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1. Introduction 

The most research efforts in heterogeneous catalysis are directed at understanding the 
correlations between the catalytic activity of studied contact and its physical-structural 
properties. One way to address this issue is through examination of specific reaction mechanism 
which has been of particular interest to many researchers. The most important from these 
basic studies focus on the effect of variables such as temperature and/or concentration of 
substrate or product on the reaction rate  

In many cases, significant differences in mechanisms may lead to similar microscopic 
observations, and thus, to similar expressions for the reaction rate. This means that the 
experimentally determined kinetic parameters usually do not allow firm conclusions on 
microkinetic mechanism. This problem is especially important for multi-step processes such 
as the transformation reactions of hydrocarbons, in particular catalytic oxidation. However, it 
should be noted that any proposed mechanism must be compatible with the evaluated kinetics. 

Despite the significant development of noble and transition metals surface chemistry, 
various crucial aspects of metal catalysis have not yet been fully explained. This is due to 
the apparent complexity of the phenomena involving a number of factors i.e., dynamic character 
of the surface of dispersed metal particles, which can be reconstructed under catalytic 
conditions, and its susceptibility to carbonation especially in reactions with hydrocarbon 
reactants. The role of carbon deposits is still not sufficiently well understood. There is also 
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lack of systematized knowledge about thermal stability of mentioned systems and correlations 
between activity, selectivity and physicochemical, oxidation-reductive properties.  

One aim of this research was to define the methane oxidation rate dependence on 
temperature and partial pressure of substrates at low methane concentration in reaction mixture 
and with complete elimination of the influence of external diffusion on kinetic results. 
These experiments give us the opportunity to evaluate correctly the real activity of different 
catalyst and also the reaction order with respect to methane. Furthermore, using the obtained 
data make it possible to determine the process rate for larger than the laboratory scale.  

2. Investigation methodology 

Alumina supported palladium catalysts were tested for methane oxidation. 
Physicochemical properties of these systems are described in detail elsewhere [3, 5–10]. All 
kinetic experiments were performed in a gradientless reactor, as described previously in papers 1 
and 2. Gases; hydrogen, methane, oxygen and helium (Praxair, Poland) were fed into the 
reactor device equipped with mass flow BETA-ERG controllers and power supplies of the 
same manufacturer.  

Flow controllers were carefully calibrated. The temperature of the reactor was regulated 
by Trol-8120 controller connected with chromel-alumel thermocouple placed directly in the 
catalyst bed. The rate of process, expressed as TOF (turnover frequency) was calculated from 
measurements of the conversion degree, according to the equation valid for gradientless 
reactors [1, 2]. 

 r = F (Cwe – Cwy)/(W·(2 VH2/VM)) (1) 

where: 
 r — reaction rate, s – 1,  
 W — catalyst sample weight used to measure, g,  
 F — CH4 volumetric flow through the reactor, mol/s,  
 Cwe, Cwy — input and output concentrations of CH4, –,  
 VH2 — volume of hydrogen chemisorbed by the sample, cm3/g,  
 VM — molar volume of hydrogen, 22 414 cm3/mol.  

The dependence of the reaction rate on the conversion degree was determined in isothermal 
experiment (773 K) as a function of both the conversion of methane and its partial pressure. 
The reaction mixture was composed of air, methane, oxygen, helium (instead of nitrogen) 
to simulate the composition of air. The analysis of products was performed at the temperature of 
305 K using Chrompack CP 9001 gas chromatography unit equipped with a capillary column 
Chrompack Pora Bond (with 50 m length) operated with helium as a carrier gas. The system 
proved a very high sensitivity and separation quality for the reaction mixture (helium ballast 
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from the reaction gases was not analyzed). Analyses were performed at the temperature of 
305 K, using a PC as an integrator. 

Industrial-scale researches were conducted at the Wroclaw University of Technology 
on installation that allows effective testing of large ceramic fillings (5 kg, 4,7 dm3) [5]. 

Physicochemical properties of palladium catalysts were studied in the Analytical 
Laboratory of the Faculty of Chemistry UMCS in Lublin. Palladium contents in the catalysts 
were determined by X-ray fluorescence. The total surface area of the samples was calculated 
from performed nitrogen adsorption in a static volumetric apparatus, providing a vacuum not 
worse than 10–5 Tr. Metal surface areas of contacts were measured by hydrogen chemisorption 
performed under conditions described previously in the literature [3, 4].  

3. Results of reserches  

The studied reaction can be described with the following equations:  

 r = k · f (C) (2) 

 r = A0 · e–Ea/RT · pCH4 (3) 

 k = A0 · e–Ea/RT (4) 

 ln (k) = lnA0 – Ea/RT (5) 

where: 
 r — the reaction rate,  
 k — the reaction rate constant,  
 A0 — the pre-exponential factor,  
 R — the universal gas constant,  
 T — the temperature,  
 Ea — the activation energy. 

The study of methane oxidation in the kinetic reactions have been described in papers 
[3, 4] and led to the designation of empirical kinetic equation of the process. Experimental and 
kinetic reaction modeling studies of methane oxidation described elsewhere [3, 4] have been 
used to propose an empirical kinetic equation for the process. Determined values of the 
activation energy, the reaction rate and the pre-exponential factor for catalysts with different 
sizes of palladium crystallites (from 4.7 to over 13.0 nm) are shown in Table 1. 

Palladium crystallites size of the catalyst prepared on industrial carrier, and used in the 
large-scale testing, was included in the range of 7–10 nm. Hence, the parameters of the large-
scale reactor were calculated based on the reaction rate constant k = 0.2035 for palladium 
catalyst with crystallites size of 9.6 nm.  
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TABLE 1 
The values of activation energy, reaction rate constant  
and pre-exponential factor for palladium catalysts 

Palladium crystallites size  
on the catalyst surface, 

nm 

Ea,  
kJ/mol 

Reaction rate 
constant, 

k 

Pre-exponential 
factor, 
A0 

4.7 74.84   0.2211 142269 

5.5 62.85 0.4279 32308 

6.6 97.03 0.1473 4998678 

9.6 80.66 0.2035 370496 

13.0 76.19 0.2926 239700 
 

Theoretically calculated gas temperature distribution along the catalyst bed in the 
reactor was compared with experimental data obtained from a large-scale laboratory reaction. 
Figure 1 depicts gases temperature distribution along the catalyst bed for two cases (a), with 
the methane concentration of 1.50% in the air, the reaction gases flow of 20 m3/h and methane 
conversion of x = 90%, and (b) for methane concentration of 1.30% in the air, the reaction 
gases flow of 25 m3/h with 90% conversion of methane. 

a) b)

 

Fig. 1. Gases temperature distribution along the catalyst bed (continuous curve 
— theoretical calculations, dashed curve — the actual temperature measurement):  
a) methane concentration of 1.50% in the air, the flow of reaction gases of 20 m3/h 

and conversion of methane x = 90%; b) methane conversion of 1.30% in the air,  
the flow of reaction gases of 25 m3/h and methane conversion of x = 90% 

The calculations did not include refer to the heat losses associated with the construction of 
the reactor. Hence, the theoretical values are slightly higher than the experimental ones.  
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Despite only a few positions for temperature measurement distributed inside the large-
scale reactor, the expected length of the reactor for achieving methane conversion of 90% does 
practically overlap with temperature maximum in the large-scale reactor. The further 
temperature drop is caused by the completion of the reaction at the rear end of the catalyst 
bed due to the consumption of substrates i. e. methane in the flue gases. 

Using all the above information, it is possible to predict dependence of required length 
of the reactor on the amount of methane, which should be converted in a larger gas stream. 
The results of calculations for the stream of 3000 m3/h with different methane content are 
shown in Table 2. For the flow of mentioned stream of gases through the reactor with a diameter 
of 660 mm, assuming 95% methane conversion, the required bed lengths are as follows: 

— 670 mm for the mixture containing 0.75% of methane, 
— 893 mm for the mixture containing 1.00% of methane, 
— 1116 mm for the mixture containing 1.25% of methane, 
— 1339 mm for the mixture containing 1.50% of methane. 

The table also shows the theoretical values of temperature of exhaust gases with assumed 
flow of 3000 m3/h and the temperature of gases entering the reactor (603 K).  

4. Conclusions 

The comparison of results obtained in a laboratory scale with theoretically calculated 
values reveals that the resulting kinetic equation is adequate to describe methane oxidation 
over palladium catalysts with crystallites size in the of 6–10 nm and with methane conversion 
from 1 to 95% and methane concentration in the air from 0.75 to 1.60%.  

Moreover, the obtained data permitted to calculate the heat generated in the catalyst 
bed, the gas-lift heat and also to design a larger, target reactor for catalytic process of methane 
oxidation. The data summarized in table 2 show that the appropriate concentration of methane in 
the reaction gases enable not only the autothermal reactor operation, but also receiving the 
additional large thermal power, which allows for industrial and economically efficient exploit 
of mine ventilation air methane. 
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