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Abstract 

For catalytic process intensification, a series of open cell foams (OCFs) made of silicon carbide 

(SiC) and zirconia (Zir) with pore density of 30 ppi coated with 3 wt.% PdO/Co3O4 as catalyst 

were combined together and tested toward methane oxidation in lean conditions. In each 

combination, the SiC OCF was positioned in the reactor on the inlet side of the reactant gases 

followed by the Zir OCF. The reactor was fed at different weight hourly space velocities 

(WHSV, 30 and 90 NL h−1 gcat
−1) and inlet methane concentrations (0.5 and 1 vol.%). The best 

results are obtained with the combination where two supports of same length but with different 

thermal conductivity (higher at the inlet of the reactor, SiC, and lower at the outlet, Zir) are 

used in series. For all OCF combinations, mass transfer effects were evaluated using the 

characteristic resistances (kinetic, internal and external mass transfer). The external and internal 

heat transfer effects were analyzed using the Mears and Anderson criteria. Furthermore, a 

comparison in terms of volumetric heat transfer coefficient and heats of removal/reaction was 

performed.  

 

1. Introduction 

Methane (CH4), the main component of natural gas, is one of the most important gases that 

contributes to the greenhouse effect. Although CH4 is about 200 times less abundant in the 

atmosphere than carbon dioxide (CO2), its ability to absorb thermal infrared radiation is much 
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more effective and, as a consequence, its impact on the greenhouse effect is much stronger 

compared to that of CO2 [1,2]. In fact, the global warming potential (GWP) of CH4 is 86 over 

a 20-year period, and 28 over a 100-year period (by definition, the GWP CO2 is 1) [3]. Indeed, 

CH4 emissions recorded an increase of more than 150% since 1750 as a result of human 

activities [4]. By the end of 2019, the global average concentration of CH4 in the atmosphere 

reached about 1875 parts per billion (ppb), more than two and a half times pre-industrial levels 

[5]. Methane emissions come mainly from anthropogenic sources such as agriculture, energy, 

industry and waste management processes [6,7]. Most of the human-induced emissions have 

low CH4 concentrations, generally between 0.1-1 vol.% [8–10]. Reducing CH4 emissions could 

offer a great opportunity to mitigate global climate change leading to significant environmental 

and economic benefits. 

Despite the high stability of the CH4 molecule, the catalytic combustion is considered one of 

the most efficient and promising technologies to eliminate CH4 emissions and maximize the 

use of rational and clean low-temperature energy. Therefore, the development of a catalyst with 

outstanding catalytic activity (the lowest possible shut-down temperatures) and high stability 

even at low temperature operations remains a challenge for chemical engineers. So far, Pd-

based catalysts have been reported to be the most active catalytic systems for total oxidation of 

CH4, due to their high activity at low temperature [11–15]. However, because of the relatively 

high cost associated with Pd, researchers have paid much attention to the study of alternative 

catalytic systems with a reduced amount of Pd, such as oxides or mixed oxides [16–18] and 

perovskites [19–21], because of their much lower cost and relatively abundant availability. In 

all cases, the nature of the catalyst carrier as well as the active phase-support interactions play 

a crucial role in the catalytic properties of Pd-based catalysts Recently, spinel cobalt oxide 

(Co3O4) has proven to be one of the best multifunctional materials for a wide variety of 

technological applications thanks to its surface redox reactivity properties, strong oxygen 
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mobility and lower Co–O binding energy [24–27]. Specifically, when CH4 is oxidized, Co3O4 

favors the removal of hydroxyl species from the PdO surface [28]. In this way, the active sites 

are more prone to CH4 activation [15]. Besides, Co3O4 provides lattice oxygen to the PdO phase, 

favoring again the recreation of active sites afterwards [29]. This makes Co3O4 an optimal 

catalytic support, especially for the complete CH4 oxidation in lean conditions, in comparison 

with other carriers such as Al2O3 or perovskites [11,12,22]. 

Currently, the attention has been focused on structured reactors as a potential way to facilitate 

the intensification of the process, thanks to the possibility of enhancing transport phenomena 

(increased mass and heat transfer rates [30–39]), bringing to significant benefits in terms of 

process efficiency, improved safety, and lower capital costs [40,41]. Open cell foams (OCFs) 

have become promising candidates owing to their attractive characteristics such as large 

specific surface area, high porosity, great mechanical strength and light-weight, as well as 

reduced pressure drops when compared to classical fixed-bed reactors [42–51]. In addition, 

their particular structural geometry produces a tortuous flow path that allows improving the 

reactive mixing and thus the transport properties.  

Recently, we investigated the catalytic oxidation of CH4 under lean conditions of 3 wt.% 

PdO/Co3O4 catalyst supported on individual OCFs made of silicon carbide (SiC), alumina (Alu) 

and zirconia (Zir) [52–55] with different pore density. Furthermore, a mass and heat transfer 

analysis was performed for each catalytic support [52]. We found that the best catalytic 

performance towards complete CH4 conversion was obtained with the Zir OCF system [54]. 

Nevertheless, the higher thermal conductivity of the SiC OCF led to higher volumetric heat 

exchange coefficients, which help to hold the reaction heat and, consequently, provide the 

necessary energy to maintain the reaction during the extinction by delaying the shut-down 

temperature of the reactor [54], thanks to the existence of multiple steady-states [56–59]. In 

fact, although the best catalytic performance was obtained with the Zir OCF, the reaction 
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kinetics was favored in the SiC OCF showing a lower temperature range under kinetic control 

[52]. In the present work, we exploited the results obtained in our previous research by 

evaluating the catalytic performance of 3 wt.% PdO/Co3O4 catalyst towards CH4 oxidation in 

lean conditions using three different combinations of OCFs made of SiC and Zir. The total 

length of each foam combination was 3 cm (as in our previous works [52–55]), while the lengths 

of each single OCF (SiC and Zir) were varied from 1, 1.5, and 2 cm. Each combination was 

placed inside the reactor with the SiC OCF always at the inlet side of the reactant gases. Thus, 

we tried three different bed configurations: SiC1Zir2, SiC1.5Zir1.5, SiC2Zir1. The idea of 

using the SiC OCF in the front matured from our previous experience, comparing the 

performance of PdO/Co3O4 on single Zir or SiC. We noticed that the reactor configuration with 

the SiC was able to guarantee a very good performance at low temperature, that is at the 

extinction of the combustion reaction [54]. In fact, recently, the study of ignition and extinction 

pathways in non-isothermal reactors is gaining importance to reach a better reactor’s thermal 

management [59,60]. In this work, the reactor was fed at different weight hourly space 

velocities (WHSV) and inlet CH4 concentrations. Moreover, the overall catalytic process 

resistance was evaluated in terms of kinetic, external, and internal mass transfer resistance 

allowing the identification of the operating regime of each OCF combination. Finally, heat 

transfer effects both within the catalyst and associated to the gas phase were analyzed. 

 

2. Materials and methods 

2.1. Open cell foams and chemicals 

Ceramic OCFs made of Zirconia (Vukopor® HT30, labelled Zir OCF) and silicon carbide 

(Vukupor® S30, labelled SiC OCF) with pore density of 30 ppi (pore per inch) were purchased 

from Lanik s.r.o (Czech Republic) in dimensions of 0.9 cm as in diameter and 3 cm as length. 

For experimental purposes, the length of the foams was carefully reduced to 1, 1.5, and 2 cm, 
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obtaining the following OCF pieces: SiC1, SiC1.5, SiC2, Zir1, Zir1.5, and Zir2 (where each 

value indicates the foam length in cm). Table 1 lists the textural properties of single SiC and 

Zir OCF of 30 ppi measured in our previous work using the X-ray computed micro-tomography 

technique [61]. 

 

Table 1. Textural properties of individual SiC and Zir OCF with pore density of 30 ppi [61]. 

 SiC OCF Zir OCF 

Pore diameter, 𝑑𝑝 (mm) 2.22 2.87 

Strut diameter, 𝑑𝑠 (mm) 0.35 0.51 

Open porosity, 휀𝑜 (-) 0.79 0.84 

Specific surface area, 𝑆𝑔𝑎 (mm–1) 0.90 1.09 

 

All reagents were purchased from Sigma-Aldrich: Cobalt(II) nitrate hexahydrate 

Co(NO3)2·6H2O (≥98% purity), palladium(II) nitrate hydrate Pd(NO3)2·xH2O (≥99% purity), 

glycine NH2CH2COOH (≥99% purity), ethanol CH3CH2OH (≥99.8% purity), and acetone 

CH3COCH3 (≥99.8% purity). Ultrapure water obtained from a Millipore Milli-Q system with 

resistivity of ~18 MΩ cm was used to prepare all aqueous solutions. Catalytic tests were carried 

out using pure methane, oxygen and nitrogen gases (99.999% purity) supplied in cylinders 

provided by SIAD S.p.A. 

 

2.2. Preparation of the foam structured catalysts 

Prior to use, all foam pieces were washed in a water/acetone solution (50:50, v/v) for 30 min 

using an ultrasonic bath at room temperature and dried at 140 °C for 60 min. The deposition of 
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PdO/Co3O4 catalyst on each foam piece was performed in two consecutive steps, described in 

detail in our previous works [52–55]: i) solution combustion synthesis (SCS) method to deposit 

the Co3O4 carrier and ii) wetness impregnation (WI) of the PdO active phase. Briefly, each OCF 

piece was immersed in a 3 M aqueous solution of cobalt nitrate and glycine (with a ratio of 

glycine to stoichiometric amount of 0.25) for 3 minutes. The excess solution was removed from 

the foams with a flow of compressed air. Then, the wet OCFs were introduced into a muffle 

furnace preheated to 250 °C for 20 minutes to allow ignition of the combustion reaction. The 

coating operation was repeated several times until the desired Co3O4 carrier amount was 

achieved on each OCF. Once the foams were coated, they were calcined at 600 °C for 4h in 

static air. Subsequently, 3 wt.% PdO was deposited on the Co3O4-coated OCF pieces by WI. 

Through WI, each OCF was dipped several times in an aqueous solution containing the targeted 

amount of PdO. For each dipping, the OCF was rotated with tweezers, to ensure homogeneous 

absorption, and dried in a muffle at 140 °C for 1 h to remove water. The dipping/drying steps 

were repeated till the becker containing the aqueous solution was fully empty. Finally, the 

PdO/Co3O4 OCFs were calcined at 600 °C for 4h in static air. Considering that the three SiCZir 

OCF combinations were different in the length of each single foam (SiC1Zir2, SiC1.5Zir1.5, 

SiC2Zir1), but equal in terms of overall length (3 cm), for sake of comparison we deposited on 

each entire system a targeted amount of Co3O4+PdO equal to approx. 250 mg (PdO: 3 wt.% of 

the Co3O4 amount [52–55]), proportionally shared on the two single SiC or Zir OCF depending 

on their respective lengths in the SiCZir configuration.  

 

2.3. Catalytic tests toward CH4 combustion 

Figure 1 shows the test rig we used for testing the CH4 catalytic activity. A fixed bed reactor 

consisting of a straight quartz tube (10 mm inner diameter) placed inside a PID-controlled 

electric furnace was used for this purpose. The total length of all foam configurations was 3 cm, 
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with the SiC OCF positioned always at the inlet of the reactive gases followed by the Zir one. 

Each foam configuration was wrapped all along the length in a thin vermiculite foil to avoid 

channeling and heat dispersion phenomena at the reactor’s wall/OCF boundary, especially at 

the SiCZir junction. 

 

Figure 1. Schematic diagram of the lab-scale plant for CH4 oxidation and the three 

combinations of ceramic OCFs made of SiC and Zir with pore density of 30 ppi used in this 

study. 

 

The reactor was fed with a reactive CH4/O2/N2 gas mixture, at methane concentrations of 0.5 

or 1 vol.%, with a constant molar ratio of O2/CH4 equal to 8 to ensure lean conditions. First, the 
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reactor was heated to 700 °C (10 °C min–1) while the reactant gas mixture was fed, to favor the 

ignition and the achievement of stationary conditions. Once the steady state conditions were 

reached (hold time at 700 °C for 1 h), the reactor was cooled to room temperature (5 °C min–

1), while the outlet dry gas concentration was monitored as a function of the temperature 

(measured by a K-type thermocouple located a few mm inside the inlet side of each foam 

configuration) using an ABB analyzer equipped with a Uras 14 NDIR module for CO/CO2/CH4 

and a Magnos 106 paramagnetic module for O2. Consequently, all the conversion versus 

temperature curves presented in this work are extinction curves, because of the more favorable 

CH4 conversion profiles due to the presence of the ignition/extinction hysteresis (multiple 

steady states conditions [53,59]). The water vapor generated by the reaction was removed 

before entering the analyzer in a condenser set at 3 °C. The reagent flow rate was varied to 

allow the catalytic tests to be carried out at (WHSV) of 30 and 90 NL h−1 gcat
−1. All catalytic 

runs were repeated at least three times to ensure reproducibility of the results. 

 

2.3 Determination of the apparent kinetic parameters 

The kinetics of CH4 combustion can be approximated as a pseudo-first order reaction (𝑅𝑜𝑏𝑠 =

𝑘 ∙ 𝐶𝐶𝐻4) considering that all catalytic tests towards CH4 oxidation performed on each 

PdO/Co3O4/SiCZir combination were conducted in a large excess of oxygen (𝐶𝑂2 ≫ 𝐶𝐶𝐻4). 

Thus, assuming a plug flow reactor model, the observed rate constant per unit of catalyst bulk 

density (𝑘′) for a first-order reaction was determined as: 

𝑘′(𝑇) =
1

𝜏
∙ ln(

1

1−𝑋𝐶𝐻4)
) (1) 

𝜏 =
𝑊𝑐𝑎𝑡∙𝐶𝐶𝐻4

𝑖𝑛

𝐹𝐶𝐻4
𝑖𝑛  (2) 
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where 𝜏 is the contact time (gcat s m–3), 𝑋𝐶𝐻4 is the CH4 conversion, 𝑊𝑐𝑎𝑡 is the weight of 

PdO/Co3O4 catalyst (gcat), and 𝐶𝐶𝐻4
𝑖𝑛 , 𝐹𝐶𝐻4

𝑖𝑛  are the inlet concentration (mol m–3), and molar flow 

of methane (mol s–1), respectively.  

Then, the 𝑘′was plotted as a function of inverse temperature using the logarithmic form of the 

Arrhenius equation (Equation 3). The pre-exponential factor (𝐴𝑜) and the apparent activation 

energy (𝐸𝑎𝑝𝑝) were determined using the experimental data points with CH4 conversion below 

10%, that is, in kinetic regime. 

𝑘′ = 𝐴𝑜 ∙ 𝑒
−
𝐸𝑎𝑝𝑝

𝑅𝑔∙𝑇 ; 𝑙𝑛(𝑘′) = 𝑙𝑛(𝐴𝑜) −
𝐸𝑎𝑝𝑝

𝑅𝑔
∙
1

𝑇
 (3) 

 

2.4. External and internal mass transfer evaluation 

The overall mass transfer process in a structured catalyst is usually bounded by two limits: 

external mass transfer from the bulk of the fluid phase to the external catalyst surface and 

internal mass transfer with chemical reaction into the catalytic thickness [30,31,33,40,49,62–

68]. The external mass transfer is simplified using the classical concept of mass transfer 

coefficient, based on the assumption that all the resistance to mass transfer resides in a fictitious 

thin film in which the concentration gradients occur, while the diffusion and reaction processes 

are simplified using the concept of effectiveness factor [40,63]. Balakotaiah in 2008 [69], 

demonstrated that it was possible to use an internal mass transfer coefficient to simplify the 

diffusion and reaction process in a catalyst particle utilizing a hypothetical film model similar 

to that of external mass transfer. Later, Joshi et al. [70–73] extended this approach by 

developing a low dimensional model to describe convection processes with diffusion and 

reaction in washcoated monoliths of arbitrary shape. The main advantage of this model is that 

it allows the inclusion of intraparticle diffusional effects without explicitly solving the 

multicomponent diffusion-reaction problem within the catalyst layer.  
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Recently, we adapted the model developed by Joshi et al. [70–73] to evaluate the mass transfer 

effects that occur from the bulk of the gas phase to the outer catalyst surface and to the inside 

of the catalytic layer in single coated OCFs made of alumina, silicon carbide, and zirconia [52]. 

Briefly, the total mass transfer resistance (𝑅𝑚
𝑡) can be described as the combined effect of two 

diffusive contributions using a series approach, as follows [52,53,71,72]: 

𝑅𝑚
𝑡 = 𝑅𝑚

𝑒 + 𝑅𝑚
𝑖  (4) 

𝑅𝑚
𝑡 =

1

𝑘𝑚
𝑡 ; 𝑅𝑚

𝑒 =
1

𝑘𝑚
𝑒 =

4∙𝑅Ω𝑒

𝑆ℎ𝑂𝐶𝐹∙𝐷𝑓
 ; 𝑅𝑚

𝑖 =
1

𝑘𝑚
𝑖 =

𝑅Ω,𝑖

𝑆ℎ𝑐∙𝐷𝑒
 (5) 

where 𝑅𝑚
𝑒, 𝑅𝑚

𝑖 are the gas phase film and intraparticle (within the PdO/Co3O4 catalyst layer) 

mass transfer resistances (s m–1); 𝑘𝑚
𝑡
,𝑘𝑚

𝑒 , 𝑘𝑚
𝑖
 are the total, external and internal mass transfer 

coefficients (m s–1); 𝑅Ω𝑒, 𝑅Ω,𝑖 are the characteristic length scales for the transverse diffusion 

associated with the gas phase and the catalytic layer (m); 𝐷𝑓 , 𝐷𝑒 are the molecular and effective 

diffusivity of CH4 in the fluid phase and within the catalyst layer (m2 s–1), and 𝑆ℎ𝑂𝐶𝐹,𝑆ℎ𝑐 are 

the external and internal Sherwood numbers. 

The characteristic length scales are defined as the ratio of the flow or coated layer cross-

sectional area to the gas-solid interfacial perimeter (wetted surface, assuming a continuous 

catalyst layer), which are expressed as: 

𝑅Ω,𝑒 =
𝐴Ω,𝑒

𝑃Ω
=

𝑑ℎ

4
 (6) 

𝑅Ω,𝑖 =
𝐴Ω,𝑖

𝑃Ω
= 𝛿𝑐 (7) 

where 𝑃Ω is the wetted gas–coated layer interfacial perimeter (m); 𝑑ℎ is the hydraulic diameter 

of the foam (m); 𝛿𝑐 is the catalytic thickness (m); 𝐴Ω,𝑒 and 𝐴Ω,𝑖 are the cross sectional areas for 

the gas phase and coated catalyst layer (m2); respectively.  

To estimate the dimensionless external mass transfer coefficient (𝑆ℎ𝑂𝐶𝐹), we use the correlation 

derived by Garrido et al. [74] for ceramic OCFs with circular strut shape valid for a voidage 

range of 0.75 ≤ 휀𝑜𝑐𝑓 ≤ 0.85 and pore diameter of 0.87 ≤ 𝑑𝑝,𝑐 ≤ 3.13 mm: 
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𝑆ℎ𝑂𝐶𝐹 = 1.0 ∙ 𝑅𝑒0.47 ∙ 𝑆𝑐
1

3 ∙ 𝐹𝑔 (8) 

where 𝑅𝑒 is the Reynold number, 𝑆𝑐 is the Smith number and 𝐹𝑔 is the geometrical factor which 

depends on the pore diameter (𝑑𝑝,𝑐) and the OCF voidage (휀𝑜𝑐𝑓). 

On the other hand, the dimensionless mass transfer coefficient within the catalyst layer (𝑆ℎ𝑐) 

was estimated using the correlation derived by Joshi et al. [71] on washcoated monolith for first 

order reactions as: 

𝑆ℎ𝑐 = 𝑆ℎ𝑐,∞ +
Λ∙𝜙2

1+Λ∙𝜙
 (9) 

where 𝑆ℎ𝑐,∞is the asymptotic internal Sherwood number (where the pore diameter and coated 

layer shape was assumed to be circular, thus,𝑆ℎ𝑐,∞ = 3.013) [75], 𝛬 is a constant that depends 

on the coated layer geometry (for a circular coated layer shape with circular crown ratio of 1.1, 

𝛬 = 0.38) [71,72], and 𝜙 is the Thiele modulus for a first order reaction. 

 

2.5. Overall catalytic performance: Kinetic and mass transfer regimes 

To evaluate the operating regimes (kinetic, internal and external mass transfer) of the catalytic 

process, we used the low-dimensional model developed by Joshi et al. [70–72], considering the 

following assumptions: i) fully developed laminar flow; ii) very high axial Peclet number; iii) 

isothermal foam; and iv) first order reaction kinetics. In this way, the operating regime of each 

catalytic OCF combination was evaluated as the sum of the total mass transfer resistance and 

the reaction resistance as: 

𝑅𝑜𝑣 = 𝑅𝑚
𝑡 + 𝑅𝑟 (10) 

Substituting the Equation 4 in 10, we obtain that: 

𝑅𝑜𝑣 = 𝑅𝑚
𝑒 + 𝑅𝑚

𝑖 + 𝑅𝑟  (11) 

1

𝑘𝑜𝑣
=

1

𝑘𝑚
𝑒 +

1

𝑘𝑚
𝑖 +

1

𝑘∙𝑅Ω,𝑖
 (12) 

where Equations 11 and 12 describe the overall resistance of the catalytic process.  
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The Thiele modulus (𝜙) and the effectiveness factor (𝜂) for a first order reactions were 

estimated as follows [71,72]: 

𝜙 = √
𝑘∙𝑅Ω𝑖

2

𝐷𝑒
 (13) 

𝜂 =
1

1+
𝜙2

𝑆ℎ𝑐

 (14) 

 

2.6. External and internal heat transfer evaluation 

In highly exothermic reactions, such as CH4 combustion, additional to mass transfer limitations, 

temperature gradients can also originate both between the bulk fluid phase and the external 

catalyst surface (external heat transfer) and within the catalyst layer (internal heat transfer), 

causing catalyst deactivation due to thermal sintering [60]. Therefore, heat management 

becomes a key aspect for both reactor design and catalytic process control. 

First of all, we estimated the volumetric heat transfer coefficients (ℎ𝑒
𝑣) of each OCF 

combination, which take into account the heat exchange between the fluid and outer catalyst 

surface. These are also influenced by the foam solid network that, as reported in our previous 

work [61], are composed of circular hollow struts, showing a macro/microporous skeleton with 

irregular and tortuous pathways. Thus, the ℎ𝑒
𝑣 values were estimated using the correlation 

derived by Younis and Viskanta in 1993 [76] valid for ceramic OCFs with pore densities up to 

70 ppi, as: 

𝑁𝑢 =
ℎ𝑒
𝑣∙𝑑𝑝,𝑐

2

𝜆𝑓
= 𝐶 ∙ 𝑅𝑒𝑚 (15) 

𝐶 = 0.819 ∙ [1 − 7.33 ∙ (
𝑑𝑝,𝑐

𝐿
)] (16) 

𝑚 = 0.36 ∙ [1 + 15.5 ∙ (
𝑑𝑝,𝑐

𝐿
)] (17) 
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where 𝑁𝑢 is the Nusselt number, 𝜆𝑓 is the gas phase thermal conductivity (W m–1 K–1), 𝐶 and 

𝑚 are geometrical parameters that depend on the OCFs, and 𝐿 is the total length of each OCF 

combination (0.03 m) 

To evaluate the effects of external heat transfer, we used the criterion proposed by Mears in 

1971 [77], which assumes that the fluid phase heat transfer resistance is lumped at the surface, 

according to the following expression: 

𝜒 = |
(−△𝐻𝑟)∙𝑅

𝑜𝑏𝑠∙𝑅𝛺𝑒

ℎ𝑒∙𝑇𝑏
| <

0.15

𝛾𝑏
 ; 𝛾𝑏 =

𝐸𝑎𝑝𝑝

𝑅𝑔∙𝑇𝑏
 (18) 

where∆𝐻𝑟 is the heat of CH4 combustion reaction (J mol–1),ℎ𝑒 is the heat transfer coefficient 

associated for the gas phase (W m–2 K–1), 𝑇𝑏 is the temperature in the bulk of the gas phase (K); 

𝛾𝑏 is the Arrhenuis number evaluated at the bulk of the gas phase, 𝑅𝑔 is the universal gas 

constant (J mol–1 K–1), and χ is the Damköhler for interphase heat transport [63,77].  

Thermal gradients within the catalyst layer were evaluated using the criterion proposed by 

Anderson in 1963 [78]: 

𝜓 = |
(−△𝐻𝑟∙𝑅

𝑜𝑏𝑠∙𝑅𝛺𝑖
2 )

𝜆𝑒∙𝑇𝑠
| < 

0.75

𝛾𝑠
; 𝛾𝑠 =

𝐸𝑎𝑝𝑝

𝑅𝑔∙𝑇𝑠
 (19) 

where 𝜆𝑒 is the effective thermal conductivity (W m–1 K–1),𝑇𝑠 is the temperature at the surface 

of the catalyst layer (K),𝛾𝑠 is the Arrhenuis number evaluated at the surface of the gas phase, 

and 𝜓 is the Damköhler for intraparticle heat transport [63]. 

Furthermore, the reaction and removal heats were evaluated at steady state conditions. Under 

these conditions, the heat released by the combustion reaction on any element on the outer 

surface of the PdO/Co3O4 catalyst layer must be transported from the catalyst surface to the 

bulk gas. Therefore, the heat analysis in steady state conditions, assuming a pseudo-first order 

reaction, is given as follows [40]:  
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𝑄𝑟 = 𝑄 (20) 

𝑄𝑟 = (𝑅𝐶𝐻4
′ ) ∙ (−∆𝐻𝑟) = 𝐴𝑜

′ ∙ 𝑒(−
𝛾𝑏
𝜃+1

) ∙ 𝐶𝐶𝐻4 ∙ (−∆𝐻𝑟) (21) 

𝑄 = ℎ𝑒 ∙ 𝑎𝑚 ∙ (𝑇𝑠 − 𝑇𝑏) = ℎ𝑒 ∙ 𝑎𝑚 ∙ 𝑇𝑏 ∙ 𝜃 (22) 

𝜃 =
𝑇𝑠−𝑇𝑏

𝑇𝑏
 (23) 

where 𝑄𝑟 is the heat generation rate per unit mass of catalyst (J Kg–1 s–1), 𝑄 is the heat removal 

rate per unit mass of catalyst (J Kg–1 s–1), 𝑅𝐶𝐻4
′  is the reaction rate expressed with respect to 

CH4 per unit mass of catalyst (mol Kg–1 s–1), 𝐴𝑜
′  is the pre-exponential factor per unit of the 

catalyst bulk density (m3 Kg–1 s–1), 𝑎𝑚 is the external surface area per unit mass of catalyst (m2 

Kg–1), and 𝜃 is the dimensionless temperature. 

Further, the relationship between the degree of external mass transfer control and the 

temperature difference between the bulk gas phase and the outer catalyst surface can be easily 

derived for steady-state conditions. Under such conditions, the CH4 external mass transfer rate 

must be equal to the CH4 conversion rate by surface reaction. Thus, assuming that the outer 

surface of the catalytic layer is uniformly accessible to the reactive gases, each section of the 

surface behaves kinetically the same: 

𝑘𝑚
𝑒 ∙ 𝑎𝑚 ∙ (𝐶𝐶𝐻4 ,𝑏 − 𝐶𝐶𝐻4,𝑠) ∙ (−∆𝐻𝑟) = ℎ𝑒 ∙ 𝑎𝑚 ∙ (𝑇𝑠 − 𝑇𝑏) (24) 

Hence, solving for the temperature difference and considering the Chilton-Colburn analogies 

between heat and mass transfer by means of the j-factor correlations (𝑗𝐻 ≈ 𝑗𝐷) leads to [79–81]: 

(𝑇𝑠 − 𝑇𝑏) = (
−∆𝐻𝑟

𝜌𝑓∙𝑐𝑝,𝑓
) ∙ (𝐶𝐶𝐻4,𝑏 − 𝐶𝐶𝐻4,𝑠)  (25) 

(𝑇𝑠 − 𝑇𝑏) = (
−∆𝐻𝑟∙𝐶𝐶𝐻4,𝑏

𝜌𝑓∙𝑐𝑝,𝑓
) ∙ 𝐶𝑎 (26) 
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where 𝜌𝑓 is the density of gas mixture (kg m–3), 𝑐𝑝,𝑓 is the heat capacity per unit mass of gas 

mixture (J Kg-1 K-1), 𝐶𝐶𝐻4,𝑏 and 𝐶𝐶𝐻4,𝑠 are the bulk gas and surface concentration of CH4 and 

𝐶𝑎 is the Carberry number [63].  

Now, introducing the definition of adiabatic temperature, Equation 26 can be written as: 

(𝑇𝑠 − 𝑇𝑏) = ∆𝑇𝑎𝑑 ∙ 𝐶𝑎  (27) 

∆𝑇𝑎𝑑 =
−∆𝐻𝑟∙𝐶𝐶𝐻4,𝑏

𝜌𝑓∙𝑐𝑝,𝑓
 ; 𝐶𝑎 = 

𝐶𝐶𝐻4,𝑏−𝐶𝐶𝐻4,𝑠

𝐶𝐶𝐻4,𝑏
 (28) 

Note that (𝑇𝑠 − 𝑇𝑏) is maximum for reactions limited by mass transfer 𝐶𝑎 ≥ 1. 

 

3. Results and discussion 

The physical-chemical characterization of the combined OCFs, as well as the adhesive 

properties of the coated 3 wt.% PdO/Co3O4 on both SiC and Zir supports have been fully 

performed and reported in our previous works [52–55,61]. In fact, a series of sonication tests 

(not reported here, but available on our above-mentioned works) demonstrated that the layer of 

PdO/Co3O4 remains well attached to the ceramic OCFs, with practically no loss of catalyst from 

the surface of the foams after 2 h of sonication at 40 kHz. Thus, here we can affirm that the 

SCS + WI impregnation method allowed us to line on the two OCFs the desired PdO/Co3O4 

catalyst, realizing a structured catalyst. 

 

3.1. Catalytic tests toward CH4 combustion 

Figure 2 shows the extinction curves of CH4 combustion for all flow conditions and coated 

SiCZir combinations studied. An increase in WHSV reduces the contact time between the 

reactants and the catalyst, which leads to a worsening of the catalytic performance. Thus, the 

CH4 conversion cannot be maintained at low temperature and the extinction temperature shifts 

to slightly higher values. For both inlet CH4 concentrations, when the reactor was operated at 

WHSV of 30, all SiCZir OCF combinations achieved complete conversion. Particularly, the 
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SiC1.5Zir1.5 started the extinction of the reaction at 221 °C (0.5 vol.% inlet CH4 concentration) 

or 266 °C (1 vol.% inlet CH4 concentration), followed by the SiC1Zir2 at 259 or 328 °C, 

respectively, and the SiC2Zir1 at 496 or 484 °C, respectively. By increasing the WHSV to 90, 

only the combinations SiC1Zir2 and SiC1.5Zir1.5 were able to maintain full CH4 conversion, 

while the SiC2Zir1 combination, did not reach full conversion, showing a maximum conversion 

of 67.3% and 65.2% at inlet CH4 concentrations of 0.5 and 1 vol.% respectively.  

On the other hand, it is worth mentioning the drop, and further recovery, in the catalytic activity 

due to the PdO-Pd-PdO phase transformation during the reactor cooling ramp, at around 550-

600 °C, as also reported in several other studies on CH4 oxidation over Pd-based catalyst [82–

87]. Recently, we also reported a decrease in CH4 conversion at medium/high temperatures 

when the PdO/CO3O4 catalyst amount coated on the single Zir OCF was varied [53]. The 

decrease in the catalytic activity was observed for all flow conditions studied (WHSV=30, 60, 

90 and inlet CH4 concentration of 0.5 and 1 vol. % [53]). Interestingly, in this work, when 

carrying out the catalytic CH4 oxidation combining the coated SiCZir OCFs at the lowest 

WHSV of 30, the CH4 conversion remains constant at 100% till very low temperature values, 

without being affected by the PdO-Pd-PdO phase transformation, except for the SiC2Zir1 

combination at the inlet CH4 concentration of 0.5 vol.%. However, as the WHSV increases to 

90, the drop in the catalytic activity becomes evident in all OCF combinations, occurring at 

higher temperatures respect to the previous series of tests. Attractively, in terms of CH4 

conversion, the SiC1.5Zir1.5 combination showed the smallest performance drop due to the 

PdO-Pd-PdO phase transformation (from 100% to 90%) compared to the other foams 

combinations, even with those reported in our previous work at the same flow conditions on 

the coated Zir OCF [53]. Furthermore, it is important to note that at WHSV of 90, when the 

reactor operates with a higher CH4 concentration and, hence, with a higher oxygen 
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concentration (O2/CH4 molar ratio constant and equal to 8), the shift of the curve is less 

accentuated (from 100% to 95%).  

 

Figure 2. Extinction curves of CH4 oxidation on 3 wt.% PdO/Co3O4 catalyst coated on 

SiC1Zir2 (A, D), SiC1.5Zir1.5 (B, E) and SiC2Zir1 (C, F) OCF combinations at WHSV of 30 

and 90 NL h−1 gcat
−1 and intel CH4 concentration of 0.5 and 1 vol.%. 
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Such a feature has also been reported in our previous work [53] and by other authors for highly 

exothermic reactions [57,59,87,88]. Various studies have pointed out that the increase in the 

partial pressure of O2 favors the stabilization of the PdOx system by promoting the formation 

of PdO during the cooling phase (Pd ↔ PdO phase transformation) [29,83,86,87,89–92]. 

Farrauto et al. [93] also reported that as O2 concentration increases, the hysteresis of the PdO-

Pd-PdO phase transformation is shifted towards higher temperatures. Such an effect is also 

observed here, particularly during the catalytic tests performed at WHSV of 90 on the SiC2Zir1 

combination (Figures 2C and 2F). 

Figure 3 shows a comparison of the three coated SiCZir OCF combinations in terms of 

temperature at 10% (T10) and 50% (T50) methane conversion, for all flow conditions 

investigated. Specifically, when analyzing the shut-down temperature (T10), the extinction of 

the reaction occurs at lower temperatures in the SiC1.5Zir1.5 and SiC1Zir2 combinations, 

showing a T10 difference between them below 15 °C at both WHSV and inlet CH4 

concentrations. On the other hand, the extinction for the SiC2Zir1 combination is anticipated, 

obtaining a T10 difference with respect to the SiC1.5Zir1.5 combination greater than 140 °C, at 

the same flow conditions. Regarding the T50, at WHSV of 90, the SiC1Zir2 and SiC1.5Zir1.5 

configurations exhibited similar values with a T50 difference below 15 °C. However, when 

operating the reactor at the lowest WHSV (30), the T50 difference between the latter increased 

to about 30 °C. Similar to the T10 results, the SiC2Zir1 combination showed the highest T50 

values. Thus, according to the catalytic test results, it is possible to deduce that combining equal 

lengths of the coated SiC and Zir OCF pieces in the SiC1.5Zir1.5 configuration favors the 

catalytic performance of CH4 oxidation, since it allows maintaining the reaction and the 

complete CH4 conversion at lower temperatures. This result can be explained considering the 

difference in thermal conductivity of both foams. In fact, as we reported in our previous work 

[54], the volumetric heat transfer coefficient for the individual SiC OCF is about 25 times higher 
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than that of the Zir OCF. This could suggest a lower resistance to external heat transfer favoring 

the catalytic process. 

 

Figure 3. T10 and T50 of the three OCF combinations for all flow conditions studied during 

the extinction curves. 

 

In order to highlight the effect on the catalytic performance towards CH4 combustion in lean 

conditions when using different combinations of SiC and Zir OCFs, we compared the extinction 

curves of all the OCF combinations studied here with those obtained in our previous work on 

individual SiC and Zir OCFs [54], as shown in Figure 4. All of them were lined with 3 wt.% 

PdO/Co3O4 as catalyst and carried out at the same flow conditions (WHSV = 30 NL h−1 gcat
−1 

and inlet CH4 concentration of 0.5 vol.%). 
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Figure 4. Extinction curves of CH4 oxidation for 3 wt.% PdO/Co3O4 catalyst coated on 

individual SiC and Zir OCF (from our previous work Ercolino et al. [54]) and combinations 

of them at WHSV of 30 NL h−1 gcat
−1 and inlet CH4 concentration of 0.5 vol.%. 

 

Clearly, the SiC1Zir2 and SiC1.5Zir1.5 combinations offer a marked improvement in holding 

on the CH4 conversion at low temperature. Particularly, the SiC1.5Zir1.5 combination allowed 

combustion extinction at 150 and 90 °C less than those obtained for the individual SiC and Zir 

OCFs, respectively. Furthermore, this OCF combination showed a decrease of the temperature 

of approximately 175 and 135 °C, with respect to the individual SiC and Zir OCFs. That is, the 

SiC1.5Zir1.5 combination maintained full CH4 combustion till to the temperature of 215 °C 

(for 30 as WHSH and 0.5 vol.% as inlet CH4 concentration), which is a remarkable result. This 

result shows a promising performance in heterogeneous catalysis for the complete oxidation of 

methane in lean conditions and at low temperature. Such outcome is of utmost importance 

especially for the intensification of processes where it is required to abate methane emissions 

at the lowest possible temperature [8–10]. 

 

3.2 Apparent kinetic parameters 
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Figure 5 shows the Arrhenius plot for all SiCZir OCF combinations studied at WHSV of 30 

and inlet CH4 concentration of 1 vol.%. The SiC2Zir1 combination curve shifts towards higher 

temperatures (lower 1/T values), indicating slower ignition of the reaction. On the other hand, 

the curves for the SiC1Zir2 and SiC1.5Zir1.5 configurations are quite close, with a slight shift 

towards lower temperatures for the SiC1.5Zir1.5 combination. The apparent activation energy 

(𝐸𝑎𝑝𝑝) and the pre-exponential factor 𝐴𝑜 were estimated at CH4 conversions below 10 % to 

guarantee a kinetic regime in all structured catalysts (see Table 2). The kinetic parameters, also 

calculated for the three OCFs at WHSV of 90, were in line with the values obtained at the lower 

WHSV and with those we calculated for the 3% PdO/Co3O4 lined on single Zir and SiC foams 

in one of our previous paper (Eapp = 85.9 kJ mol−1 for Zir, and 191.6 kJ mol−1 for SiC at WHSV 

30, inlet CH4 concentration 0.5% [52], instead of 1%).  

 

Table 2. Apparent kinetic parameters estimated for the three OCF combinations at WHSV of 

30 and 90 NL h−1 gcat
−1 and inlet CH4 concentration of 1 vol.%  

 30 WHSV (NL h−1 gcat
−1) 90 WHSV (NL h−1 gcat

−1) 

 𝑬𝒂𝒑𝒑 

(kJ mol−1) 

𝑨𝒐 

(m3 g−1 s−1) 

𝑬𝒂𝒑𝒑 

(kJ mol−1) 

𝑨𝒐 

(m3 g−1 s−1) 

SiC1Zir2 104.30 3.78∙104 96.30 8.65∙103 

SiC1.5Zir1.5 102.42 1.14∙107 113.90 8.03∙105 

SiC2Zir1 108.82 1.68∙105 109.06 1.17∙102 
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At higher temperature, the reaction rate increases and the reaction resistance decreases, thus the 

diffusional effects become important. This is observed in all the curves displayed in Figure 5, 

where it is possible to visualize the change in the slope (−𝐸𝑎𝑝𝑝/𝑅𝑔) of the Arrhenius plot as 

the temperature varies. At intermediate temperatures, a slope of about half compared to that 

obtained in the kinetic regime was found(𝐸𝑎
𝑖𝑑 ≈ 𝐸𝑎𝑝𝑝/2), evidencing the relevance of 

diffusional effects inside the catalyst. Finally, at very high temperatures the slope of the curve 

drops to a value close to zero, indicating the dominance of external diffusive effects (𝐸𝑎
𝑒𝑑 ≈ 0). 

 

Figure 5. Arrhenius plots for the various OCF combinations (SiC1Zir2, SiC1.5Zir1.5, and 

SiC2Zir1) at WHSV of 30 and inlet CH4 concentration of 1 wt.%.  

 

3.3. External and internal mass transfer resistances 

In Figure 6, the external (𝑅𝑚
𝑒or 1/𝑘𝑚

𝑒
) and internal (𝑅𝑚

𝑖or 1/𝑘𝑚
𝑖
) mass transfer resistances 

are plotted as a function of temperature at inlet CH4 concentration of 1 vol.% and the two 

WHSV examined, for the three catalytic OCF combinations. At lower WHSV, SiC1Zir2 and 

SiC1.5Zir1.5 showed a dominance of 𝑅𝑚
𝑖 at temperatures below ~400 °C (see Figure 6A and 
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6B). Thereafter, diffusional effects related to the fluid phase (𝑅𝑚
𝑒) start to become significant 

as the temperature continues to increase. For SiC2Zir1 the dominance of 𝑅𝑚
𝑖 remains up to 

temperatures of approximately 690 °C, covering practically the entire temperature range studied 

(Figure 6C). On the other hand, with the increase of WHSV to 90, the external mass transfer 

coefficient increases as well, due to the enhancement of mixing (higher turbulence) in the gas 

phase. This leads to a remarkable decrease of the 𝑅𝑚
𝑒, being irrelevant during almost the whole 

temperature range investigated and thus the 𝑅𝑚
𝑖 becomes the crucial point for the catalyst 

performance. Both resistances show monotonic behavior with temperature, although the 

resistance to external mass transfer is almost independent of temperature. 
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Figure 6. Mass transfer resistance as a function of temperature at inlet CH4 concentrations of 

1 vol.% and WHSV of 30 and 90 NL h−1 gcat
−1 for all OCF combinations: SiC1Zir2 (A, D); 

SiC1.5Zir1.5 (B, E) and SiC2Zir1 (C, F). 

 

3.4. Overall catalytic performance: Kinetic and mass transfer regimes 

We evaluated the operating regime (kinetic, internal and external mass transfer) of each SiCZir 

combination. For this purpose, we plotted the ratio of each resistance with respect to the total 
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resistance (
𝑅𝑟

𝑅𝑜𝑣
;
𝑅𝑚

𝑖

𝑅𝑜𝑣
;
𝑅𝑚

𝑒

𝑅𝑜𝑣
) as a function of gas temperature, at WHSV of 30 and 90 and inlet CH4 

concentration of 1 vol.%, as shown in Figure 7. 

 

 

Figure 7. Various resistance ratios as a function of temperature showing the different 

operating regimes for the three OCF combinations at inlet CH4 concentration of 1 vol. % and 

WHSV of 30 (A) and 90 (B) NL h−1 gcat
−1. 
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As a general trend, the increase of temperature leads to a sharp drop of the 
𝑅𝑟

𝑅𝑜𝑣
 ratio due to the 

increase of the reaction rate, which is strongly dependent on the Arrhenius equation. On the 

other hand, as the temperature increases, the
𝑅𝑚

𝑖

𝑅𝑜𝑣
 ratio progressively increases (the intra-particle 

effects become more and more significant), reaching a maximum value, for then decreasing 

gradually with temperature. As for the external diffusional effects, the 
𝑅𝑚

𝑒

𝑅𝑜𝑣
 ratio shows a 

progressive increase with increasing temperature, becoming much more significant at lower 

WHSV and very high temperatures. 

When analyzing the operating regimes at WHSV of 30 (see Figure 7A), at temperatures below 

148, 160, and 255 °C for SiC1.5Zir1.5, SiC1Zir2 and SiC2Zir1, respectively, the reaction 

kinetics dominates the process (
𝑅𝑟

𝑅𝑜𝑣
> 0.85), being the reaction resistance controlling, thus the 

catalyst operates in a kinetic regime. As the temperature increases, the reaction rate becomes 

increasingly faster, thus internal diffusion effects start to become significant. In particular, at 

temperatures between 180-370 °C, 190-395 °C and 295-660 °C the diffusion inside the 

PdO/Co3O4 layer becomes the pivotal resistance of the catalytic process for the OCF 

combinations of SiC1.5Zir1.5, SiC1Zir2 and SiC2Zir1, respectively. However, considering that 

by convention a reaction is defined under internal resistance control regime for a thresold limit 

value of 85% [71,72], in our case the structured catalysts cannot be considered under internal 

resistance control (all the curves show a 
𝑅𝑚

𝑖

𝑅𝑜𝑣
< 0.85). On the other hand, only the coated 

SiC1Zir2 and SiC1.5Zir1.5 structures exhibit an external diffusive regime at temperature above 

roughly 550 °C. 

When operating the reactor at the higher WHSV (see Figure 7B), the kinetic regime (
𝑅𝑟

𝑅𝑜𝑣
>

0.85) shifts towards higher temperatures, due to the shorter contact time. Specifically, at 

temperatures below 250, 260, and 485 °C the catalyst operates in the kinetic regime for OCF 

combinations of SiC1.5Zir1.5, SiC1Zir2 and SiC2Zir1, respectively. As mentioned above, the 
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increase in gas velocity produces an enhancement of mixing and thus an increase of the external 

mass transfer coefficient. In this way, the dominant resistance at medium-high temperatures 

becomes the 𝑅𝑚
𝑖. Nevertheless, the 

𝑅𝑚
𝑖

𝑅𝑜𝑣
 ratios are not higher than 0.85 to be considered as a 

controlling regime. Therefore, once the kinetic control is overcome (as the temperature 

increases), the catalyst operates in a mixture of regimes where 𝑅𝑟 and 𝑅𝑚
𝑖 are comparable at 

low/medium temperatures, while 𝑅𝑚
𝑖 and 𝑅𝑚

𝑒 at medium/high temperatures. 

For further analysis, we plotted the effectiveness factor, 𝜂 (Figure 8B) and the evolution of 𝑅𝑟 

and 𝑅𝑚
𝑖 (Figure 8A) as a function of the Thiele modulus (𝜙) at WHSV of 30 and 1 vol.% as 

inlet CH4 concentration. Clearly, in the case of very slow reactions, the 𝜙 ≪ 1 and the 𝜂 → 1. 

At this point, the 𝑅𝑟 controls the catalytic combustion and 𝑅𝑚
𝑖 tends to the asymptotic value of 

𝑅Ω,𝑖

𝑆ℎ𝑐,∞∙𝐷𝑒
, being independent of the reaction kinetics and catalytic thickness dependent [71]. On 

the contrary, in the limit of very fast reactions (for 𝜙 ≫ 1; 𝜂 →
1

𝜙
), the 𝑅𝑟 is negligible and thus, 

the diffusional effects control the process, where the 𝑅𝑚
𝑖 tends to the value of 

1

√𝑘∙𝐷𝑒
 [72]. 

Therefore, the 𝑅𝑚
𝑖 is independent of the catalytic thickness and depends only on the combustion 

kinetics and the effective diffusivity inside the catalyst [40,63,72,73,94]. 
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Figure 8. Evolution of 𝑅𝑟 and 𝑅𝑚
𝑖 (A) and effectiveness factor (B) as a function of the Thiele 

modulus (𝜙) at WHSV of 30 and inlet CH4 concentration of 1 vol.%. 

 

3.5. External and internal heat transfer evaluation 

Figure 9 shows the Nusselt number and volumetric heat transfer coefficient as a function of 

Reynolds number defined at temperatures of 200, 400, and 600 °C for the three OCF 

combinations and for each individual SiC and Zir OCF reported in our previous work [54]. 
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Clearly, the higher the gas velocity, the greater the fluid turbulence in the foam flow paths, and 

hence the convective heat transfer increases. At the same flow conditions, the gas surface 

velocity is higher with increasing SiC OCF length in the combinations. This is because the SiC 

OCF has a lower average pore diameter value [61], thus as the SiC OCF length increases in 

each combination, more of the reactive flow passes through the entire configuration at a higher 

velocity. Examining the effect of temperature, at 200 °C higher 𝑁𝑢 values are obtained by 

increasing the length of the SiC OCF (SiC2Zir1 > SiC1.5Zir1.5 > SiC1Zir2). However, 

increasing the temperature up to 600 °C led to very similar 𝑁𝑢 values for all OCF combinations, 

due to the decrease in viscosity of the reactive mixture. These effects play a key role in the 

volumetric heat transfer coefficients, which, at same flow conditions are higher for the 

combinations with longer SiC foam length, thanks to the higher thermal conductivity that they 

offer compared to Zir OCF. Thus, by combining SiCZir OCFs a remarkable increase of the 

volumetric heat transfer coefficient is obtained. The ℎ𝑒
𝑣 values are in line with those reported 

by Dietrich [95] and Xia et. al [96] for OCFs, and also other reactor configurations, such as 

packed bed reactors and monoliths [45,97–99]. 
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Figure 9. Nusselt number (A) and volumetric heat transfer coefficient (B) as a function of 

Reynolds number defined at temperatures of 200, 400, and 600 °C for the three OCF 

combinations and for each individual SiC and Zir OCF reported in our previous work [54]. 
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To evaluate the effects of external heat transfer in all SiCZir OCF combinations, we used the 

Mears criterion according to Equation 18, for both WHSV studied and inlet CH4 concentration 

of 1 vol.%. 

 

Figure 10. Mears criterion to evaluate external heat transfer for all OCF combinations at inlet 

CH4 concentration of 1 vol.% and WHSV of 30 (A) and 90 (B). 
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At lower reactive gas flow and hence low WHSV (Figure 10A), external heat transfer 

limitations are present at higher temperatures of 105, 115, and 200 °C for the combinations of 

SiC1Zir2, SiC1.5Zir1.5, and SiC2Zir1, respectively. On the other hand, by increasing the 

WHSV to 90, a higher gas turbulence is obtained and hence higher heat transfer coefficients 

(Figure 9), which leads to shift the external heat transfer limitations to higher temperatures, as 

shown in Figure 10B. Such limitations could be due to the rapid ignition of the reaction, which 

results in a higher heat production due to the exothermicity of the combustion process, with 

respect to the heat removed by the flue gases. By analyzing the heats of removal (𝑄) and 

reaction (𝑄𝑟) as a function of temperature at the two WHSV and inlet CH4 concentration of 1 

vol.% (see Figure 11), the SiC1Zir2 and SiC1.5Zir1.5 combinations show similar values of 𝑄𝑟 

and 𝑄 (at both space velocities), with slightly higher values for SiC1.5Zir1.5. In particular, the 

latter exhibits a 𝑄 > 𝑄𝑟 (stable operating zone) at lower temperatures of 160 and 272 °C at 

WHSV of 30 and 90, respectively. In contrast, the SiC2Zir configuration displays the lowest 𝑄 

and 𝑄𝑟 when compared to the other combinations, operating in a stable zone at temperatures 

below 230 and 650 °C at WHSV of 30 and 90 NL h−1 gcat
−1, respectively. Once the catalyst 

reaches conversions above 90 % (Figure 2), that is, when the reaction rate constant is 

sufficiently high and hence the 𝑅𝑟 is negligible (𝑅𝑟 ≪ 𝑅𝑚
𝑒 + 𝑅𝑚

𝑖), the heat removal becomes 

stable reaching similar values at elevated temperatures for the three OCF combinations. 
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Figure 11. Heat reaction and removal rates as a function of bulk temperature for all the OCF 

combinations at WHSV of 30 (A) and 90 (B) and inlet CH4 concentration of 1 vol.% 
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The presence of SiC OCF at the inlet of the reactor, which has a higher thermal conductivity 

compared to Zir OCF, is helpful to retain the heat of reaction for boosting the ignition of the 

first reacting molecules on the surface of the catalyst at low temperature during the heating 

ramp, and to hold the reaction on during the cooling ramp of the tests [54,99]. The optimal 

configuration is reached in the SiC1.5Zir1.5 combination, where the kinetics and thermal 

effects of the two foams are synergetically enhanced by combining two supports with different 

thermal conductivity but equal lenght. The OCF in front, with a higher thermal conductivity, to 

boost the ignition of the catalytic reaction at low temperature, the following one with a lower 

thermal conductivity, to reach and maintain full combustion at the lowest possible temperature. 

For further analysis, we plotted the temperature difference between the bulk gas phase and the 

external catalyst surface (according to Equation 27) as a function of temperature for all the 

conditions examined (Figure 12). This is a purely qualitatively analysis since the Ts is a 

theoretical average temperature calculated taking into account the different properties of the 

two OCFs and their relative lengths, and it does not represent any real surface temperature. 

Moreover, in the tests we made on single OCFs [54], we measured a temperature gradient 

between the inlet and outlet of the foams, being the ∆(𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡) values of the Zir foams very 

limited, representative of an isothernal system, while the ∆(𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡) values of the SiC 

slightly more positive, representative of a quasi-isothermal system, at various temperatures and 

WHSV. Consequently, in our SiCZir configurations we expect inlet/outlet temperature 

gradients. Thus, the following considerations are purely speculative, but helpful in 

understanding what is happening in the catalytic systems during reaction. 

As observed from our calculations, the increase in CH4 concentration leads to a higher adiabatic 

temperature (∆𝑇𝑎𝑑) in the catalytic system and thus a greater (𝑇𝑠 − 𝑇𝑏). The temperature 

difference increases rapidly until the catalyst reaches full CH4 conversion. At this point the 

(𝑇𝑠 − 𝑇𝑏) starts to decay gradually as the gas temperature increases. The highest temperature 
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difference was found for the SiC1.5Zir1.5 combination for all flow conditions studied. A greater 

(𝑇𝑠 − 𝑇𝑏), that is a higher Ts, should hold the combustion reaction, thus exploiting the extinction 

temperature at lower values. However, at higher WHSV, the contact times decreases, and the 

Carberry values increases with temperature, reaching a maximum values approaching full 

methane conversion, thus shifting the extinction temperature to greater values. This is also 

visible by the significative increase of the diffusional effects related to the fluid phase as the 

temperature raises, as visible from Figure 6. These two effects combined together prevail on 

the advantage of a greater (𝑇𝑠 − 𝑇𝑏), with the consequence that at higher WHSV and higher 

CH4 inlet concentration, the combustion reaction worsen. 
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Figure 12. Temperature difference between the bulk gas phase and the external catalyst surface 

as a function of temperature at WHSV of 30 and 90 and inlet CH4 concentration of 0.5 (A) and 

1 vol.% (B) for all the OCF combinations investigated.  
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Regarding internal heat transfer, we plotted in Figure 13 the Anderson criterion for all OCF 

combinations at inlet CH4 concentrations of 1 vol.% and the two WHSV. No heat limitations 

were found within the catalyst layer thickness, indicating the absence of intraparticle 

temperature gradients in all OCF configurations. 
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Figure 13. Anderson criterion to evaluate internal heat transfer for all OCF combinations at 

inlet CH4 concentration of 1 vol.% and WHSV of 30 (A) and 90 (B). 

 

5. Conclusions 

The main contribution of this work is to evaluate the catalytic performance towards complete 

CH4 combustion in lean conditions by using three different OCF combinations made of SiC and 

Zir with pore densities of 30 ppi coated with 3 wt. % PdO/Co3O4 as catalyst. The reactor feed 

was carried out in a large excess of oxygen (O2/ CH4 molar ratio equal to 8), with inlet CH4 

concentrations of 0.5 and 1 vol. % and WHSV of 30 and 90 NL h−1 gcat
−1. The apparent kinetic 

parameters of the structured catalysts were determined in order to estimate the reaction 

resistance. In addition, external and internal mass transfer effects were evaluated using a 

theoretical model adapted to the OCF geometry, which allowed the determination of the mass 

transport resistances. The operating regime of each OCF combination was determined by 

varying the temperature of the reactive gas. Furthermore, an analysis of heat transfer effects 

was carried out in terms of volumetric heat transfer coefficients, possible heat limitations using 

theoretical criteria (Mears and Anderson criteria), heats of removal and reaction, and theoretical 

evaluation of the temperature difference between the gas bulk and the external catalyst surface. 

The following major conclusions can be drawn from this study: 

- Among the three foam combinations, SiC1.5Zir1.5 exhibited complete methane 

conversion at the lowest temperatures for all flow conditions studied. 

- The remarkable catalytic performance of the SiC1.5Zir1.5 configuration, which 

maintained full methane conversion at the lowest extinction temperature of 215 °C 

(WHSV of 30 and 0.5 vol.% as inlet CH4 concentration), can be explained considering 

the different thermal conductivity of the SiC and Zir used as supports for the PdO/Co3O4 

catalyst. The presence of SiC OCF at the inlet of the reactor, which has a higher thermal 
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conductivity compared to that of Zir OCF, is helpful to hold on the heat of reaction, thus 

shifting the extinction temperature at lower values. The optimal configuration is reached 

in the SiC1.5Zir1.5 system combination, where two supports of same length but with 

different thermal conductivity are used in series. With such a configuration, we reached 

a favorable balance of heat and mass transfers acting synergistically to drive and hold 

the combustion reaction even at low temperature. 

- The temperature difference between the bulk of the fluid phase and the external catalyst 

surface increases rapidly in the combinations with faster ignition of the reaction, until 

the catalyst reaches near full conversion and then gradually decreases as the gas 

temperature increases. 

- The mass transport limitations, ignition/extinction behavior, and presence of multiple 

steady-state conditions of a catalytic system are of utmost importance to design new 

compact catalytic reactors for process intensification of highly exothermic reactions. 
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