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The aim of this study was to investigate the process of catalytic methane combustion in air over commercial platinum 
on alumina catalyst. Experiments were performed with methane concentrations in air between 0.6 % and 2.2 % (mol) 
and space velocities on the interval 15000 cm3/(gcat h) to 60000 cm3/(gcat h). The investigations of the process kinetics 
evidenced a good adequacy of the first order power law model for lean methane mixture combustion data. During the 
combustion experiments, it was observed a significant deactivation of the catalyst, particularly on first 25-30 hours of 
running. A deactivation experiment in isothermal conditions at 605 oC was carried out, this evidencing an 
approximately 50 % decrease of catalyst activity on the first 50 hours of on stream time. On the following time interval 
the rate of deactivation becomes much smaller, appearing a trend of stabilization. An empirical relation was also 
proposed in order to describe the time dependence of catalyst activity. 

INTRODUCTION∗ 

Catalytic combustion is one of the technologies 
suitable for the treatment of gaseous effluents 
containing volatile organic compounds (VOC) at 
low concentration levels characteristic for 
commercial activities (usually less than 1000 
ppm). The main advantages of this method concern 
the total combustion to CO2 (low CO emissions) 
and lower NOx emissions due to a lower process 
temperature compared to non-catalytic combustion 
technologies. Besides the catalytic activity, an 
important quality of a catalyst usable for 
commercial VOC combustion applications has to 
be a good resistance to deactivation, i.e. 
maintaining a minimum level of activity over 
sufficiently long time intervals, by avoiding 
excessive sintering or poisoning in the process 
environment. The sintering resistance and chemical 
stability of catalytically active phases is a key 
technical problem that must be solved for the 
development of commercially viable combustion 
catalysts. As pointed-out by Cordonna et al.,1 a 
commercial combustion catalyst must operate 
without replacement for 20,000 hours or more, in 
the temperature range 250 to 650oC. 
                                                           
∗  

Noble metals have been extensively studied and 
several reviews about their catalytic activity, 
mechanism of combustion and deactivation have 
been published.2-6 One of the most widely used 
catalysts for control of many types of gaseous 
pollutants is platinum on alumina.7-10 It is well 
known that in the presence of oxygen, platinum 
oxidizes into PtO2 highly unstable compared to 
PdO formed in the case of Pd based catalysts (PtO2 
decomposes at a much lower temperature, around 
400 oC). In addition, PtO2 is highly volatile and 
this property is often considered to explain 
reconstruction of platinum surfaces under oxygen 
atmosphere by transport of Pt in the form of PtO2 
over nanometric distances. Generally palladium is 
more active in the oxidized state and consequently 
is preferred for operation at net-oxidizing (fuel 
lean) conditions, whereas Pt, which is more active 
in the metallic state, may be beneficial for net-
reducing (fuel rich) conditions.11-14 

Among the hydrocarbons, methane is the most 
resistant to oxidation, as reflected by the relatively 
high temperatures required to carry on the 
combustion process. From a mechanistic 
standpoint, the low reactivity of methane is 
connected to the symmetry of its molecule and the 
difficulty in which adsorption occurs on different 
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catalytic surfaces, when is compared with higher 
alkanes.15 Trimm and Lam,16 assumed that the 
permanent deactivation of platinum on alumina 
catalysts used in methane combustion was due to 
sintering of platinum or of alumina, the latter effect 
being accelerated in the presence of steam. 

In this work we studied the methane 
combustion in air over a commercial Pt/Al2O3 
(Engelhard commercial catalyst ESCAT 26 with 
0.5% wt. Pt) at gas space velocities (GHSV) 
between 15000 and 60000 cm3/(gcat·h) and feed 
methane concentrations in air of 0.6 to 2.2 mole %. 
To describe the combustion kinetics we tested on 
our data the main published kinetic models for this 
process. The results evidenced that, due to the high 
oxygen excess, all the proposed kinetic expressions 
can be reduced to a first order dependence in 
respect with methane concentration. A deactivation 
experiment was also conducted in isothermal 
conditions at 605oC and atmospheric pressure. 

EXPERIMENTAL PART 

Catalyst characterization 

Before use, the commercial catalyst grains were crushed 
and sieved in order to limit the influence of internal diffusion. 
The catalyst was then characterized by SEM, EDAX, specific 
surface area (BET), pore size distribution (BJH method on 
Autosorb-1 Quantachrome apparatus) and pellet size 
distribution (Table 1). 

In order to identify the catalyst grain size free of internal 
diffusion influence, preliminary combustion experiments were 
carried out with different classes of grain dimensions, in 
identical working conditions, on the high temperature and 
flow rate domains. The results are presented in Fig. 1. As seen 
from this diagram, practically the influence of the internal 
diffusion can be neglected for particle dimensions smaller than 
250 µm. All the following described experiments were 
performed on this class of particles. The grain size distribution 
(measured by X ray diffraction method on a Mastersizer Hydro 
2000S instrument) is laying on the interval 50 – 250 µm and 
corresponds to an average dimension of 74.7 µm.  

 
Table 1 

Physical characteristics of the used Pt/Al2O3 catalyst 

Parameter Value 
Bulk density 0.65 g/cm3  
Specific surface area (BET) 97.02 m2/g 
Range of pores size 50 to 250 Å 
Mean pore diameter  236 Å 
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Fig. 1 – Experimental study of the internal diffusion influence for methane combustion over Pt/Al2O3 catalyst. 

 
Experimental tests 

The experimental setup used in the catalytic combustion 
study is depicted in Fig. 2. Approximately 0.2 g catalyst 
powder was loaded in a quartz tube reactor (i.d. = 4 mm) 

between two layers of quartz beads to assure uniform gas flow 
in the catalyst bed. The quartz tube was placed in a furnace 
provided with temperature controller. 
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Fig. 2 – Schematic diagram of the experimental set-up for methane catalytic combustion. 

 
The reaction temperature was monitored at the centre of the 

catalyst bed with a Pt/Rh thermocouple having the accuracy of  
0.1 oC. The methane combustion was performed by oxygen from 
air. The gaseous mixture of methane and air was fed into reactor 
at flow rates varying in the range of 1500-12000 cm3 h-1 and 
various methane concentrations (0.6, 1.2 and 2.2 mol %). The air 
and methane flow rates were measured and regulated by 
electronic Dwyer TM controllers. The products concentrations in 
the reactor effluent were measured on-line by gas 
chromatography, using a Varian CP-3800 GC equipped with 
methanizer, FID and TCD detectors. A molecular sieve 5Å 
column and a Hayesep Q column, were used for N2, O2, CO and 
CH4, respectively for CO2 analysis. The calibration of the 
composition analyzer was performed by using analytical etalon 
mixtures. The pressure drop in the reactor was always lower than 
0.2 bar, thus it was considered that experiments were conducted at 
atmospheric pressure. Before the combustion tests, the catalyst 
was activated and stabilized for two hours at 600 oC under 
reaction conditions.17 The methane conversion was calculated 
from the concentration measurements of methane and carbon 
oxides at the inlet and the outlet of the reactor. The consistency of 
the measured data was checked by calculating the carbon balance 
around the reactor, having inlet and outlet flow rates and 
concentration measurements of carbon compounds. The carbon 
balance evidenced errors smaller than 5% for all the experiments. 

 

RESULTS AND DISCUSSION 

In order to check the level of catalytic activity of 
other solid surfaces present along the Pt/alumina in 
the reaction medium (stainless steel thermocouple 
wall and the quartz) we performed two combustion 
tests in the absence and presence of Pt/alumina. The 
results, presented in Fig. 3, show that in the absence 
of the Pt/alumina, the measured conversion 
temperature curve is practically superposed on a 
homogeneous combustion curve published in 
literature.18 The values of reaction temperature 
corresponding to 10%, 50% and 99% methane 
conversions (T10, T50 and T99) in the presence of 
Pt/Al2O3 and in its absence (thermal combustion) are 
compared in Table 2. Consequently, it can be 
concluded that the catalytic effects of the thermowell 
surface and of quartz beads are negligible. The 
composition measurements showed that, practically, 
in all the catalytic combustion experiments water and 
carbon dioxide were the only products. 

Table 2 

Pt/Al2O3 activity in methane combustion as compared with thermal combustion  
(1.2 % CH4; 3000 cm3/h; 0.2 g of catalyst; catalyst particle size 50-100 µm) 

 T10 / (oC) T50 / (oC) T99 / (oC) 
Pt/Al2O3  455 550 628 
Thermal combustion 804 822 873 



1108 Magdalena Boşomoiu et al. 

 

200 300 400 500 600 700 800 900
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

T/ oC

M
et

ha
ne

 c
on

ve
rs

io
n

Pt/Al
2
O

3

Thermal combustion

Thermal combustion ref. [18]

 
Fig. 3 – Methane conversion vs. temperature (1.2 mole % CH4, total flow rate 3000 cm3/h;  

0.2 g catalyst; particle size 50-100 µm). 
 

To check the influence of the gas–solid mass 
transfer step, we evaluated the external 
dimensionless concentration gradient of methane 
for each class of particles. The methane mass flux 

transferred toward the external catalyst surface, 
including diffusion and convection contributions 
can be calculated by the expressions:19, 20 
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Because the predominant reaction is the 

combustion to CO2 and the value of Ay  is very 
small (due to the air excess) Af  was approximated 

to one. The methane balance on the volume unit of 
catalyst bed is expressed by the equation:

 
 SA,SA,AtGv r)y(yCka =−   ;   bedSA,mSA, ρypkr =  (2) 
 
The gas–solid mass transfer coefficient was evaluated 
from the equation proposed by Yoshida et al.:21 
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Assuming ideal behaviour of the reaction mixture 
and a first order reaction kinetics in respect with 

methane, one obtains the following global 
combustion rate expression: 
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In this expression, 
K
1

 can be considered as the 

overall resistance opposed to the combustion process 
by the surface steps (first term) and external mass 
transfer respectively (second term). The external 
dimensionless concentration gradient of methane, 
equal to the weight of the resistance opposed by 
external mass transfer, is given by the expression: 

 
vG

bed

A

SA,A
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ρK

y
yy

=
−

 (5) 

The values of this ratio calculated along the 
catalyst bed, for particles with diameter in the 
range 50 - 250 µm (having an average dimension 
of 74.7 µm) are smaller than 0.01 on the entire 
working temperature and composition domain 
(Fig. 4). Consequently, the influence of the gas–
solid mass transfer on the overall process kinetics 
can be neglected. 
To check the heat transfer influence on process 
kinetics, we evaluated the internal and external 

temperature gradients of the catalyst pellet, 
according to the relations: 
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The solid–gas heat transfer coefficient, α, was 
calculated from the correlation proposed by 
Whitaker:22 
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The values of effective diffusion coefficient for 
methane inside the porous pellet were obtained 
assuming that molecular and Knudsen mechanisms 
are predominant. The following relations were 
used in this aim:19 
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with the molecular diffusion coefficient of 
methane, DA calculated using the equation 
proposed by Reid et al.23 and pr  = 10-8m 
according to Zanfir and Gavriilidis.24 The variation 
of enthalpy in the combustion reaction was 

calculated by the well known Hess and Kirchoff 
equations, using data published by Reid et al.23 For 
the thermal conductivity of the pellet we used the 
value 0.4 W/(m·K) recommended by Zanfir and 
Gavriilidis.24 
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Fig. 4 – Temperature dependence of external  
concentration gradient.  

Fig. 5 – Temperature dependence of internal, respectively 
external temperature gradient.  

(feed methane concentration 1.2 mol%; space velocity, 45000 cm3/(gcat h)) 
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The calculated internal and external 
temperature gradients are given as function of gas 
phase temperature in Fig. 5. As seen, the values are 
smaller than 1 K for all the working range, at the 
limit of significance, considering the accuracy of 
the published relations and values used in the 
calculus. Therefore, we neglected the influence of 
temperature gradients in the calculus, assuming the 
catalyst pellet isothermal at the temperature of the 
flowing gas. 

Surface reaction kinetics 

Several kinetic expressions, for methane 
combustion on precious metals catalysts, were 
published by different authors.8, 17, 18, 26–28 In the 
present paper we have tested the models based on 
Langmuir-Hinshelwood (LH) or Eley-Rideal (ER) 
mechanisms assuming surface reaction between 
adsorbed or gaseous methane and adsorbed oxygen 
(non-dissociated or dissociated) corresponding to 
expressions (10)-(13): 
LH non-dissociated oxygen adsorption15 

2
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LH dissociated oxygen adsorption 14-16 
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ER non-dissociated oxygen adsorption 15, 16 
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As our experiments were carried out in high 
oxygen excess, the oxygen concentration is 
practically constant along the catalyst bed and the 
rate equation (10)-(13) can be simplified to a 
pseudo-first order expression with respect to 
methane: 

 AmRA pkv = ;   ( )T)/(RE-expkk am0m ⋅=  (14) 

Several authors tested a general power law 
expression: 

 nm
AmRA ppkv O=  (15) 

However, the majority of these are reporting 
reaction order values m close to unity and n close 
to zero (see Table 3). 

 
Table 3 

Parameter values in power-law rate expressions (15) for methane combustion on Pt/Al2O3  
Reference Ea  (kcal/mol) k0  m     n 

Present work 33.5 9.153·104 
(kmol/(kgcat·s·barm+n) 1    0.0 

Anderson et al. 29 23.5 (0.5 % wt.) 2.24·107 (1/s) 1.0     0.0 
Firth and Holland 30 47.8  -  1.0    0.0 

Yao 31 21 (wire) 
24 (Al2O3) 

 -  
 -  

1.0 
1.2 

 - 0.6 
 - 0.6 

Trimm and Lam 16 20.6 (T>813 K) 
44.7 (T<813 K) 

 -  
 -  

1.0 
1.0 

   1.0 
   0.75 

Niwa et al. 32 25.2 (0.5 % wt.)  -  0.9    0.0 

Cullis and Willatt 33 5.78 (T>630 K) 
27.3 (T<630 K)  -   -      -  

Arai et al.18 27.6 (1 % wt.)  -  
T = 723 K 
0.9 
T = 923 K 
1.1 

 
 - 0.5 
 
 - 0.3 

Otto 34 35.1 (0.41 % wt.)  -  1.0    0.0 

Song et al.35 32.2 1.3·1011 
(cm2.5/mol0.5/s) 1.0    0.5 

Ma et al.28 21 1.20·104 
(mol/m2/h/kPam+n

) 
0.95  - 0.17 

Kolaczkowski and Serbetcioglu 36 31.3 2.84·108 (mol/m2/s) 0.72    0.0 
Veser and Schmidt 37 26.3  -   -      -  
Kuper et al.38 36 1.78·108 (mol/m2/s) 1.0     -  
Aube and Sapoundjiev 39 13 1.35·104 (1/s) 1.0    0.0 
Garetto and Apesteguia 40, 41 17  -  1.0    0.0 
Fullerton et al.42 22 1·108 (mL/s/g) 1.0    0.0 
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We obtained a reasonable good concordance of 
the first order expression (14) to our experimental 
data (measured on catalyst grain dimensions 
between 50 and 250 µm), the estimated activation 
energy confirming previous published values 
(Table 3). The parameters km0 and Ea appearing in 
the rate expression (14) were evaluated assuming a 
pseudo-homogeneous plug-flow model of the 
experimental reactor.19 The contribution of axial 
mixing to the mass transport inside the catalyst bed 
was neglected, considering that the ratio of catalyst 

bed height to particle diameter is relatively high 
(L/dp > 150). 

The influences of the feed concentration of 
methane and gas flow rate respectively on the 
methane conversion are presented in Figs. 6 and 7. 
As seen, on the working domain, the most 
important dependence is observed in respect with 
the total gas flow rate, the influence of methane 
feed concentration being not significant, due to the 
relatively small interval we considered. 
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Fig. 6 – (a) Combustion conversion-temperature curves for different feed total flow rates (feed methane concentration 1.2 % mol, 
catalyst size 50-250µm); the points represent measurements and the lines calculated values by kinetic model (14); (b) calculated 
                                                     versus experimental values of methane conversion (parity diagram). 
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Fig. 7 – Combustion conversion-temperature curves for different methane feed 
concentrations (GHSV = 15000 cm3/(gcat h), catalyst size 50-250µm); the points 
     represent measurements and the lines calculated values by kinetic model (14). 
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As mentioned above, the kinetic parameters 
were evaluated from experimental data obtained on 
catalyst particle dimensions between 50 and 250 
µm. For other particle dimensions, the influence of 
internal diffusion can be evaluated by the 
effectiveness factor using the relations: 

 )
3

1
)tgh(3

1(1η
mmm

i ϕ⋅
−

ϕ⋅ϕ
=  (16) 

 
e

vp
m D

k
6

d
=ϕ ; ε)/(1ρRTkk bedmv −=  (17) 

Based on these relations we calculated the 
dependence of internal effectiveness factor on 
temperature for different catalyst particle dimensions 
we tested experimentally in Fig. 1, considering an 
averaged value of the pellet size. The results are 
presented in Fig. 8. As seen, for grain size higher than 
250 µm, depending on the reaction temperature, the 
internal diffusion can influence in an important 
measure the process kinetics. 

During our experiments, a continuous 
deactivation of the catalyst was observed, caused 
probably by the platinum sintering and oxidation to 
PtO2 at high temperature and the volatilization of 
the oxide. This phenomenon was studied in a 
separate experiment, where we measured the 
evolution of methane conversion in respect with 
the on stream time of catalyst, keeping constant the 
reaction temperature, feed flow rate and inlet 
methane concentration. The results are presented in 
Fig. 9. As observed, the decrease of methane 

conversion is faster on first 25-30h of running. 
Onward, the time gradient of the methane 
conversion is lower, appearing a clear tendency of 
stabilization.  

Defining the activity of the catalyst as the ratio of 
the current combustion rate to the combustion rate on 
the fresh catalyst, one obtains the expression: 

 RA,0RA va(t)(t)v ⋅=  (18) 

In the hypothesis of plug flow catalytic reactor and 
neglecting the variation of catalyst activity during 
a time interval equal to the residence time in the 
bed, the methane balance in the catalyst bed is 
expressed by the equation: 

 RA
MA,0

A v
D

1
dm
Xd

⋅=  (19) 

Considering the methane conversion dependence 
of the combustion rate expression: 

 )X(1pkv AA,0mRA −=a  (20) 

and substituting in (19) one obtains by integration: 

 
(t)X-1

1ln
mpk

D
a(t)

AcA,0m

MA,0

⋅⋅
=  (21) 

Assuming as ‘fresh catalyst’ the state of catalyst at 
t = 0, corresponding to the conversion XA0 = 0.933, 
one obtains: 

 [ ]
[ ]A0

A

X-1ln
(t)X-1lna(t) =  (22) 
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Fig. 8 – Calculated effectiveness factor (feed methane concentration 1.2 mol%;  

space velocity, 45000 cm3/(gcat h)). 
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Fig. 9 – Methane conversion as a function of the time on stream (1.2 % CH4 

(mol), GHSV = 45000 cm3/(gcat h), T = 605oC). 
 

This relation permits to calculate the catalyst 
activity at each sampling time where is measured 
the methane conversion. The conversion values 
presented in Fig. 9 permit to build the activity–
time curve shown in Fig. 10. As observed, in the 
first 50 hours of on stream time, the catalyst 
activity is approximately halved. However, on the 
following time interval the rate of deactivation 
becomes much smaller, appearing a trend of 
stabilization. The resulting time evolution of 
catalyst activity is presented by the points 
appearing in Fig. 10.  

To represent quantitatively the time decrease of 
catalyst activity, we used the empirical power law 
decay rate: 

 β−= ak
dt
da

d  (23) 

The parameter values of deactivation equation 
(23), obtained by fitting the experimental data 
presented in Fig. 10 are kd = 6.41·10 – 4 min – 1 and 
β = 2.68. This result is relatively closed to 
literature data that are evidencing a second order 
kinetics for the sintering deactivation mechanism.43 
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Fig. 10 – Catalyst activity as a function of on-stream time. The points represent 
experimental data and the line calculated values (1.2 mol % CH4 ; GHSV = 45000 cm3/ 
                                                      (gcat h); T = 605oC). 
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CONCLUSIONS 

In this work it was studied the kinetics of the 
combustion of lean methane mixtures with air over 
a commercial Pt/alumina catalyst (0.5 wt % Pt). 
The investigations of the process kinetics 
evidenced a good adequacy of the first order power 
law model to experimental data, this being 
explained by the high excess of oxygen in the 
reaction mixture. During the combustion 
experiments, it was observed a significant 
deactivation of the catalyst, particularly on first 25-
30 hours of running. A deactivation experiment in 
isothermal conditions at 605 oC evidenced an 
approximately 50 % decrease of catalyst activity 
during the first 50 hours of exploitation. On the 
following time interval the rate of deactivation 
becomes much smaller, appearing a trend of 
stabilization. In order to represent the time 
dependence of catalyst activity we proposed a 
power law empirical relation that is fitting with a 
good accuracy the experimental data. 
 
Nomenclature 

a – catalyst activity, dimensionless 
av – specific gas-solid surface area, m2

GS/m3
particle   

CA – molar concentration of methane, kmol/m3  
Ct – overall molar concentration of the gas phase, 

kmol/m3  
dp – mean catalyst particle size, m  
DA – methane molecular diffusion coefficient, m2/s 
De – effective diffusion coefficient of methane in 

the porous catalyst particle, m2/s  
DKA – methane Knudsen diffusion coefficient, m2/s 
DMA0 – feed methane flow rate, kmol/s 
Ea – apparent activation energy of methane 

combustion process, kcal/mol 
∆HRA – reaction enthalpy, J/kmol 
jD – Chilton-Colburn number for mass transfer, 

dimensionless 
kd – deactivation rate constant, 1/s 
kG  – interphase mass transfer coefficient, m/s 
km – combustion rate constant, kmol kg-1s-1 bar-1  
kv – constant rate of catalytic reaction, s-1  
KA, KO – adsorption equilibrium constants of 

methane and oxygen respectively, bar-1  
mc – mass of the catalyst, kg 
MA – molecular mass of methane, kg/kmol 
NA – methane flux transferred toward the external 

particle surface, kmol m-2 s-1  
p – total pressure, bar 
pA0 – inlet methane partial pressure of methane, bar 
pA, pO – methane and oxygen partial pressure, bar 

rA,S  – methane reaction rate 13
bed smkmol −− ⋅⋅  

pr  – mean pores radius, m 
R – universal gas constants; 0.082 m3 bar kmol-1K-1  
RG – universal gas constants; 8310 J kmol-1K-1  
Rep – Reynolds number for catalyst particle, 

dimensionless 
Sc – Schmidt  number, dimensionless 
t – on- stream time of the catalyst, s 
T – working temperature, K 
∆Text, ∆Tint – external, respectively internal 

temperature gradient, K 
u – superficial gas velocity, m/s 

RAv  – methane reaction rate,  kmol/(kgcat·s) 
RA,0v  – methane reaction rate at t = 0,  

kmol/(kgcat·s) 
XA – methane conversion 
yA, yA,S – mole fraction of methane in the flowing 

gas and on the external catalyst surface 
respectively 

α – gas to solid heat transfer coefficient, W/(m2·K) 
ε – bed porosity, ε = 0.4 m3

gas/m3
bed  

εg – catalyst particle porosity, εg = 0.5 m3
gas/m3

particle  
η – gas dynamic viscosity, kg/(m s) 
ηj – internal effectiveness factor, dimensionless 
λe – effective heat conductivity of the catalyst 

particle, W/(m·K) 
ρ – gas density, kg/m3  
ρbed – catalyst density in the bed, kgcat/m3

bed  
τ – tortuosity factor, τ = 4 
νA – stoichiometric coefficient of methane 
∆ν – variation in number of moles for the 

combustion reaction (considering the total 
oxidation to carbon dioxide) 

mϕ  – Thiele modulus 
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