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Abstract 

Dynamics of red-ox reactions occurring over catalysts with active oxide support is 

described by mathematical modeling. Numerical analysis is applied to transients from an initially 

oxidized state of a Pt/PrCeZrO catalyst to a partially reduced steady state present during CH4 dry 

reforming. Oxygen transport to the surface from adjacent regions in the catalyst lattice is 

considered to quantify the impact on the transient behavior in the model red-ox reaction over the 

catalyst with a high lattice oxygen mobility. Chemical transformations and coverages at the 

catalyst surface are largely affected by the internal transport of oxygen species, while the overall 

character and shape of transient curves remain defined by the specificity of the reaction kinetic 

scheme. 

Detailed analysis of CH4 dry reforming  over a Pt/PrCeZrO catalyst at contact times of 4.7, 

8, and 15 ms allowed to (1) clarify the factors that control dynamic system behavior and catalytic 

properties, (2) discriminate kinetic schemes, (3) confirm a high efficiency of cationic Pt species 

in CH4 dissociation, and (4) underpin that CO2 transformation may occur via carbonate 

intermediates located on oxidized Pt
n+-

-Pr
4+

-O surface sites. Direct estimation of bulk oxygen 

diffusion rate as well as kinetic parameters was carried out. Findings are consistent with the 

*Revised Manuscript (clean for typesetting)
Click here to view linked References

http://ees.elsevier.com/cej/viewRCResults.aspx?pdf=1&docID=78385&rev=1&fileID=2201656&msid={7C297637-350B-4554-A4BE-065739CA0065}


 2 

characteristics of the catalyst surface state and oxygen mobility in the surface/bulk layers. 
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1. Introduction 

Transient methods for studying the catalytic reaction kinetics are known to be much more 

efficient than the conventional steady-state approaches in revealing some specific features of a 

reaction mechanism and providing information about the intrinsic reaction kinetics with 

considerable reduction of the number of experimental runs and time consumed. Development of 

the computational tools for transient kinetic investigation in combination with the experimental 

studies permits to obtain more information about the catalyst surface state and the reaction rates. 

As a result, the kinetic data required for the reactor design and process optimization are 

elucidated. These approaches have been applied successfully to the gas-solid systems where the 

catalytic properties are mainly controlled by the chemical transformations at the catalyst surface 

[1-10]. 

The character of transients of a complex catalytic reaction depends on the processes that 

determine the alterations of the catalytic surface. Besides the chemical reaction stages, some 

physical processes such as the surface and bulk diffusion could influence the surface state. These 

processes have different time scales, and their impact on transient behavior of the system can be 

rather complex. A number of studies have revealed that for the oxide catalysts the bulk oxygen 

mobility can play an important role in the system dynamics [4, 10-16]. Near-surface oxygen 

mobility of solid catalysts strongly affects not only the character of transient regimes, but 

activity, selectivity, and stability of the catalysts performance because the surface state and, 

respectively, the reaction rates are determined both by transformations of the reactive surface 

species and the oxygen transport to the surface from the bulk layers of catalyst particle. 

For example, the impact of oxygen mobility on the catalyst properties was studied for 

nanocrystalline Pt/LnCeZrO catalysts doped with rare-earth elements (Ln = Gd, Pr, La) in partial 

oxidation of methane, methane steam/dry reforming, and autothermal reforming of acetone into 

syngas [14-24]. Due to strong interaction of supported Pt with doped ceria-zirconia oxides, after 

pretreatment of catalysts in O2 it is mainly present as Pt
2+

 and 
 
Pt

4+
 cations (XPS data [18]) 
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possessing a high ability to activate CH4 as revealed by TAP (Temporal Analysis of Products) 

[20] and transient [14, 16, 19, 20] studies. It was shown that the bulk oxygen mobility is 

important for stable performance of these catalysts in the frame of the bifunctional reaction 

mechanism. In this case, the fuel molecules are activated on the Pt sites producing CxHyOz 

species, while the molecules of oxidants dissociate on the partially reduced sites of the support 

producing reactive oxygen species. The latter rapidly migrate to Pt sites via the surface/near-

surface diffusion and consume CxHyOz species thus producing syngas and preventing coking. 

The rates of near-surface (as well as along domain boundaries) or bulk oxygen diffusion 

estimated for doped ceria-zirconia oxides with supported Pt by analysis of the oxygen isotope 

exchange data/chemical transients are high enough (oxygen diffusion coefficients DV in the 

range of 10
-12
10

-14
 cm

2
/s at 600-700 

o
C [14-16, 24-27]) to provide the required rates of oxygen 

transfer to the metal-support interface.  

Experiments with single channels of honeycomb corundum substrate loaded with these 

active components (gas stream contacted only with the internal part of the channel) were carried 

out to elucidate dynamics of the catalysts interaction with reaction media, basic features of  

mechanism and kinetics of these reactions [16, 17, 19-23, 28, 29]. Similar to the well-known 

approach based on the annular reactor design [30], these experiments with single channels 

allowed to minimize the impact of heat- and mass transfer on kinetic transients, thus providing 

reliable data on the main features of reaction mechanism and kinetics. On the bases of these 

experiments, Pt/Pr0.3Ce0.35Zr0.35Ox active component was selected as the most promising for 

detailed studies due to a high lattice oxygen mobility required to prevent coking in CH4 dry 

reforming in realistic feeds.  

This work aims at development of the mathematical description of catalytic gas-solid 

systems under unsteady conditions taking into account the lattice oxygen mobility and its 

application for the numerical investigation of transients of complex catalytic reaction. The 

quantitative estimation of the rates of lattice oxygen mobility and catalytic steps becomes 
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possible when the mathematical model of the system behavior reflects the processes in the gas 

phase, on the catalyst surface, and in the catalyst bulk. 

Modeling studies with software developed are performed for two cases. To understand the 

impact of lattice oxygen mobility on the transient system behavior, firstly the theoretical analysis 

of the process dynamics is fulfilled for red-ox reaction with a model kinetic scheme. Then the 

response regimes for CH4 dry reforming over Pt/CeZrPrO oxide catalyst are studied. The 

experimental data are analyzed by modeling, computational transient runs are performed to 

clarify the factors that control catalytic properties under unsteady conditions and evaluate the 

rates of bulk oxygen diffusion as well as main catalytic stages.  

 

2. Mathematical description 

The mathematical model was developed to describe dynamics of a catalytic reaction on the 

oxide catalyst in the flow reactor. The case under study is when one of the reagents in the gas 

mixture is oxidant, and the catalytic surface state along the length of the catalyst bed during 

kinetic transients is determined by the reaction proceeding on the active surface sites and the 

oxygen diffusion inside the near-surface layers of the catalyst. 

The model is constructed on the following assumptions: (1) the effect of the gas diffusion 

along the z-axis of the catalyst bed and mass transfer from the gaseous flow to the catalyst 

surface is negligible, (2) diffusion in the catalyst pores influences insignificantly the reaction 

rates, (3) reaction proceeds on the surface of the nanoparticles of active component fixed as a 

porous layer on the corundum substrate, and (4) plug flow regime of the gas phase is realized in 

the reactor. It is supposed that the oxygen mobility in the catalyst bulk can be described by the 

diffusion mechanism with an effective coefficient DV within subsurface layers. 

Hence, the profiles of reagent concentrations in the gas phase along the reactor length with 

the axial coordinate l (0  l  L, L is the length of the reactor) as well as the surface fractions of 

active species at each l position change with time t. The oxygen diffusion occurs in the catalyst 
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particle sublayer with coordinate h normal to the surface (0  h  H, H is the maximum thickness 

of the near-surface layer of the catalyst particle involved in the oxygen exchange with the 

surface).  

Mathematical description of the catalytic process in the isothermal reactor includes the 

following equations of mass balances with the corresponding initial (t = 0), inlet (l = 0), and 

boundary (h = 0 and h = H) conditions:   

 for reaction mixture components in the gas phase (the equations of the kind “convection plus 

reaction on the catalyst surface” for unsteady-state conditions): 

i i
i

c c
u R

t l
 
 

  
 

,   i = 1, N              (1) 
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i il c t c  ,          
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 for concentrations of oxidized sites or oxygen-containing species and active species 

(complexes, intermediates) on the catalyst surface which depend on the rates of catalytic 

stages and transport of oxygen species from the catalyst lattice: 
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Here in transport equations (1) and (2) ci(t,l) is the concentration of the i-th component (reagent 

or product) in the gas mixture, N is the number of the reactive components in the gas phase,  is 

the fraction of the gas phase in the reactor volume, u is the velocity of the gas stream, Ri is the 

transformation rate of the i-th component of the gas mixture, ci
in

 is the constant inlet 

concentration of the i-th component, and ci
0
(l) determines the initial concentration profile of the 

i-th component along the reactor length. 

For the equations (3) and (4) the symbols are as follows: j(t,l) is the surface fraction of  

the j-th active species on the catalyst surface, M is the number of active surface species, rj
 

is the 

formation rate of the j-th reactive species on the catalyst surface, and j
0
(l) stands for the initial 

concentrations of the j-th intermediate on the catalyst surface. 

The designations in the equations (5)-(7) for oxygen concentration in the catalyst sublayer 

are as follows: V(t,l,h) is the relative oxygen concentration in the catalyst bulk, DV is the 

effective coefficient of oxygen diffusion in the near-surface layers of the catalyst particle, H is 

the characteristic thickness of near-surface catalyst bulk available for oxygen mobility,  is the 

ratio of the fractions of the surface and subsurface oxygen, r
V 

is the transformation rate of V 

species due to catalytic stages, and V
0
(l,h) denotes the initial concentration of oxygen in the 

catalyst lattice at each position along the axial coordinate of the reactor.  

The resultant three-dimensional mathematical model (1)-(7) of unsteady processes in the 

isothermal reactor under study is the system that consists of the three groups of differential 

equations: the transport equations (1) for the concentrations of reagents and products ci(t,l) in the 

gas phase (with the coordinate l along the reactor length and time t as independent variables); the 

ordinary differential equations (3) for the surface fractions of oxidized sites and intermediates 

j(t,l) (at each l position); and the parabolic partial differential equation (5) for the oxygen 

fraction in the near-surface catalyst layers V (t,l,h) describing the lattice oxygen diffusion to the 
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surface active sites where the catalytic stages occur (with time t and coordinate h normal to the 

catalyst surface and directed into the catalyst particle bulk as independent variables; here the 

axial coordinate l is the variable which the boundary condition depends on). Hence, we have the 

initial-boundary-value problem for the system of (N + M + 1) differential equations of mixed 

type with three independent variables t, h, and l in the region  

 ( , , ) : 0, 0 , 0t l h t l L h H      .           (8) 

In the algorithm developed for solving the above problem we use the finite-difference 

approximation scheme of the second order with respect to two spatial coordinates l and h (axial 

coordinate along the reactor length and the distance from a point inside the oxide support particle 

to its surface) and time t. Method of the alternating directions is applied at each time step. The 

procedures allow to solve numerically the models of the kind (1)-(7) with different numbers N of 

reaction mixture components and M of surface species. Since the processes under study are 

rather complex and can have different characteristic time scales, the calculated distributions of 

concentrations in region  have large gradients. Therefore, the steps of discretization with 

respect to the time and space coordinates were chosen up to the values as small as 10
-5

 – 10
-6

 to 

ensure the approximation, stability, and accuracy of calculations [31]. 

 

3. Experimental   

3.1. Catalyst characteristics  

Pr0.3Ce0.35Zr0.35Ox    mixed oxide was prepared via Pechini route, and Pt was supported by the 

incipient wetness impregnation as described in [14-29]. These samples were characterized by 

using XRD, TEM, neutronography, EXAFS, Raman, UV–Vis, O2 TPD, FTIRS of adsorbed CO 

and oxygen isotope exchange, their reactivity was estimated by H2 and CH4 TPR, pulse 

reduction by CO and CH4,  reoxidation by pulses of O2 and CO2 [14-29].  

To prepare a sample for studies of dynamic behavior of CH4 dry reforming over Pt/PrCeZrO 

catalyst at short contact times in the flow reactor, a piece of a hollow thin-walled triangular 
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prismatic corundum substrate (wall thickness 0.2 mm, inner triangle side 2.33 mm, length 10 

mm) was cut from an -Al2O3 honeycomb monolith sintered at 1300 
o
C (specific surface area 3 

m
2
/g, porosity 0.4, average pore diameter 70 nm, pore volume 0.27 cm

3
/g) [19-23]. A porous 

layer of complex PrCeZrO oxide prepared via Pechini route and calcined at 900 
o
C (specific 

surface area 30 m
2
/g, measured by the express variant of the BET method using the data of argon 

thermal desorption in a SORBI-M instrument)  was supported on this substrate by washcoating 

with the water suspension made by ultrasonically dispersing the oxide powder with the addition 

of polyvinyl butyral by several consecutive impregnations to provide loading of 7–10 wt% (layer 

thickness ca. 10 microns). After each impregnation, the samples were dried and calcined at 900 

o
C in air. Pt (1.6 wt%) was supported by the incipient wetness impregnation with H2PtCl6 

solution followed by drying and calcination under air at 900 
o
C, which resulted in decrease of 

specific surface area of supported active component up to 20 m
2
/g  [16].  

 

3.2. Transient studies  

The transient data used for the computational analysis were obtained in the following way: 

the catalyst was pretreated in the oxygen stream at 700 
о
С, then reactor was purged by helium, 

and transients were recorded after switching the stream of He to that of the reaction mixture [16, 

20]. The outlet concentrations of the reagents and reaction products were monitored by GC and 

online IR absorbance, electrochemical and polarographic sensors. 

To provide high resolution kinetic transients, to minimize the dead time determined by the 

reactor purging when switching a stream of He to that of the reaction mixture, and to avoid  

thermodynamic limitations, short contact times (~ milliseconds) along with moderate 

concentrations of reagents (in the range of 5-10 vol.%) were shown to be required [16, 20-23, 

27]. In turn, these requirements determine the operation temperature range in which conversions 

of reagents will be sufficiently high to follow reliably their variation in the kinetic transients, 

which is usually in the range of 600-800 
o
C, being rather close to that of the real structural 

catalysts operation in the natural gas dry reforming [32, 33]. Hence, experiments were carried 
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out under the following operation conditions: reaction gas flow consisting of methane, carbon 

dioxide, and helium was fed into the reactor with the gas flow rates of 5.6, 10.6, and 18 l/h, 

which correspond to the velocity of 70, 132, and 225 cm/s (STP). This variation of gas flow rates 

allowed to perform the experimental runs at different contact times of 15, 8, and 4.7 ms, 

respectively; both CH4 and CO2 inlet concentrations were equal to 7 vol.%. The reaction 

temperature was equal to 750 
о
С, the pressure was atmospheric.  

 

4. Results and discussion 

4.1. Catalysts characteristics  

For Pr0.3Ce0.35Zr0.35Ox    mixed oxide nanocrystalline structure formed of plate-like domains 

with typical sizes in the range of 10–15 nm (thickness ~ nm) was demonstrated by TEM, the 

most developed faces being of the (111) type. These domains are stacked into platelets with 

typical sizes up to 100 nm [14]. X-ray diffraction patterns correspond to single phase fluorite-

like solid solution with the cubic structure. Neutron diffraction patterns are described by the 

tetragonal P42/nmc space group with c/a ratio close to 1, thus  corresponding to so-called  

t’’-phase [18, 26].  

According to XPS and SIMS data [18], the surface is enriched by bigger Pr and Ce cations 

and is depleted by smaller Zr cations. This suggests that domain boundaries are as well enriched 

by bigger cations, thus explaining much higher rate of oxygen diffusion in the surface layer and 

along domain boundaries as compared with that in the bulk of domains estimated by using 

oxygen isotope transients [25].  

For oxidized Pt/PrCeZrO sample Pt clusters and/or big particles were not revealed on the 

surface by TEM. XPS and FTIRS of adsorbed CO revealed domination of cationic Pt species 

demonstrating a strong Pt-support interaction [16, 18].  

 

4.2. Kinetic studies  
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The consecutive studying various process components step-by-step is carried out with 

software developed considering three mathematical models of different level of complexity. At 

first, the theoretical analysis is performed with a model kinetic scheme to understand the impact 

of bulk oxygen mobility on the transients and estimate inherent time scales for oxygen bulk 

diffusion and catalytic reaction. Further the dynamic regimes for methane dry reforming are 

investigated. The experimental data and computational transient runs with simple and more 

complex kinetic schemes are analyzed to reveal features of the system behavior with catalyst 

oxygen mobility and estimate the coefficients of bulk diffusion with catalyst characteristics as 

well as kinetic parameters of the main catalytic stages. 

 

 

4.2.1. Studies with a simplified kinetic scheme   

The initial analysis of the reaction dynamics over catalysts with lattice oxygen mobility is 

performed using the simplest model kinetic scheme incorporated into the model of an isothermal 

plug flow reactor, the red-ox reaction is considered where oxygen is taken as oxidizing agent. 

The preliminary approach served to understand the main features of the system behavior, 

estimate the time scales of both process contributions, namely, catalytic surface reaction steps 

and oxygen supply via bulk mobility, as well as determine the range of oxygen diffusion rates in 

the near-surface layers of the catalyst structure, when the effect of the lattice oxygen mobility 

becomes significant.  

The simplest model of the oxidation reaction is considered: 

A + O2    P. 

It is assumed that the quantity of adsorption sites of reagent A on the catalyst surface is low 

and the rate of desorption stage of product P is higher significantly than the rates of other 

reaction stages. So, it is supposed that the surface state could be characterized by two types of 

centers – oxidized and vacant ones, and catalytic reaction occurs through two stages according to 

the red-ox mechanism via intermediate oxygen chemisorption on the vacant surface centers [Z] 

and transformation of reagent A on the oxidized centers [ZО]: 
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1. O2 + 2 [Z]  2 [ZО]   

2.  A + [ZO]  P + [Z]        (9) 

The reaction catalyzed by the oxide solid catalyst is studied along with the oxygen diffusion 

in the catalyst bulk and the main factors defining the oxygen surface coverage are the reaction 

stages (9) as well as the oxygen mobility in the oxide lattice.  

Kinetic equations for the rates r1 and r2 of catalytic stages (9) were assumed to be defined on 

the basis of the mass action law and can be written as  

r1 = k1 cO2  (1 )
2
,   r2 = k2cA ,       (10) 

where cA and cO2 are the concentrations of A and O2 in the gas mixture,  is the fraction of 

oxidized sites [ZО] on the surface, while k1 and k2 are the rate constants of the 

stages 1 and 2.  Note, that here and below the relative dimensionless concentrations of reagents 

in the gas phase (i.e., volume fraction, cm
3

reagent/cm
3

mixture) are taken for modeling in the kinetic 

schemes. 

The mathematical description (1)–(7) has been used for modeling with the reaction rates 

described by equations (10). The fraction of bulk oxygen V in the boundary conditions (6) is 

assumed to be equal to the fraction of oxidized surface sites [11]. The reaction is considered after 

feeding the gas mixture containing the reagents A and O2 to the reactor with inert gas in the 

empty volume (at time t = 0, there is no components A and O2) and the catalyst with completely 

oxidized surface ( 1)(0 l ) till the achievement of the quasi-stationary characteristics of the 

system, i.e., the surface oxygen coverage and gas concentrations.  

The transient regimes after feeding the reaction mixture on oxidized catalyst have been 

calculated and inherent time scales have been evaluated on the base of numerical experiments for 

both processes controlling the system properties – the chemical transformations and the lattice 

oxygen mobility. The reaction rates (constants k1 and k2), the reactor parameters (contact time   

= L/u), and the bulk oxygen diffusion rate (diffusion coefficient DV) have been varied. The run 
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of modeled transient response data is exemplified in Fig. 1. There are given the curves of the 

effluent concentrations of reactants in the gas phase versus time (plots a, b, and c) and the 

fraction of oxygen surface coverage at the reactor outlet (plot d) with variation of the bulk 

oxygen diffusion rate.  

It is seen that for low diffusion rate (DV = 10
-19

 cm
2
/s, curves 1 in Fig. 1) the time range to 

attain the quasi-steady value for reagent A concentration cA is short, less than 1 s (plot a), and 

further this concentration remains almost stationary during the following time period under study 

(plot b, curve 1); and the same effect is obtained for O2 (plot c, curve 1). Similar time 

dependence is observed for the oxygen surface coverage: as the reagent concentration, the 

surface fraction of oxidized centers becomes equal to steady-state value in very short period (plot 

d, curve 1), and the lattice oxygen state remains invariable for all following time. For such value 

of diffusion rate the lattice oxygen mobility practically does not affect the surface state, and 

dynamics of the steady state achievement is controlled only by the reaction steps.  

The effect of the lattice oxygen mobility becomes significant for some higher bulk diffusion 

rate, so in this case along with a fast transient for the reagent concentrations, subsequent slow 

transient to the steady-state gas composition is observed (Fig. 1). As for the case of a low 

diffusion rate, the time dependences are similar for both the reactant concentrations (plots b and 

c, curves 2 and 3) and the surface oxygen coverage (plot d, curves 2 and 3). This similarity for 

the gas components and the surface oxygen fraction indicates that the catalytic reaction stages in 

this longer time range are in the quasi-stationary state with respect to the gas mixture, the 

transient time scale of some hundred seconds is controlled by the rate of lattice oxygen diffusion 

and the bulk oxygen amount available for feeding the catalyst surface.  

The short time of a jump of the reagent concentrations after feeding the reaction mixture on 

the oxidized catalyst is practically the same for all values of the bulk diffusion rates (plot a). This 

response time is determined by convection of the reacting gas mixture along the reactor and 

variation of the surface oxygen coverage due to the reaction stages. This response time is less 
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than 1 s for the example given in Fig. 1, and does not exceed a few seconds in all computational 

runs with other values of the reaction rates constants (k1 and k2 have been varied in the wide 

range of 150 s
-1

) and contact time   (0.03 1 s).  

The slower changes of the system characteristics observed after jump of the gas composition 

(plots b, c, and d in Fig. 1) show that the subsequent gradual character of the response curves is 

caused by the lattice oxygen mobility. Under contact of the reaction mixture with the oxidized 

catalyst, formation of vacant centers on the surface occurs due to interaction of reagent A with 

the oxidized centers and generation of product P, while oxygen is supplied continuously from the 

near-surface layers and from the gas flow as well to the vacant centers keeping the oxidized 

surface state. For higher diffusion rate, the surface coverage by oxygen decreases slowly because 

of transport from the catalyst bulk (plot d), that leads to a similar slow change of the reaction rate 

according to the catalytic stages (9) and to a similar character of the response curves of reagents 

(plots b and c, Fig.1). 

The attempt has been made for the system under study to estimate the range of the bulk 

oxygen diffusion rates where, along with the first short interval of the response time, the other 

time scale related to the effect of the lattice oxygen mobility on the reaction rate is observed. It 

becomes apparent that, when the values of the diffusion coefficient DV exceed 10
-15

 cm
2
/s and 

are in the range of 10
-14
10

-10
 cm

2
/s (curves 2 and 3 in Fig. 1), the achievement of the steady-

state profiles of reactant concentrations occurs during the time interval exceeding 300 s. Hence, 

the difference in the time scales of the catalytic reaction and the bulk diffusion is about two 

orders of magnitude.   

The results obtained in Section 4.2.1 allowed: 

 to single out and estimate inherent time scales of the processes of different type - the 

catalytic reaction and the bulk oxygen diffusion,  
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 to determine the range of effective diffusion coefficients considering bulk oxygen mobility 

within the classic diffusion mechanism in a quasi-homogeneous system, where the effect of 

the lattice oxygen mobility is significant, 

 to obtain the initial approximation of bulk diffusion rates for further studies with more 

complex kinetic schemes. 

 

 

4.2.2. Studies of CH4 dry reforming over Pt/CePrZrO catalyst 

As was mentioned in Section 1, the impact of lattice oxygen mobility on the process 

performance was studied for nanocrystalline Pt-promoted ceria-zirconia catalysts doped with 

rare-earth elements (Gd, Pr, La) in several processes including dry reforming of methane. Pr-

doped system was shown to provide the best activity in CH4 dry reforming, which was explained 

by a high surface and bulk oxygen mobility required to suppress coking [16, 17, 19-23, 28, 29]. 

Some results of the kinetic transient analysis for a limited range of experimental parameters 

support this hypothesis [16]. More detailed analysis of this system behavior by modeling has 

been performed using the experimental data obtained for this catalyst in a broader range of 

operation conditions. 

Figure 2 presents the results of transient experimental runs (outlet concentrations of reagents 

and products) carried out at different short contact times after feeding the reaction mixture on the 

oxidized catalyst and used for the analysis. The description of these experimental data can be 

found in [16] where the influence of subsurface/bulk oxygen mobility on the character of 

transients is reported. As it is seen, the main time interval where considerable change of the 

concentrations of reaction mixture components was observed is about 250300 s. Analysis of the 

system with model reaction given in Section 4.2.1 shows also that such transient behavior can be 

caused by the effect of oxygen mobility in the catalyst bulk on its surface state.  

The estimation of the resistance of the transport processes for applied structured design of the 

catalyst volume has been carried out. The Thiele criterion evaluated for the operation conditions 

under study with the values of catalyst activity in dry reforming given in [17] is lower than 0.1, 
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so the intra-particle diffusion in the catalyst pores does not influence the reaction rates 

significantly [16, 28, 34]. The rate of mass transfer between the gaseous flow and the external 

surface of the catalytic fragment wall is more than ten times higher in comparison with the 

reaction rate, and their impact can be neglected [28]. The impact of the axial diffusion at the 

studied conditions in this reactor system is slight as compared with the convective transport of 

the gas flow and could not be taken into consideration [16, 28, 35]. So, it can be supposed that 

the conditions of plug flow regime are realized in the reactor under study, and the mathematical 

model (1) (7) described in Section 2 can be applied for the data processing to elucidate the 

intrinsic kinetic features.  

Using the software developed, a number of computational transient runs have been 

performed to analyze and interpret the catalyst behavior, clarify the factors controlling catalytic 

properties and specific features of the reaction kinetics, and evaluate the rates of the catalytic 

stages. The process parameters used for modeling corresponded completely to the operation 

conditions of transient experiments given in Section 3. Two different kinetic schemes have been 

considered during modeling. At first a simplified 3-stage kinetic scheme was examined and then 

the simulation has been fulfilled with a more complex 6-stage reaction mechanism.  

 

4.2.3. Modeling with 3-stage reaction scheme  

According to the results of X-ray photoelectron spectroscopy and Fourier-Transform Infra-

Red spectroscopy of adsorbed CO [16, 18], for oxidized Pt/PrCeZrO catalyst Pt is mainly in Pt
2+

 

and Pt
4+

 states due to strong interaction with the support including incorporation of Pt cations 

into the surface cationic positions of doped ceria-zirconia. Since the concentration of cationic Pt 

forms increases with the Pr content in doped ceria-zirconia oxide, stabilization of Pt cations by 

Pr cations (or at least Pr cations along with Ce cations) can be suggested. Reduction of the 

oxidized Pt/PrCeZrO catalyst by CH4 pulses revealed its high efficiency in CH4 molecules 

activation by C-H bond rupture and oxidation of CHx species into syngas, which can be assigned 

to a high reactivity of the Pt
n+

Pr
3+/4+

O surface sites characterized by the heat of oxygen 
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adsorption ~ 200 kJ/mol [15, 16, 20, 24]. Note that this is a unique feature of oxidic Pt species 

stabilized by ceria-containing oxide supports since other metals (Ni, Ru, etc) are much less 

active in oxidic forms [36, 37]. Removal of oxygen by CH4 pulses from Pt/PrCeZrO catalyst is 

accompanied by decline of the rate of reduction and increase of the heat of oxygen adsorption up 

to 650 kJ/mol corresponding to M2O bridging species (M=Ce, Pr cations) [15, 24, 25]. Note that 

bridging surface oxygen species strongly bound with Zr cations (Zr2O, CeZrO, etc) are 

considered to be non-reactive and not involved in diffusion processes.  Hence, the most active 

oxidized Pt
n+

Pr
3+/4+

O sites can be designated as [ZO] and reduced  as [Z]. Due to relatively low 

bonding strength of oxygen located on this specific center suggesting its coordination 

unsaturation (on-top or terminal oxygen form), this oxygen could interact with CO2 molecules 

forming carbonate species [ZCO3]. By analogy with known bifunctional schemes of CH4 dry 

reforming including interaction of activated CHx fragments adsorbed on the metal site with 

carbonate complexes adsorbed on oxide support sites [38], participation of [ZCO3] complex in 

methane transformation into syngas can be considered as well.  

In general, catalytic reaction stages can proceed on PtPrO centers as well as on the sites of 

the PrCeZrO oxide support. A high initial rate of CH4 reforming on the oxidized surface as well 

as its continuous decline with time due to progressive reduction of [ZO] centers by the reaction 

feed agree with the results of pulse studies [15, 24, 25]. Bulk and surface oxygen mobility of 

complex oxide support counteracts this decline of activity by supplying oxygen atoms to 

reduced [Z] centers. The surface oxygen species of support, on the one hand, are consumed via 

transfer to [Z] sites (where they interact with CH4) and, on the other hand, are regenerated due to 

CO2 dissociation on reduced support sites as well as  by oxygen  diffusion from the 

subsurface/bulk oxide layers.   

A simple reaction mechanism could be considered for system modeling to analyze the main 

features of the catalyst behavior and estimate the rates of main stages: methane is oxidized on the 

active [ZO] centers which are regenerated due to oxygen species migration from the surface sites 
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as well as from the near-surface layers of complex oxide support.  Dissociation of carbon dioxide 

on the surface oxygen vacancies of support generating mobile bridging oxygen forms also 

provides required replenishment of the reactive oxygen species.   

The kinetic scheme consisting of three stages is used: 

• CH4 transformation occurs on the oxidized sites [ZO],  

• vacant centers [Z] are reoxidized by the surface oxygen [OS] supplied from the surface 

sites as well as from the subsurface layers of support,  

• CO2 interacts with the surface oxygen vacancies [VS] of the support with formation of 

carbon monoxide:  

1.  CH4  +  [ZO]     2 H2 +CO + [Z], 

2.  [Os]  + [Z]          [ZO] + [Vs],          (11) 

3.  CO2 + [Vs]         CO + [Os].  

Here [ZO] and [Z] are oxidized and reduced Pt-containing active centers on the catalyst surface, 

while [Os] and [Vs] are the oxidized and reduced sites of the oxide support determined by the 

surface concentration of Ce and Pr cations (vide supra). The corresponding stoichiometric 

pathway is  

CH4 + CO2      2 H2 + 2 CO.             (12) 

The rates of all other possible reactions are assumed to be negligible.  

The rates of catalytic stages (11) are supposed to satisfy the mass action law as follows:  

   r1 = k1cCH4 1,     r2 = k2 2(1 1),     r-2 = k-2 1(1  2),     r3 = k3cCO2 (1 2).       (13) 

Here ri is the rate of the i-th catalytic stage (i = 1, 2, -2, 3); cCH4 and cCO2 are concentrations of 

CH4 and CO2 in the gas mixture, respectively; 1 is [ZO] fraction on the surface; 2 is the 

relative surface concentration of oxidized centers [Os] of the support; and ki is the rate constant 

of the i-th stage (i = 1, 2, -2, 3).  
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For defining the fractions of surface sites, their total quantity on the catalyst surface has been 

assumed as approximate to the number of monolayer surface coverage with oxygen atoms N = 

1.28  10
15

 аtoms О/cm
2
 including inert oxygen species strongly bound with Zr cations. The 

maximal fraction of [ZO] centers has been denoted by , and that of  [Os] sites, by , where  

 +  < 1. Then 1 is equal to the ratio of the number of [ZO] surface centers NZO to their 

maximal number  N , and 2 is the ratio of the number of [Os] sites NOS  to their maximal 

number  N :  

NZO  + NZ =  N  ,     1 = NZO/ N ,      NOS + NVS =  N ,      2 = NOS/ N ,      (14) 

where NZ and NVs stand for the numbers of reduced centers on the catalyst surface [Z] and 

reduced sites of the oxide support [Vs], respectively. The fraction of [Z] centers is equal to (1  

1), and the fraction of [Vs] sites is (1  2).  

  Reverse water-gas-shift reaction was not considered for this simple scheme since its impact 

should only increase CO2 consumption with the catalysts reduction by the reaction feed in 

contrary to observed trend (vide infra). 

Computational studies have been carried out with the mathematical description (1)(7) 

presented in Section 2, where the indices i correspond to methane (i = 1), carbon dioxide (i = 2), 

carbon monoxide (i = 3), and hydrogen (i = 4); the indices j =1,2 are used for the equations (3) 

with the surface fractions 1 and 2; and the rates of the reagent transformations and alteration of 

the surface coverage correspond to the formulas (11) and (13). It is assumed that, after catalyst 

pretreatment in the oxygen flow before reaction mixture feeding, the vacant centers [Z] and [Vs] 

are absent; i.e., 
0

1 ( ) 1l   and 
0

2 ( ) 1l   for t = 0 (see the initial conditions (4) in the model). For 

the equation (5) the initial conditions (7) on the surface were taken as V
0
(l,h) =  2. All 

operation parameters correspond to those for experiments. 
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The initial approximation for the parameters in the model (1) (7) was derived by the 

following way. The initial values for the rate constants are supposed from analysis of the data on 

the steady state catalyst activity [17]. The catalyst structural parameters (namely, the maximal 

fractions of the surface occupied by active oxidized centers and the support surface covered by 

reactive oxygen species as well as the characteristic depth  of the near-surface layers  involved in 

fast oxygen migration) were based upon their characterization by physical methods TEM, XPS, 

FTIRS, etc [15, 16, 18]. The range of the oxygen diffusion coefficient variation has been chosen 

as 10
-14

  10
-10

 cm
2
/s, this interval corresponds to the calculated response times about 300 s for 

the model kinetic scheme (Section 4.2.1, Fig. 1) and agrees with the results of DV estimation by 

oxygen isotope heteroexchange  [25, 26, 39] and chemical transients [27].  

Figures 3 and 4 give some numerical results and show the calculated transient regimes for 

CH4 and CO2 concentrations and dynamics of the bulk and surface oxygen fractions (all curves 

correspond to the reactor outlet, l = L). Influences of the diffusion coefficient and the capacity of 

the subsurface catalyst layer involved in oxygen migration are shown in Fig. 3. For all operation 

conditions a monotonous increase of CH4 concentration is seen, while CO2 concentration 

decreases with time. According to the kinetic scheme (11), at the beginning the methane 

transformation occurs rapidly on the oxidized centers (stage 1), then its rate decreases with the 

catalyst surface reduction by the reaction mixture, while the bulk oxygen diffusion counteracts 

this reduction (stage 2). On the contrary, at first CO2 consumption rate is low since the largest 

part of the support surface sites is in the oxidized state as well (stage 3 is very slow). The 

transient time of CH4 and CO2 concentrations (Fig. 3) as well as bulk and surface oxygen 

fractions (Fig. 4) is about 300 s. Hence, these transients are determined by oxygen diffusion from 

the near-surface layers of the catalyst support to the surface. Note that in each plot the 

asymptotic values of concentrations of CH4, CO2 and V coincide since they are independent of 

the oxygen bulk diffusion rate.  
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Compare the curves 1 and 2 in Fig. 3. The bulk oxygen diffusion is more intensive in case 2. 

At first moment of the catalyst contact with the reaction feed and for up to about 80 s, methane is 

being consumed faster in case 2 because the active sites on the surface have been oxidized faster 

and stage 1 occurs there. At the same time, CO2 reacts more slowly in case 2 since, due to the 

bulk oxygen transport to the surface, we have faster recuperation of [ZO] at the surface than 

appearance of [Vs] sites required for stage 3. For t > 80 s the influence of the bulk oxygen 

diffusion on the rates of CH4 and CO2 consumption becomes less. The curves 2 and 3 correspond 

to the same diffusion coefficient DV but different capacity of the near-surface bulk lattice with 

respect to oxygen. Therefore, in case 3 the surface sites are oxidized faster than in case 2 and the 

rate of stage 1 is higher, while the rate of stage 3 is lower; and, hence, CO2 concentration in the 

effluent gaseous mixture is higher, while CH4 concentration is lower.  

The supposition on rather high efficiency of the oxidized surface species in methane 

activation is confirmed by a qualitative agreement between the calculated line and the 

experimental points of transients for CH4 concentration (Fig. 5). Lower experimental values of 

methane concentration as compared with the numerical curve indicate that some additional stage 

of methane transformation can occur. On the other hand, modeling and experimental CO2 curves 

differ drastically: the opposite transient behavior of the concentrations of CH4 and CO2 has been 

obtained in the modeling runs, while a similar character of their transients is seen in the 

experiments. Since the experimental CH4 and CO2 transients are parallel, more efficient CO2 

transformation on the oxidized surface sites should be suggested as well.  Basing on these 

results, we can conclude that the additional stages of CH4 and CO2 conversion occurring on the 

oxidized surface centers should be included in the kinetic system for further analysis.  

Experimental data processing has shown also that the calculated time of the system 

stabilization corresponds to experimental one if the diffusion coefficient DV lies in the range of 

10
-13

  10
-12

 cm
2
/s. It agrees with the response data observed for the simplified kinetic scheme in 

Section 4.2.1 (vide supra). The numerical data with 3-stage kinetic scheme show that as for the 



 22 

model kinetic scheme, transient time scale of some hundred seconds is determined by the rate of 

the internal bulk transport of oxygen species. 

Hence, the results of system modeling with 3-stage kinetic scheme and experimental data 

processing allowed: 

 to show that longer time scale observed in the experimental transients is controlled by the 

internal transport of oxygen species and to evaluate the range of diffusion coefficient DV; 

 to determine that, as for model kinetic scheme, the surface coverages are largely affected 

by oxygen transport from the bulk; 

 to estimate the CH4 conversion rate and to show which additional reaction stages should be 

included into the reaction scheme under consideration; 

 to derive the data for initial approximation of parameters needed for the further data 

processing. 

 

4.2.4. Modeling with 6-stage reaction scheme  

On the base of literature data [38, 39] as well as the results obtained by modeling in Section 

4.2.3 the kinetic reaction scheme has been modified as follows: the steps of formation of the 

carbonate complexes and their interaction with CH4 have been included and, in addition, analysis 

of the data obtained with the 3-stage kinetic scheme shows that the reverse water-gas-shift 

reaction (RWGS) route should be considered too [27].  

Existence of a variety of carbonates on the surface of catalysts based on doped ceria-zirconia 

oxides with supported metals under contact with CO2 was shown in our research [25]. Bridging 

carbonates retained on the steady-state surface of catalyst after removing the reaction feed are 

not very reactive with respect to CH4, but it does not exclude a high reactivity of less strongly 

bound terminal carbonates adsorbed on the surface support in vicinity of Pt
2+

 cations for the 

initial oxidized catalyst with supported Pt.  

The modified reaction scheme consists of six steps and the following three stages have been 

added to the kinetic scheme (11): 
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 CO2 interaction with the oxidized sites [ZO] yielding carbonates [ZCO3], 

 participation of [ZCO3] complex in CH4 transformation, 

 H2 interaction with the oxidized surface sites [ZO] as a stage required for providing 

RWGS reaction route.  

The subsequent modeling studies have been carried out on the base of the 6-stage kinetic 

scheme given in Table 1, where the notations are similar (see below) to the symbols for 3-stage 

scheme. Here [ZO] and [Z] are oxidized and reduced Pt-containing surface centers, [Os] and [Vs] 

correspond to the oxidized and reduced sites of the oxide support, and [ZCO3] are carbonate 

complexes on the surface. 

This scheme includes two routes for CH4 dry reforming through interaction with carbonate 

complexes (route I) as well as with oxidized active sites (route II), while route III provides 

reverse water-gas-shift reaction. As for the 3-stage scheme, it has been supposed that the rates of 

the Boudouard reaction and methane decomposition are negligible in the time range under study; 

so the coke formation does not occur due to the oxygen supply from the catalyst bulk to the 

surface [15, 16].    

The rate equations of reaction stages have been supposed to conform to the mass action law 

as for the 3-stage scheme and look as follows:  

r1 = k1 cCO2 1,        r-1 = k-1 3,      r2 = k2 cCH4 3,        r3 = k3 cCH4 1,                     (15) 

r4 = k4 (1   1   3) 2,     r-4 = k-4 1  (1  2 ),     r5 = k5 cCO2 (1  2 ),     r6 = k6 cH2 1. 

Here, like in the equations (13), ri is the rate of the i-th catalytic stage (i = 1, 2, …, 6); cCH4, 

cCO2, and cH2 are the concentrations of CH4, CO2, and H2 in the gaseous reaction mixture, 

respectively; ki is the rate constant of the i-th stage (i = 1, 2, …, 6); 1 is [ZO] fraction on the 

surface; 2 is the relative surface concentration of oxidized centers [Os] of the support; and 3 is 

the relative concentration of carbonate complexes [ZCO3] on the surface. The expressions for the 
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relative concentration of the active centers correspond to the equations (14), only adding in this 

case   

NZO  + NZCO3 + NZ  =  N  ,     3 = NZCO3/ N ,        (16) 

where NZCO3 stands for the number of carbonate complexes [ZCO3] on the surface, 

Numerical transient studies have been performed also on the base of mathematical model 

(1)–(7) used for the runs with the 3-stage kinetic scheme (11). The following modifications have 

been made: the equation for 3 has been added and the kinetic equations (15) have been applied, 

so the system (1) was considered for concentrations of CH4, CO2, CO, and H2 in the gas flow. 

Modeling runs have been implemented to analyze the broader set of experimental response data 

(Fig. 2) performed at the contact time of 4.7, 8, and 15 ms. Numerical solutions were found 

taking the reactor parameters and operation conditions corresponding completely to those for 

transient experiments.  

The initial values of the parameters were estimated as follows. The constants of the reaction 

steps have been evaluated combining the initial approximation for the 3-stage kinetic scheme 

obtained from the catalyst activity data at stationary state [17] and some kinetic parameters 

derived from the results of processing with this scheme (see Section 4.2.3). The catalyst 

structural and surface parameters were estimated on the base of catalyst characterization by 

physical methods (TEM, XPS, FTIRS, etc [15, 16, 18]) and processing results with 3-stage 

scheme as well (see Section 4.2.3). The initial state of the catalyst surface is assumed to be 

oxidized completely (i.e., 
0 0

1 2 1   ). The time scale in the range of 300 s was also considered, 

for which significant gradients of the concentration were observed in the experimental transients. 

The interval of 10
-13

  10
-12

 cm
2
/s for diffusion coefficients DV was estimated during processing 

with the 3-stage kinetics (Figs. 34).  

Figures 69 present the modeling results of the system behavior with variation of the oxygen 

diffusion rate; the calculated relative concentrations of the active centers on the catalyst surface 

and the bulk oxygen fraction as well as dynamics of the reagent and product concentrations in 
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the gas phase are given. All curves correspond to the points at the reactor outlet (l = L). 

Figure 6 shows modeling values of the surface center fractions occupied by oxygen [ZO] and 

carbonates [ZCO3]. In the frame of 6-stage kinetic scheme, at first, after switching to the reaction 

mixture, methane and carbon dioxide are consumed with high rates (stages 1, 2, and 3). Such 

catalyst activity is provided by the oxidative pretreatment due to enhanced activity of the 

oxidized sites [ZO]. Hence, reduction of these sites and, respectively, the surface oxygen centers 

[OS] of the oxide support occurs. At the same time, bulk oxygen mobility of Pr-doped catalyst 

counteracts the reduction by supplying oxygen atoms to the reduced centers of the support at the 

surface, and the reduced active sites [Z] are oxidized by the surface oxygen coming from the 

near-surface layers of the support. The higher the bulk diffusion rate becomes, the slower is the 

reduction of the surface in the time period ~ 50 s. Further, the fraction of the oxidized active sites 

[ZO] decreases slowly and stabilizes in the time range of about 300 s. The surface coverage by 

carbonates [ZCO3] attains the maximal value very quickly after switching to the reaction feed 

(stage 1), then it declines with time due to interaction with CH4 (stage 2) leading to [ZO] centers 

reduction while CO2 oxidizes the reduced [Vs] sites too (stage 5).  

The dependence of oxygen distribution in the catalyst bulk on the diffusion rate is shown in 

Fig. 7. After reagent mixture supply, the oxygen content in the near-surface layers of the support 

lattice declines rather sharply, the vacant centers [Z] are rapidly formed on the catalyst surface 

due to high rates of the catalyst interaction with methane (stage 3), and their stabilization is 

affected by the oxygen diffusion from the near-surface layers of support. The decrease of the 

diffusion rate leads to a broader and longer variation of the oxygen distribution along the depth 

of the support lattice. The slower is the lattice oxygen diffusion, the weaker is the oxygen supply 

from the near-surface oxide layers to the surface, thus increasing the transient time interval for 

achieving the quasi-steady state of the system.  

Modeling data on the dynamics of the gas composition corresponding to the examples of 

transient catalyst characteristics (Figs. 6 and 7) are given in Figs. 8 and 9. In a short initial time 
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interval after switching to the reaction feed, a rapid (in a few seconds) change of CH4 and CO2 

concentrations as well as CO and H2 products are observed. This time scale is determined only 

by the rates of reaction stages, so it is very short due to high Pt/PrCeZrO catalyst activity in this 

process realized at millisecond contact times. Subsequent time scale is about 300 s, when some 

significant change of the reagent concentrations occurs, the period of these transients being 

completely determined by variation of the catalyst bulk oxygen content. For the products, the 

transient behavior is the same as for reagents (see Fig. 9).  

Comparison of the gas phase and catalyst response characteristics at different oxygen 

diffusion rates shows that transients of the gas-phase components (i.e., the reaction rates in this 

time period) are determined by a slow accumulation of the reduced centers on the surface due to 

interaction with the reaction mixture; this process being counteracted by the oxygen supply from 

the bulk lattice layers to the surface. As for the oxygen distribution in the catalyst bulk, decrease 

of the lattice oxygen mobility leads to longer variation of the reagent and product concentrations, 

the time interval for attaining the quasi-stationary conditions increases.  

The comparison of modeling results obtained with three kinetic schemes shows that for 

different sets of catalytic stages the transient time scale defined by the chemical transformations 

on the surface does not exceed a few seconds. A considerable change of the reaction rates 

observed for the time about 300 seconds is due to variation of the catalyst surface coverage by 

oxygen which is determined by diffusion of the oxygen species from the bulk of oxide support. 

For the kinetic schemes considered, this response period is practically the same at equal values 

of the rates of bulk oxygen diffusion and the structure parameters. So, the analysis of the data for 

three variants of kinetic schemes performed in the broad range of operating conditions confirms 

the summary of [16] reliably that: (1) time scales determined by reaction stages occurrence are 

not higher than some seconds, and (2) time scales due to bulk oxygen diffusion belong to the 

range of several hundred seconds.  



 27 

In contrast to the 3-stage scheme, the suggested 6-stage kinetic scheme reflects main features 

of the transient behavior of this system. Figures 8 and 9 show that the character of the modeled 

response curves for CH4 and CO2 concentrations is similar and corresponds to the transients 

observed in the experiments (Fig. 2) due to carbonate formation on [ZO] centers. The 

experimental and numerical transient data for H2 and СО products have similar character as well. 

Hence, it can be concluded on the base of these data and studies with modeled and 3-stage 

kinetic schemes provided in Sections 4.2.1 and 4.2.3 that the specific features of the reaction 

kinetic scheme define the type and form of the transient curves, while the slow response time 

interval does not depend on the set of reaction stages and their rates.  

Processing the whole set of experimental data obtained at contact times of 4.7, 8, and 15 ms 

has been performed with 6-stage kinetic scheme, and the range of parameters has been derived 

when a satisfactory description of experimental transients is attained, which looks as follows: 

 the catalyst characteristics: 

- the maximal fractions of the surface occupied by active oxidized centers and the support 

surface covered by reactive oxygen species  

 = 0.04  0.05 and  = 0.2  0.25, respectively, 

 - the coefficient and the characteristic length of bulk oxygen diffusion 

DV = 210
-13

 310
-13 

cm
2
s

-1
 and H = 310

-6
  410

-6
 cm, respectively;   

 the constants of reaction stage rates:  

k1 = 170  230 s
-1

,   k-1 = 0.5  1 s
-1

,   k2 = 450  600 s
-1

,   k3 = 5070 s
-1

,  

k4 = 250300 s
-1

,    k-4 = 510 s
-1

,    k5 = 4055 s
-1

,    k6 = 400  1100 s
-1

. 

Since thus estimated characteristic length of bulk oxygen diffusion is close to the average 

radius of fluorite-like support particles (~ 3∙10
-6

 cm) [16], this means that at 750 
o
C oxygen 

migration affects all bulk of oxide support particles. The values of the support coverage by 

reactive oxygen species agree with the amount of oxygen removed at 700 
o
C by a pulse of 

7%CH4 in He from the surface of this catalyst in the steady state of CH4 dry reforming [24] as 
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well as by pulses of 1% CO in He at 500 
o
C from the surface of oxidized doped ceria-zirconia 

support~30% of monolayer [43]. Estimation of  corresponding to the surface fraction occupied 

by Pt cations reasonably agrees with XPS data for the doped ceria-zirconia samples prepared by 

the same procedures with close values of Pt loading giving atomic ratio of  Pt surface 

concentration to the sum of all cations ~ 0.04 [27].  

As shown in Figs. 10 and 11, a rather good agreement between the experimental and 

modeled transients for reagents and products is seen. Hence, the experimental data (especially 

parallel CO2 and CH4 transients) have been described in frames of the 6-stage scheme with a due 

regard for the specificity of the reaction mechanism and the lattice oxygen mobility. Though 

importance of the oxygen species diffusion from the fluorite-like oxide support to the metal-

support interface for providing coking stability of Me-supported catalysts in methane dry 

reforming was proposed in many studies [13, 14, 40-42], however, direct estimation of the 

respective rate constants was absent up to studies reported in [16, 25, 27] and this work. 

Apparently the best agreement between experimental and modeling transients of CH4 and CO2 

was achieved for experiments carried out at the shortest contact time of 4.7 ms, i.e., in conditions 

where the gradient of reagents concentrations along the channel length is minimal. Since this 

model does not take into account enhanced oxygen mobility along nanodomain interfaces in 

doped ceria-zirconia support as well as effect of its stoichiometry on the oxygen diffusion 

characteristics [25, 27], it implies that more detailed analysis should also take into account 

variation of DV  along the channel length.  

The data presented here confirm the preliminary results about the mechanism of methane dry 

reforming on Pt/PrCeZrO stated in [16] where unique ability of oxidized sites comprised of Pt 

and Pr cations in activation of both reagents was revealed. The numerical experiments with 

modeled kinetic scheme show the influence of lattice oxygen mobility on the behavior of similar 

catalytic system, time scales controlling different transient periods have been clarified, and the 

range of oxygen diffusion rates have been estimated. The studies of dry reforming mechanism 
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with 3-stage kinetic scheme allow the following: (1) to estimate the rate of the CH4 

transformation, (2) obtain the valuable information about additional reaction stages, and (3) 

derive additional data for initial parameters approximation during further processing with 6-stage 

reaction scheme. This processing performed with the broader data set of experimental data and 

the independent estimations of some parameters decreases uncertainty in determination of 

system characteristics, confirms the hypothesis about suggested dry reforming mechanism [16], 

and increases significantly its reliability. 

 

5. Conclusion 

The complex catalytic reaction occurring under unsteady conditions is appropriately 

described using a mathematical model and implementation of the software developed in this 

work. Processes accounted by the model include convective gas transport, reactions on the 

catalyst surface and diffusion of oxygen-containing species from the subsurface of support to the 

surface. A red-ox reaction model describes the dynamics of the catalytic surface reaction in the 

flow reactor. Oxygen mobility in subsurface layers of the support is considered with the classic 

diffusion mechanism in a quasi-homogeneous system. Since this model does not take into 

account enhanced oxygen mobility along nanodomain interfaces in doped ceria-zirconia support, 

it could explain incomplete match of experimental transient data and their model fitting for some 

experimental conditions. The experimental transient data on CH4 dry reforming over Pr-doped 

ceria-zirconia oxide supported Pt catalyst (Pt/CeZrPrO) gave a suitable match to parameter 

optimized predictions of an applicable model. Model and parameter comparison clarified the 

factors controlling catalytic properties and catalytic reaction rates. 

Modeling results on three kinetic schemes show that the time scale to approach a quasi-

steady state of the catalyst that is defined by chemical transformations on the surface does not 

exceed a few seconds under considered conditions. Substantial change in the reaction rates 

observed over a time scale of several hundred seconds is caused by variation of the catalyst 

surface coverage related to the oxygen species diffusion from the bulk of the oxide support. 
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Characteristics of the transient data traces are sensitive to the involved kinetic scheme thereby 

providing hints on the reaction mechanism. High efficiency of cationic Pt species in CH4 

dissociation is confirmed, and it is shown that CO2 transformation may occur via formation of 

carbonates. Kinetic parameters of the catalytic surface reactions and the rate of bulk oxygen 

diffusion were estimated in parallel to characteristics of the catalyst surface state and oxygen 

non-stoichiometry in the surface/bulk layers. In summary, the presented exploitation of transient 

kinetic data complements the catalyst characterization by physical methods to extract reliable 

information about the state of the catalyst surface/subsurface and the reaction mechanism.  
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Figure Captions 

Fig. 1. Effluent concentrations of reactants A (a, b) and O2 (c) as well as surface oxygen 

coverage  by the [ZO] species (d) versus time at different rates of oxygen bulk diffusion: DV = 

10
-19

 (curves 1), 10
-14

 (curves 2), and 10
-10

cm
2
/s (curves 3).  = 0.03 s, c

in
O2 = 1.5 %, c

in
A = 3.0 

%, k1= k2 = 20 s
-1

.  

 

Fig. 2. Effluent concentrations in step-up transient experiments using a feed of 7% СН4 and 7% 

CО2 at 750 °C and contact times of 4.7 (a), 8 (b), and 15 ms (c). 

 

Fig. 3. Transient traces of CH4 (a) and CO2 (b) reactant concentrations in the effluent for DV = 

10
-13

 cm
2
/s and  = 0.2 (curves 1), DV = 2.510

-13
 cm

2
/s and  = 0.2 (curves 2), and DV = 2.510

-13
 

cm
2
/s and  = 0.4 (curves 3). T = 750 °C,   = 4.7 ms, c

in
CH4 = 7 %, c

in
CO2 = 7 %, k1 = 80 s

-1
, k2 = 

180 s
-1

, k-2 = 260 s
-1

, k3 = 60 s
-1

, and  = 0.04.   

 

Fig. 4. Transients of the concentrations of the surface species [ZO] (a) and subsurface oxygen V 

(b) for the case shown in Fig. 3 (curves 2).  

 

Fig. 5. Experimental data (points) versus calculated curves for CH4 and CO2 reactant 

concentrations at the reactor outlet for the contact time 4.7 ms and parameters for the case 2 in 

Fig. 3.  

 

Fig. 6. Influence of the oxygen diffusion DV on the transient behavior of the surface fractions of 

[ZO] (a) and [ZCO3] (b) at the reactor outlet:  DV = 1.010
-13

 (curves 1), 2.510
-13

 (curves 2), and 

4.010
-13

 cm
2
/s (curves 3). T=750°C,  = 4.7 ms, c

in
CH4 = 7 %, c

in
CO2 = 7 %, k1 = 200 s

-1
,  

k-1 = 0.6 s
-1

, k2 = 550 s
-1

, k3 = 60 s
-1

, k4 = 315 s
-1

, k-4 = 5 s
-1

, k5 = 60 s
-1

, k6 = 110 s
-1

,  = 0.04, and  

 = 0.20. 
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Fig. 7. Influence of the oxygen diffusion DV on the transient behavior of the subsurface oxygen 

fraction V at the reactor outlet for the cases shown in Fig. 6: DV = 1.010
-13

 (case 1, plot a),  

2.510
-13

 (case 2, plot b) [16] and 4.010
-13

 cm
2
/s (case 3, plot c). Other parameters are the same as 

reported in Fig. 6. 

 

Fig. 8. Influence of the oxygen diffusion DV on the transient behavior of the reagent 

concentrations cCH4 (plots a and c) and cCO2 (plots b and d) at the reactor outlet for the cases 

presented in Fig.6: DV = 1.010
-13

 (curves 1), 2.510
-13

 (curves 2), and 4.010
-13

 cm
2
/s (curves 3). 

Other parameters are the same as reported in Fig. 6. 

 

Fig. 9. Influence of the oxygen diffusion DV on the transient behavior of the product 

concentrations cCO (a) and cH2 (b) at the reactor outlet for the cases in Fig. 6: DV = 1.010
-13

 

(curves 1), 2.510
-13

 (curves 2), and 4.010
-13

 cm
2
/s (curves 3). Other parameters are the same as 

reported in Fig. 6. 

 

Fig. 10. Comparison of the experimental data (points) and model predictions (solid lines) for the 

concentrations of CH4 (plots a and c) and CO2 (plots b and d) in the effluent at different contact 

times  = 4.7 and 8 ms (a and b) and  = 15 ms (c and d). T = 750 °C, c
in

CH4 = 7 %, c
in

CO2 = 7 %,  

k1 = 220 s
-1

, k-1 = 0.6 s
-1

, k2 = 550 s
-1

, k3 = 60 s
-1

, k4 = 315 s
-1

, k-4 = 5 s
-1

, k5 = 60 s
-1

, k6 = 110 s
-1

,  

 = 0.04, and  = 0.20.  

 

Fig. 11. Comparison of the experimental data (points) and calculated curves (solid lines) for the 

concentrations of CO (plot a) and H2 (plot b) in the effluent at different contact times  

 = 4.7 ms and  = 8 ms. Other parameters correspond to those reported in Fig. 10. 

 



 

Table 1. 6-stage reaction mechanism 

 

№ 

 

Catalytic stages 

Routes 

I II III 

1      CO2 + [ZO]              [ZCO3 ]  1   

2     CH4 + [ZCO3]           2 CO + 2 H2 + [ZO]       1   

3     CH4 + [ZO]              CO + 2 H2 + [Z]  1  

4     [Z]  +  [Os]               [ZO ] + [Vs]  1 1 

5     CO2 + [Vs]               CO  + [Os]   1 1 

6     H2    + [ZO]              H2O + [Z]   1 

 

№ Routes 

I CH4 + CO2              2 CO + 2 H2 

II CH4 + CO2              2 CO + 2 H2 

III CO2 + H2               CO + H2O 

 

Table



 

   

                                      (a)                                                                    (b) 

 

   

                                      (c)                                                                    (d) 

 

Fig. 1. Effluent concentrations of reactants A (a, b) and O2 (c) as well as surface oxygen coverage  by 

the [ZO] species (d) versus time at different rates of oxygen bulk diffusion: DV = 10
-19

 (curves 1), 10
-14

 

(curves 2), and 10
-10

cm
2
/s (curves 3).  = 0.03 s, c

in
O2 = 1.5 %, c

in
A = 3.0 %, k1= k2 = 20 s

-1
.  
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Fig. 2. Effluent concentrations in step-up transient experiments using a feed of 7% СН4  

and 7% CО2 at 750 °C and contact times of 4.7 (a), 8 (b), and 15 ms (c). 
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Fig. 3. Transient traces of CH4 (a) and CO2 (b) reactant concentrations in the effluent for DV = 

10
-13

 cm
2
/s and  = 0.2 (curves 1), DV = 2.510

-13
 cm

2
/s and  = 0.2 (curves 2), and DV = 2.510

-13
 

cm
2
/s and  = 0.4 (curves 3). T = 750 °C,   = 4.7 ms, c

in
CH4 = 7 %, c

in
CO2 = 7 %, k1 = 80 s

-1
, k2 = 

180 s
-1

, k-2 = 260 s
-1

, k3 = 60 s
-1

, and  = 0.04.   

 

Figure



  

 

   (a) 
 

   (b) 
 

 

Fig. 4. Transients of the concentrations of the surface species [ZO] (a) and subsurface oxygen V 

(b) for the case shown in Fig. 3 (curves 2).  
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Fig. 5. Experimental data (points) versus calculated curves for CH4 and CO2 reactant 

concentrations at the reactor outlet for the contact time 4.7 ms and parameters for the case 2 in 

Fig. 3.  
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Fig. 6. Influence of the oxygen diffusion DV on the transient behavior of the surface fractions of [ZO] 

(a) and [ZCO3] (b) at the reactor outlet:  DV = 1.010
-13

 (curves 1), 2.510
-13

 (curves 2), and 4.010
-13

 

cm
2
/s (curves 3). T=750°C,  = 4.7 ms, c

in
CH4 = 7 %, c

in
CO2 = 7 %, k1 = 200 s

-1
,  

k-1 = 0.6 s
-1

, k2 = 550 s
-1

, k3 = 60 s
-1

, k4 = 315 s
-1

, k-4 = 5 s
-1

, k5 = 60 s
-1

, k6 = 110 s
-1

,  = 0.04, and  

 = 0.20. 
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Fig. 7. Influence of the oxygen diffusion DV on the transient behavior of the subsurface oxygen 

fraction V at the reactor outlet for the cases shown in Fig. 6:  DV = 1.010
-13

 (case 1, plot a), 2.510
-13

 

(case 2, plot b) [16] and 4.010
-13

 cm
2
/s (case 3, plot c). Other parameters are the same as reported in 

Fig. 6. 
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(c)                                                                                  (d) 

 

Fig. 8. Influence of the oxygen diffusion DV on the transient behavior of the reagent concentrations 

cCH4 (plots a and c) and cCO2 (plots b and d) at the reactor outlet for the cases presented in Fig.6:  

DV = 1.010
-13

 (curves 1), 2.510
-13

 (curves 2), and 4.010
-13

 cm
2
/s (curves 3). Other parameters are the 

same as reported in Fig. 6. 
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Fig. 9. Influence of the oxygen diffusion DV on the transient behavior of the product concentrations 

cCO (a) and cH2 (b) at the reactor outlet for the cases in Fig. 6: DV = 1.010
-13

 (curves 1), 2.510
-13

 

(curves 2), and 4.010
-13

 cm
2
/s (curves 3). Other parameters are the same as reported in Fig. 6. 
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Fig. 10. Comparison of the experimental data (points) and model predictions (solid lines) for the 

concentrations of CH4 (plots a and c) and CO2 (plots b and d) in the effluent at different contact times 

 = 4.7 and 8 ms (a and b) and  = 15 ms (c and d). T = 750 °C, c
in

CH4 = 7 %, c
in

CO2 = 7 %,  

k1 = 220 s
-1

, k-1 = 0.6 s
-1

, k2 = 550 s
-1

, k3 = 60 s
-1

, k4 = 315 s
-1

, k-4 = 5 s
-1

, k5 = 60 s
-1

, k6 = 110 s
-1

,  

 = 0.04, and  = 0.20.  
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(a)                                                                             (b) 
 

 

Fig. 11. Comparison of the experimental data (points) and calculated curves (solid lines) for the 

concentrations of CO (plot a) and H2 (plot b) in the effluent at different contact times  

 = 4.7 ms and  = 8 ms. Other parameters correspond to those reported in Fig. 10. 
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