over no.1 sample shows obvious 

fluctuations. The signals over no.1 sample during period t=90 -170 min will be 

commented in more detail here.  

At t=90min, CH4 and H2 are injected into the reactor. After 10 min both of them reach 

the highest level. When O2 is switched on the H2 signal drops immediately and vice 

versa. For sample 1, the CH4 signal is not stable even though constant CH4 is supplied. 

It follows the change trend of O2 signals. It is clear that the variation of the CH4 and 

O2 signals are in counterphase with the variations in the H2 signal. In general the 

product signals are higher for sample 1. For HCHO (m/e=29 signal) the variation is in 

phase with the corrsponding variations in the H2 signal for both samples. This could 

be due to that O2 and H2 react to form water and thereby creating vaccant sites that 

may serve for partial oxidation of methane into HCHO. A more close look at CO and 

CO2 signals reveals that during O2 on/off cycling double peaks are observed. The first 

peak is smaller than the second. This phenomenon is more apparent for the CO2 signal. 

The respective first maximum appears at t=100, 120, 140 and 160 min. At those times, 

the H2 signals are in peak positions, while both CH4 and O2 signals are at minimum. 

The second maximum appears at 105, 125 and 145 min respectively. At these times 

the CH4 and O2 signals are increasing and H2 signal is decreasing. The CO2 shows 

minimum at times 115, 135 and 155 min. Contrary to the second maximum condition, 

CH4 and O2 are decreasing and the H2 is increasing. The hydrogen signals in the first 

part of the experiment is generally lower than in the second part. This can be due to 

that in the first part of the experiment, the O2 is constantly supplied and thus hydrogen 

reaction may occur each time H2 is injected. In contrast, the second part of the 

experiment, O2 is shut on and off which means that the outlet hydrogen signal can 

reach higher levels in the oxygen free periods. The double peaks may be due to that 

the surface composition changes between reactant deficiency conditions and reactant 

poisoning conditions. In the last part, all product signals follow the variations in CH4 

signal except the CO2 signal. The maximum of CO2 signal appears when the CH4 

signal reaches its lowest level. This may be due to that under these conditions, the 

catalyst surface is mainly occupied by active O2 species so that incoming CH4 

molecules sense lean conditions. In this case, minor part of the CH4 molecules can be 

adsorbed on the catalyst surface. The CH4 species that are adsorbed react then to form 

CO2 as the main product. 

As a summary, additive H2 enhances product formation may due to react with O2 and 

influences more serious on sample no.1. 
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Fig. 5.5  Additive H2 effect on the methane partial oxidation over different catalysts. 

Experimental conditions: CH4/O2=3 CH4=9000ppm, H2=1000ppm,T=873K Weight 

of catalysts: sample no.1=0.5713g  sample no.2= 0.5653g 

 

Influence of hydrogen concentration 

The effect of H2 concentration for sample no.1 is shown in Fig.5.6.  An increase of the 

hydrogen concentration results in higher CH4 signal and lower HCHO, CO and CO2 

signals while the CO2 signal on the first and third step which is somewhat higher. This 

may due that more oxygen is consumed by H2 forming H2O, in turn less O2 

contributes to methane oxidation reaction. Another trend, is that high H2 conentration 

produces more obvious double peaks in the CO2 signal. 
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Fig.5.6  H2 concentration effect on the methane partial oxidation over 0.5713g sample 

no.1. Experiments carried out at 935K with CH4 conc. 1000ppm, CH4/O2=4. 

 

5.3 Characterization of catalyst samples 

5.3.1 Surface area 

Surface area of fresh catalysts, catalysts after heat and H2 treatment were measured. 

Results are given by Table 5.1.  

Fresh sample has larger BET surface area compared with samples after treatments. 

While between fresh samples, the surface area of sample no.2 is more than four times 

larger than sample no.1. This could be one reason that sample no.2 is more active as 

discussed in influence of sample preparation route part. Surface area decreasing may 

due to sintering of sample particles during experiments. 
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Table 5.1 BET surface area for the catalysts after different treatments 

 Fresh After heat 

treatment 

After H2 treatment 

Sample no.1 3.9315 m
2
/g 0.8777 m

2
/g 0.2364 m

2
/g 

Sample no.2 16.2980 m
2
/g 0.2110 m

2
/g 0.2230 m

2
/g 

 

5.3.2 XRD results 

In Fig. 5.7—5.9, the XRD patterns for the two samples are shown. In Fig. 5.7, no 

significant difference is observed except for the single peak at 2θ ≈ 13°. The 

monoclinic form of Fe2(MoO4)3  is the only structure indicated in sample no. 2 at 

room temperature. While monoclinic MoO2.4(OH)0.6 responses several peaks in 

sample no.1 XRD pattern. Even though, for sample no.1 the main crystalline structure 

is still monoclinic Fe2(MoO4)3. This contradicts to an article which acclaimed that the 

color difference of the samples results from crystalline structure. It says pale green 

sample is monoclinic Fe2(MoO4)3 while the brown one is orthorhombic Fe2(MoO4)3. 

Based on information given by database, orthorhombic Fe2(MoO4)3 is stable above 

772K (see Table 5.2). In another word, orthorhombic Fe2(MoO4)3 should not appear at 

room temperature. Dissimilar Fe oxidation states in either sample may be the reason 

inducing distinct colors.  

Fig.5.8 shows XRD patterns of fresh and treated sample no.1. As can be seen, XRD 

pattern shifts after treatments compared with fresh. H2 treatment pattern shifts more 

obvious than heat treated one. Comparing with information provided by database, it 

suggests that monoclinic MoO2.4(OH)0.6, monoclinic Fe2(MoO4)3 and orthorhombic 

Fe2(MoO4)3 ·6.3H2O all exit in heat treated sample. While in hydrogen treated 

sample, monoclinic Fe2(MoO4)3, monoclinic H1.67MoO3 and also hexagonal FeO(OH) 

pattern can be found. In Fig.5.9, no crucial shift is observed for sample no.2. All fresh 

and treated sample apply the monoclinic Fe2(MoO4)3 structure. The structural 

complexity of no.1 sample may be a factor for its distinct behavior in methane partial 

oxidation. 
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Table 5.2 Orthorhombic Fe2(MoO4)3 information from database 
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Fig. 5.7 XRD patterns of fresh samples 

 

 

 

Fig.5.8 XRD patterns of sample no.1 before and after treatments 
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Fig.5.9 XRD patterns of sample no.2 before and after treatments 
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6 Concluding remarks 

Experimental results for partial oxidation of methane over hydrothermally prepared 

Fe2(MoO4)3 catalysts have been presented. In particular, the influence of i) reaction 

temperature, ii) catalyst preparation route, iii) CH4/O2 ratio iv) H2 addition and v) the 

concentration of hydrogen on the CH4 conversion have been investigated. Pulse-

response experiments reveal that the reaction is promoted by high temperature and 

also is very sensitive to reactant composition. Addition of H2 shifts the product 

selectivity to some extends. Both samples seem to store/release oxygen in during 

rich/lean cycling. The results indicate that methanol may be produced in small 

amounts for certain reaction conditions. 
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7 Future work 

It would be interesting to use in situ DRIFT or other spectroscopic methods in 

combination with MS as to correlate surface species with reaction products during 

transient experimental conditions.  

The variation of CH4/O2 ratio can be extended for further investigations on 

activity/selectivity. 

It is also interesting to study gas additives like N2O to influence the activity and 

selectivity and to get insights to (indications on) underlying mechanisms.   

Mechanistic studies and theoretical modeling of reaction kinetics can be carried out in 

order to improve the fundamental understanding of the catalytic cycle. 
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10 Appendix 

10.1 Catalyst preparation recipe 

Calculation: 

To get 2g Fe2(MoO4)3 theoretically, calculation is shown below: 

 

 

    

 

 

 

 

 

 

 


