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Investigating mass transfer coefficients in lean methane combustion 
reaction through the morphological and geometric analysis of structured 
open cell foam catalysts 
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A B S T R A C T   

In this work, we characterized ceramic open cell foams made of zirconia, silicon carbide and alumina of different 
nominal pore densities (30–45 ppi) using X-ray computed microtomography. This technique allowed the 
comprehensive and quantitative extraction of morphological and geometrical characteristics of the structures 
(pore size, strut diameter and length, node diameter, open porosity and specific geometrical surface area). An 
empirical model was proposed to determine the specific surface area from parameters easily accessible with 
standard laboratory equipment. Moreover, lean CH4 combustion tests were performed on ceramic foams coated 
with PdO/Co3O4 at 3 wt%. Mass transfer coefficients of the foams were measured by monitoring the oxidation 
reaction under diffusional control conditions. We derived a dimensionless correlation of the type Sh =
A•Rem•Sc1/3. Finally, the pressure drop across the foams as a function of surface velocity was evaluated and 
compared with various experimental data and models available in the literature.   

1. Introduction 

In recent years, open cell foams (OCFs) have become one of the most 
attractive structures for a wide variety of industrial applications in the 
field of chemical engineering for process intensification (Aguirre et al., 
2020; Bracconi et al., 2020), as well as in other engineering applications 
(Banhart, 2001; Banhart and Weaire, 2011; Grosse et al., 2009). OCFs 
are irregular cellular materials made of interconnected solid struts that 
give rise to a continuous three-dimensional network, which enclose 
empty regions called cells (Bracconi et al., 2017; Buciuman and 
Kraushaar-Czarnetzki, 2003; Große et al., 2008; Inayat et al., 2011, 
2016). This network leads to a highly porous structure that provides a 
flow pathway through the open windows that communicates with 
neighboring cells, as shown in Fig. 1A. Foams are also characterized by a 
unique combination of physical properties such as high rigidity, light
weight, high specific surface area, and permeability (Della Torre et al., 
2016; Kumar et al., 2015; Razza et al., 2016; Scheffler and Colombo, 
2005), offering clear advantages over classical fixed or packed bed re
actors (Ambrosetti et al., 2017; Sinn et al., 2021; Zalucky et al., 2015). 

Depending on their composition, metallic or ceramic, OCFs have 
attracted interest in the design of compact heat exchangers (Haack et al., 
2001; Ozmat et al., 2004; Vazifeshenas et al., 2020) as well as structured 
catalysts (Aguirre et al., 2020; Buciuman and Kraushaar-Czarnetzki, 
2003; Specchia et al., 2017), burner heads (Gao et al., 2012; Ortona 
et al., 2010), fuel cell bipolar flow plates (Baroutaji et al., 2017; Tseng 
et al., 2012) and as structured packaging for the process intensification 
of reactors and columns (Balzarotti et al., 2020; Cristiani et al., 2012; 
Ercolino et al., 2017b; Groppi et al., 2007; Ho et al., 2019; Incera Gar
rido et al., 2008; Lu et al., 1998; Moncada Quintero et al., 2021a, 2021b, 
2022). Several authors have reported a remarkable enhancement in 
catalytic performance when using foams as catalyst supports instead of 
operating in classical packed bed reactors or even in other types of 
substrates such as honeycombs and monoliths (Balzarotti et al., 2020; 
Ciambelli et al., 2010; Della Torre et al., 2016; Ercolino et al., 2017a). 
The reason for this can be primarily attributed to the enhanced flow 
mixing created by the tortuous paths, which improves mass and heat 
transfer properties. Consequently, this leads to lower pressure drops in 
comparison to fixed beds. Both metallic and ceramic OCFs can be 
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fabricated using methods as replication or direct foaming, where the 
choice of one material or the other depends on the structure’s applica
tion (Buciuman and Kraushaar-Czarnetzki, 2003; García-Moreno, 2016; 
Richardson et al., 2003, 2000; Scheffler and Colombo, 2005; Twigg and 
Richardson, 2002). 

Recently, we studied OCFs and monoliths made of ceramic material 
as catalytic supports for highly endothermic and exothermic reactions 
(Ashraf et al., 2018; Ercolino et al., 2017c, 2017a; Italiano et al., 2018; 
Moncada Quintero et al., 2021a, 2021b). We found that both foams and 
monoliths showed excellent catalyst adhesion and a significant 
improvement in catalytic activity and mass transfer per unit volume. 
Such advantage results in a lower amount of noble metal to be loaded on 
the surface, which determines a cost reduction in the reactor design. 
Moreover, we also demonstrated that an increase of the catalyst loading 
(as mg of catalyst per cm2 of OCF) drives to a greater dominance of the 
internal mass transfer resistance and limited residence time to complete 
the reaction (Moncada Quintero et al., 2021b). Moreover, a correlation 
for mass transfer in OCFs at low Reynolds number was proposed. The 
data were collected from lean CH4 combustion tests carried out under 
gas/solid diffusional control in zirconia foams of 30 ppi. However, 
although the derived expression fitted well with our experimental data, 
the correlation was limited to a narrow range of pore diameters (Mon
cada Quintero et al., 2021b). Clearly, in structures such as OCFs, the 
hydrodynamic and transport properties are strongly influenced by their 
distinct morphology and geometric attributes, encompassing pore size, 
strut thickness, porosity, specific surface area, and other related factors. 
These properties not only allow to characterize the structure, but also to 
obtain a detailed analysis of the fluid-dynamic processes occurring 
within the foam network. In particular, the specific surface area of the 
foams is one of the most important factors that influence both mo
mentum, heat and mass transfer and pressure drop across structures, 
which are extremely relevant features for reactor design. Since the unit 
cell of foams commonly resembles a polyhedron with pentagonal or 
hexagonal faces bounding a spherical-looking interior space, various 
authors have proposed different models to represent the open cell foam 
structures (Bracconi et al., 2017; Grosse et al., 2009; Inayat et al., 2011, 
2016; Incera Garrido et al., 2008; Richardson et al., 2003). Lord Kelvin 
proposed the first deterministic model in 1887 (Thomson (Lord Kelvin) 
(1887)). This model was based on a tetrakaidecahedron cell (or 
commonly known as Kelvin cell) composed of fourteen faces (eight 
hexagonal and six quadrilaterals) and twenty-four vertices, as shown in 
Fig. 1B. Kelvin suggested the tetrakaidecahedron cell as a packing 
pattern and stated that the shape of the cell was capable of dividing 
space into identical units of equal volume with minimal surface energy 
(Favata, 2012; Podio-Guidugli and Favata, 2014; Thomson (Lord Kelvin) 

(1887)). Later, Weaire and Phelan (Weaire and Phelan, 1994) proposed 
an improved model of the Kelvin cell consisting of eight cells, six tet
rakaidecahedra and two pentagonal dodecahedra. The structure pro
posed by the authors showed a surface area reduction of 0.3% with 
respect to the Kelvin structure. Nevertheless, the adoption of an aniso
tropic periodic cell structure showed an unusual mechanical compati
bility due to the lack of randomness which is found in real foams. 
Habisreuther at al. (Habisreuther et al., 2009) and Lucci et al. (Lucci 
et al., 2014) varied the vertices positions of the ordered Kelvin multi
cellular structure using vectors with stochastic directions and values. 
Other researchers based their study on random models using Voronoi 
tessellation. This model requires initial seed points, which are generated 
by randomly packing spheres of cell diameter size through a discrete 
element method (Bracconi et al., 2017; Maliaris and Michailidis, 2014). 
Once the spheres are settled, the centers are extracted and imported into 
the Voronoi algorithm, thus generating the foam skeleton. Such model 
has proven to be able to adequately reproduce foams consisting of closed 
and open cells, allowing the generation of large virtual cellular struc
tures following a predefined cell size distribution, cell arrangement and 
cross-section strut distribution law (Gibson and Ashby, 1988; Kraynik 
et al., 2003; Randrianalisoa et al., 2002). However, some authors have 
pointed out that the number of struts per vertex of the structures 
generated by Voronoi tessellation is higher than that of real foam 
structures, and the structural parameters of the foams reconstructed by 
Voronoi tessellation are different from those of real foams (Habisreuther 
et al., 2009; Wejrzanowski et al., 2013). Fig. 1B shows the most common 
theoretical models for representing foams. 

As technology has advanced, imaging techniques that recreate the 
three-dimensional structure of materials have become one of the 
fundamental tools in the study and inspection of the properties of solids. 
Particularly, X-ray computed micro-tomography (micro-CT) is consid
ered one of the most advanced methods in the field of non-destructive 
testing, indispensable in the characterization of morphological proper
ties of structures (Moncada Quintero et al., 2021b; Montminy et al., 
2004; Papetti et al., 2018; Schmierer et al., 2016). The technique is 
based on the non-invasive and non-destructive inspection of the internal 
structure of a solid with a spatial resolution at the micron level that 
allows the construction of a three-dimensional model from two- 
dimensional cross-sectional image slices. It also provides a detailed 
exploration of the morphological and architectural parameters charac
teristic of the material, thus leading to a modeling study of the material 
structure (Inayat et al., 2011; Kim et al., 2014; Ou et al., 2017; Petit 
et al., 2017). The prediction of properties from microstructural infor
mation requires an accurate quantitative description of the material 
(Inayat et al., 2016). 

Fig. 1. Morphological characteristic parameters of OCFs (A), Kelvin unit cell, Weaire-Phelan structure and typical Voronoi tessellation used to represent the foam 
structure (B). 
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In the present contribution, we conducted a comprehensive charac
terization of commercially available OCFs made of zirconia (Zir), silicon 
carbide (SiC), and alumina (Alu) at different nominal pore densities (30 
and 45 pores per inch, ppi). While the literature reports correlations for 
SiC and Alu OCFs, up to now there are no correlations available for Zir 
OCFs. Utilizing X-ray micro-tomography techniques and image analysis, 
we extracted crucial structural information such as pore size, strut 
thickness, porosity, and specific surface area of different types of OCFs 
(Zir, SiC, and Alu). In the existing literature, most studies on open-cell 
ceramic foams primarily focus on analyzing pore and strut diameter. 
In this study, we not only address these characteristic dimensions but 
also provide measurements of node dimension, length, and strut angle. 
In fact, these parameters are crucial for modeling purposes, providing 
the chance to better represent the real 3D structure of the investigated 
OCFs. Furthermore, we evaluated the suitability and validity of several 
correlations reported in the literature for estimating the specific 
geometrical surface area of ceramic foams by comparing them with our 
experimental results. Additionally, based solely on our experimental 
findings, we derived an empirical model that accurately determines the 
specific surface area using parameters easily accessible with standard 
laboratory equipment. This empirical model accounts for the three types 
of OCFs, including Zir OCFs for the first time. To further stress the 
practical implications of our research, we conducted lean CH4 com
bustion tests were also performed on 3 wt% PdO/Co3O4 coated ceramic 
foams by varying the volumetric flow rate and inlet methane concen
tration. Analyzing the data, we discussed the controlling regimes (ki
netic or diffusional control) across the temperature range of 100–700 ◦C. 
To assess mass transfer properties, we measured mass transfer co
efficients by monitoring oxidation reactions under diffusion-controlled 
conditions, deriving a dimensionless correlation (Sh = A⋅Rem⋅Sc1

3) 
applicable to a wide range of foam geometrical properties. Finally, we 
evaluated the pressure drop across OCFs as a function of superficial 
velocity, comparing our findings with experimental data and models 
from the literature. 

2. Experimental section 

2.1. Ceramic open cell foams (OCFs) 

In this study, ceramic OCFs made of zirconia (Vukopor® HT, labelled 
as Zir), silicon carbide (Vukopor® S, labelled as SiC), and alumina 
(Vukopor® A, labelled as Alu) with nominal pore densities of 30 and 45 
ppi each were analyzed. Foams were manufactured by Lanik S.r.o. 
(“Lanik Foam Ceramics,” n.d.) (Czech Republic) and supplied in cylin
drical shapes with dimensions of 40 mm or 9 mm in diameter and 30 mm 
in length. The fabrication process of the structures adopted by the 
company is based on the polymeric foam replication technique, in which 
OCFs are obtained as positive images of the template. Basically, this 
technique consists of infiltrating the ceramic slurry (containing Al2O3, 
SiC, ZrO2, etc.) into the polymeric foam, removing the excess slurry, 
drying and then burning the polymeric template (Richardson et al., 
2000; Scheffler and Colombo, 2005; Twigg and Richardson, 2007, 
2002). Thus, once the template is vaporized, the ceramic particles sinter 
together giving rise to a ceramic replica or positive image ceramic foam. 
Table S1 in the Supporting Information reports the chemical composition 
of the ceramic OCFs studied in this work, as provided by the manufac
turer (“Lanik Foam Ceramics,” n.d.). 

2.2. X-ray computed tomography characterization of the OCFs 

The structural characterization and 3D internal reconstruction of the 
foams was carried out using the non-destructive X-ray computed micro- 
tomography technique (micro-CT). Micro-CT scans were performed with 
an EasyTom (RX Solutions, France) system equipped with a 150/160 kV 
micro focus X-ray tube and a Varian plat panel detector. The principle of 

tomographic image acquisition consisted of directing X-rays at an object 
from multiple orientations and measuring the decrease in intensity 
along a series of linear trajectories (rotational axis) (Richard Ketcham, n. 
d.).Figure S1 shows a schematic representation of the micro-CT device. 
The scan procedure can be briefly described as follows: i) the foam 
sample is placed on a rotating stage between the X-ray source and the 
detector, ii) a source transmits X-rays with a certain intensity, where 
part of the radiation is absorbed, part is scattered and the rest penetrates 
through the specimen, iii) the amount of X-rays attenuated by the 
sample is recorded by the detector, iv) the foam sample is then rotated 
360◦ to transmit the rays from all possible directions with an angular 
rotation interval of 0.25◦and exposure time of 2 s, resulting in 1440 
images per sample and lastly, v) a computer algorithm captures the data 
of each discrete part producing a 2D projection/scanned image and the 
CT slices are reconstructed by software creating the 3D volumetric 
rendering of the foams. 

Samples of size 40x30 mm were analyzed using two X-ray generators 
to estimate the characteristic internal dimensions of the foams: i) a 150 
kV microfocus X-ray tube, with X-ray power set at 80 kV, current of 142 
µA and pixel size of 22 µm and ii) a 160 kV microfocus X-ray tube, with 
X-ray power at 100 kV, current of 50 µA and pixel size of 1.70 and 5 µm. 
Smaller foam cylinders (9 mm × 30 mm) were also examined to deter
mine the open porosity and geometric surface area of the macroporous 
solid using a microfocus X-ray tube set at 70 kV and 200 µA. The 
aforementioned parameters were selected to maximize the available 
spatial resolution within the system, while ensuring that the entire foam 
volume remained within the field of view. The resulting voxel size was 
14 µm per pixel. This value ensures an optimal trade-off between pre
cision and computational cost, allowing for the scanning of each strut 
with more than 50 voxels in the transverse direction (Bracconi et al., 
2019; Ou et al., 2017; Plumb et al., 2018). For all measurements, an 
aluminum filter was used to selectively attenuate or block lower energy 
photons during X-ray imaging. 

2.3. Image processing 

After image acquisition, the micro-CT slices were reconstructed by 
filtered back projection algorithm using the RX Solutions software in
tegrated into the device. The tomograms obtained were then exported as 
a 16-bit grayscale image stack. Subsequently, a three-dimensional (3D) 
model was reconstructed using Avizo Thermo Fisher Scientific software 
version 2019.1 for further image processing (visualization, correction, 
segmentation, and data quantification) based on the principles of 
morphological image analysis (Lacroix et al., 2007; Moreira et al., 
2004). Micro-CT sub-volumes (1006 × 1006 × 736 voxels) were selected 
to remove uninteresting regions from the original micro-CT image. Af
terwards, a Gaussian filter (Kernel size factor of 2) was employed to blur 
and reduce the noise introduced during the image acquisition/trans
mission step (Große et al., 2008). This filter allowed smoothing the re
gion of interest while preserving edges and corners of the solid structure. 
Finally, a segmentation process was applied to transform the original 
image volume into a binary volume. Basically, the ceramic solid phase 
(low-signal region) and the gas phase contained within the void cells 
(high-signal region) were distinguished by converting the grayscale 
micro-CT data into a binary format using the adaptive histogram tech
nique developed by Otsu (Otsu, 1979). This method is based on an 
automatic global thresholding algorithm focused on the maximization of 
separability in gray level classes (Inayat et al., 2011; Kim et al., 2014; 
Neethirajan et al., 2006; Otsu, 1979; Ridler and Calvard, 1978). After 
assigning each voxel to either the fluid or solid phase, it was possible to 
extract the information from the 3D reconstruction of the structure. The 
resulting virtual slices exhibited a voxel size of 14 × 14 × 14 μm3. At this 
point, the images were ready for data processing and analysis, leading to 
the complete characterization of the OCFs. In addition to Avizo, the free 
software FijiImageJ was used to extract information such as mean strut 
length (ls), mean pore and strut diameter (dp, ds), etc. The 
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characterization of geometric surface area (Sga) and open porosity (εo) 
was performed using Avizo. It is worth highlighting that before applying 
the thresholding, a volume of interest (VOI, in our case cylindrical) 
containing the sample to be analyzed was selected. Therefore, once the 
material of interest within the VOI was segmented, the binary volume 
could be processed. Briefly, the process consisted of 1) applying the 
‘Label Analysis’ operator on the image data; 2) assigning the original 
data as an ‘Intensity Image’ in the specific port of the module; and 3) 
selecting the fundamental measurements in the ‘Measure port’ of the 
‘Label Analysis’ operator, followed by subsequent processing (Ou et al., 
2017). 

In order to determine the geometric surface area and open porosity of 
the structures, the following equations were employed within the 
‘Measure port’: 

Sga =
Area3D

Volume3D
(1)  

εo = 1 −
Volume3D

CYL
(2)  

where Area3D, Volume3D, and CYL are basic measurements computed 
within the ’Measure port’ operator. Area3D corresponds to the surface 
area of the macroporous solid, Volume3D corresponds to the volume of 
the macroporous solid, and CYL corresponds to the volume of the cyl
inder containing the analyzed sample (VOI). All these measurements 
were acquired in voxels. The surface area is directly quantified in 3D 
using the marching cubes algorithm included in the software’s quanti
fication module (Lindblad, 2005; Lorensen and Cline, 1987). This al
gorithm also allowed for the generation of a triangular surface mesh, 
which was saved in a stereolithographic file (.stl) to expand our future 
investigation on OCFs in terms of modeling and finite element analysis 
(Béchet et al., 2002). On the other hand, when examining OCFs, two 
types of porosity are generally considered: open porosity (εo), which 
refers solely to the empty space existing between the strut networks of 
the foam, and total porosity (εt), which also includes microscopic pores 
(cavities) present within the foam’s skeleton. However, since the micro- 
CT resolution employed in this study (14 μm) was smaller than the size 
of these microscopic cavities in the ceramic material, only the open 
porosity was characterized. Thus, to facilitate the determination of εo 
and prevent the CT software from recognizing some cavities (micro- and 
mesopores) within the foam struts as part of the open porosity, the 
’Watershed’ operator was first applied to perform preliminary seg
mentation. Subsequently, a morphological closing operation was carried 
out using the ’Closing’ operator (which utilizes elements known as 
kernels in Avizo) (Ou et al., 2017). This operation allowed filling the 
strut porosity (εs) and avoiding interference during the analysis. 

2.4. Preparation of OCF structured catalysts 

Ahead of use, all structures were thoroughly washed in order to 
remove possible impurities present on the substrate surface such as 
grease, dirt, dust, stains, fingerprints, etc. For this purpose, the foams 
were sonicated at room temperature in an acetone–water solution 
(50:50 v/v) for 30 min and dried in an oven at 140 ◦C for 60 min. Once 
the structures were cleaned, the PdO/Co3O4 catalyst coating was carried 
out in the following two consecutive steps (Moncada Quintero et al., 
2021a, 2021b): i) Co3O4 deposition via solution combustion synthesis 
and ii) wetness impregnation of the PdO active phase. Briefly, a 3 M 
aqueous solution of cobalt nitrate (as oxidizing agent) and glycine (as 
fuel) with a fuel/oxidizer ratio of 0.25 to the stoichiometric amount was 
prepared. The mixture was stirred with a magnetic stirrer until the salts 
were completely dissolved. Afterwards, each OCF was carefully 
immersed in the precursor solution for about 3 min and the excess so
lution was removed by a flow of compressed air. The wet OCFs were 
then placed in a muffle furnace at 250 ◦C for 15 min to allow ignition of 
the combustion reaction. The coating operation was repeated several 

times till the desired amount of ~ 200 mg Co3O4 was reached. Lastly, the 
so-prepared OCFs were calcined at 600 ◦C for 4 h in static air. After 
coating the OCFs with cobalt oxide, a 3 wt% of PdO was deposited via 
wet impregnation, using an aqueous solution of palladium nitrate that 
contained the exact amount of PdO based on the deposited carrier mass. 
The procedure consisted in dipping each coated OCF in the aqueous 
solution ensuring that the whole OCF was completely covered. Drying 
the wet OCF in a muffle set at 140 ◦C for 1 h for water evaporation 
concluded the impregnation step. The operation was repeated several 
times up to the complete consumption of the palladium nitrate solution. 
Finally, the PdO/Co3O4 coated OCFs were calcined at 600 ◦C for 4 h. 

2.5. Catalytic activity 

All structures (Alu-OCF, SiC-OCF and Zir-OCF of 30 and 45 ppi) 
coated with 3 wt% PdO/Co3O4 were tested for the lean methane 
oxidation in a lab-scale straight quartz reactor (10 mm inner diameter) 
placed into an electrical furnace controlled by a PID system. A thin film 
of vermiculite was used to wrap each catalytic foam in order to avoid 
channeling phenomena and minimize heat dispersion to the external 
environment. The structure was then positioned at the center of the 
reactor and the furnace was heated up to 700 ◦C with an N2 flow rate of 
0.1 NL min− 1 and a heating rate of 10 ◦C min− 1. Once the set temper
ature was reached, the reactor was fed with the reactant gas mixture 
composed of CH4, O2 and N2 at WHSV of 30, 60 and 90 NL h− 1 gcat

–1 (with 
volumetric flow rates equivalent to 0.1, 0.2 and 0.3 NL min− 1, respec
tively). To assure the repeatability of the experimental data, three runs 
per OCFs were performed with CH4 inlet concentrations of 0.5 or 1 vol%, 
4.0 or 8.0 vol% O2 in N2, keeping the O2/CH4 molar ratio constant at 8 to 
ensure lean conditions. Once steady state conditions were reached at 
700 ◦C, the reactor was cooled to room temperature with a ramp of 5 ◦C 
min− 1 and the dry gas concentrations at the reactor outlet were moni
tored as a function of temperature. For this purpose, an ABB analyzer 
equipped with an Uras 14 NDIR module for CO/CO2/CH4 and a Magnos 
106 paramagnetic module for O2 was employed. The water vapor 
generated from the combustion reaction was removed before entering 
the analyzer in a condenser set at 3 ◦C. The reaction temperature was 
monitored with a K-type thermocouple placed a few mm inside the inlet 
side of the OCF. This temperature was used for evaluation of the relevant 
physicochemical properties (gas viscosity, density, and diffusivity). 

2.6. Pressure drop measurements 

Gas flow hydrodynamics in OCFs plays a crucial role on the perfor
mance of processes such as filtration, adsorption and heterogeneous 
catalysis. Here, pressure drop across the foams (samples of 9 mm × 30 
mm dimensions) was measured using a differential manometer TM 
265–5 (Techmark) with the range of 0–500 Pa (accuracy = 0.1 Pa, 
sensibility = 0.01 Pa) at superficial velocities (u) ranging from 0.1 to 4 
m s− 1. Before introducing the specimen at the center of the reactor, each 
OCF was wrapped with a thin film of vermiculite to avoid gas channeling 
at the foam/reactors’ walls boundary. A mass flow controller (Brooks 
Instrument) was employed to supply the nitrogen flow rate (100–800 
NmL min− 1) at room temperature. Forchheimer-extended Darcy model 
validated on OCFs was used to estimate the theoretical pressure drop per 
unit length (Bhattacharya et al., 2002; Boomsma et al., 2003; Hama
douche et al., 2016), according to the following equation: 

ΔP
L

= a⋅u+ b⋅u2 or
ΔP
L

=
μ
k1

⋅u+
ρ
k2

⋅u2 (3)  

where ΔP is the pressure drop, L is the measured foam length, u is the 
superficial velocity, μ is the dynamic viscosity of N2, ρ is the density of 
N2,a and b are the constants that represent the viscous resistance and the 
interfacial resistance and k1 and k2 are the viscous and inertial perme
ability parameters, respectively. 
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3. Results and discussion 

3.1. Characteristic dimensions 

Pore, strut, and node dimensions (dp,ds,ls,dn) were extracted directly 
from the 2D micro-CT images. In order to estimate the pore diameter 
(dp), we first accurately evaluated the area of each pore (cross-sectional 
area of the void space) using the FijiImageJ software, then the diameter 
of an equivalent circle was determined (Fig. 2.A). As reported in our 
previous work (Moncada Quintero et al., 2021a), the circular pore shape 
assumption can be perfectly adopted for the analysis of foams as cata
lytic supports, even if the structures present mostly oval pores. As for the 
strut, because during the manufacturing process the ceramic precursor 
slurry is deposited mostly at the nodes instead of being homogeneously 
distributed along the length, the strut exhibits a variable cross-section 
with diameter values that reach a maximum at the intersections 
(nodes) and a minimum at the center of its length. We measured the 
diameter of the strut (ds) in the middle of the strut length (ls), and the 
node diameter (dn) at the junction between the strut and the node (as 
shown in Fig. 2.A and 2.B) using Fiji ImageJ (Incera Garrido et al., 2008; 
Lacroix et al., 2007). In addition, to gain a better understanding of the 
foam geometry, the angle between struts of all ceramic structures was 
also evaluated. More than 500 measurements were made for each 
characteristic dimension of the foams. 

Fig. 3 (A.1/2 for Alu_30/Alu_45; B.1/2 for SiC_30/SiC_45; C.1/2 for 
Zir_30/Zir_45) shows the 2D image slices extracted from the micro-CT 
reconstruction for all the OCFs studied. It can be clearly observed that 
for all three ceramic materials, the increase in nominal pore density 
from 30 to 45 ppi leads to a much more compact structure due to the 
higher number of cells and hence struts per unit volume present in the 
foam. In fact, the increment of ppi caused a decrease in size of the 
characteristic morphological properties, since the higher the number of 
pores per linear inch, the smaller the cell size (as observed in Fig. 3 D/E/ 
F/G/H). Interestingly at both ppi values, the zirconia foam exhibited 
larger morphological properties compared to the alumina and silicon 
carbide foams. For example, at 45 ppi, the Zir_45 foam shows an increase 
in pore size of 53 and 48 % with respect to the SiC_45 and Alu_45 foams, 
respectively. On the other hand, the SiC foam showed the lowest di
mensions in terms of strut length and pore diameter at both ppi studied. 
Table S2 in the Supporting Information lists the min/max, average values 
and standard deviations of the pore/node/strut diameters, and strut 
length and strut-to-strut angle for all the OCFs analyzed. The slight de
viations could be due to the method of analysis of the tomographic and 

microscopic images as well as to the method of fabrication of the foams 
applied by each manufacturer. As far as the strut-to-strut angle is con
cerned (αss), the mean values ranged between 115.6 and 118◦ (see 
Fig. 3H), being slightly higher than the theoretical angle reached at 
thermodynamic equilibrium in liquid foams, according to Plateau’s laws 
(Plateau, 1873). These deviations have also been reported in the liter
ature for polyurethane foams and the difference with respect to the 
theoretical rule was attributed to the fact that polymeric foams are not 
perfectly equilibrium structures, since they freeze before they can reach 
such a state (Montminy et al., 2004). Besides, the differences can also be 
attributed to the different shape stresses that can exist in the real foam 
systems (Montminy et al., 2004). For comparison, we plotted in Fig. 4A 
the mean values of node diameter vs. strut diameter obtained experi
mentally in this work with those reported in the literature on ceramic 
foams. Clearly, there is a linear correlation between dn and ds (Fig. 4B) 
and the values obtained here are in line with those reported previously 
by different authors on foams made of Al2O3 (Groppi et al., 2007; Incera 
Garrido et al., 2008; Twigg and Richardson, 2002), SiC (Lacroix et al., 
2007; Ou et al., 2017) and SiSiC (Hernandez Camacho et al., 2019). 

It is worth mentioning that in our previous work (Moncada Quintero 
et al., 2021b), we studied a 30 ppi Zir OCF as a support for a catalyst in 
the process of catalytic combustion of methane in lean conditions. 
Specifically, we studied the influence of the catalyst’s loading on the 
reaction. The foams used were characterized by micro-CT. The differ
ence between the values reported in the previous work with those ob
tained in this work could be due to the variability of the foam skeleton 
during the manufacturing process. Since in our previous work the pore 
and strut diameters of the Zir_30 foam were analyzed with specimens of 
smaller dimensions with respect to those studied in this section (40 mm 
× 30 mm), a narrower range of pores and thus, of strut, was covered. In 
fact, as we will discuss in the following sections, when analyzing the 
smaller cylindrical samples (9 mm × 30 mm), similar values of open 
porosity and geometric surface area were obtained. 

Moreover, the pore size of OCFs is conventionally estimated by 
counting the number of pores per linear inch (usually denoted as ppi), 
referred to this paper as nominal pore density. Nevertheless, such a 
definition is rather confusing since in some studies the pore is usually the 
entire section of a cell, while in others it is a window (Ambrosetti et al., 
2017; Inayat et al., 2011, 2016; Incera Garrido et al., 2008; Lacroix 
et al., 2007; Richardson et al., 2000; Schmierer et al., 2016; Twigg and 
Richardson, 2002). A cell represents a 3D volume, but the ppi reduces 
this volume to a linear measurement of the non-defined pore. Further
more, this pore density, commonly used by foams’ manufacturers, does 

Fig. 2. Evaluation of node diameter, pore diameter, and strut length / diameter (pixel size of 5 μm).  
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Fig. 3. 2D reconstructed CT slices (pixel size of 22 μm) for Alu_30/Alu_45 (A1/A2), SiC_30/SiC_45 (B1/B2), Zir_30/Zir_45 (C1/C2) and the mean and standard 
deviation of pore diameter (D), node diameter (E), strut diameter (F), strut length (G), and strut-to-strut angle (H) measured for all OCFs studied. 

Fig. 4. Relationship between the node diameter and the strut diameter for Alu_30/Alu_45, SiC_30/SiC_45, Zir_30/Zir_45 and different OCFs from the open literature 
(A), and dn/ds ratio for all the OCFs examined (B). 
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not provide a precise measurement, but it merely represents a range of 
cell or pore sizes. Generally, the reference scale of foams changes ac
cording to each manufacturer, thus a foam defined as 80 ppi by one 
manufacturer could be defined as 110 ppi by another (“Visiocell® | 
Recticel Flexible Foams,” n.d.). However, some authors still use the 
nominal ppi value in the determination of the pore size and as a 
modeling parameter (Mancin et al., 2013, 2010). 

Another point worth noting is the presence of microporous walls 
(cavities) within the foam skeleton (Fig. 5A). This micro-porosity is 
commonly referred to as “strut porosity”. It is originated during the 
manufacturing process (Grosse et al., 2009; Incera Garrido et al., 2008; 
Kumar, 2015; Richardson et al., 2000; Twigg and Richardson, 2007). 
Since most commercial foams, including those studied in this work are 
manufactured using the replication technique, the OCFs are obtained as 
positive images of the burned polymer templates giving rise to hollow 
struts with internal void volume. Such porosity can be avoided by using 
other manufacturing techniques such as direct foaming, which can result 
in fully dense solid skeletons but with much more closed cells (Ahmad 
et al., 2014; Mao, 2018; Zheng et al., 2020). A further aspect observed in 
the foam skeleton is the presence of dense grains along the microporous 
walls (Fig. 5C). These defects could be due to the various steps of the 
replication process, such as the preparation of ceramic slurry, the grain 
size of the ceramic particles, the dispersion of stabilizers or wetting 
agents, the viscosity, etc. (Ahmad et al., 2014; Liang et al., 2019; Mao, 
2018). On the other hand, all the foams showed a circular strut cross- 
section shape (as shown in Fig. 5B). 

3.2. Porosity 

Several authors have reported that OCFs manufactured using the 
replication method are characterized by three types of porosity: i) open 
porosity (εo), ii) strut porosity (εs), and iii) total porosity (εt) (Bracconi 
et al., 2019; Grosse et al., 2009; Große et al., 2008; Inayat et al., 2011, 
2016). Open porosity or also called hydrodynamic porosity refers to the 
void volume space present between the strut networks of the foam, 
which is fluid-dynamically relevant. The strut porosity, also called in
ternal porosity, is the fraction of void present in the ceramic foam 
skeleton that originates from the manufacturing process, which is fluid- 
dynamically irrelevant. The total porosity is the combination of open 
and strut porosity, which can be expressed as follows: 

εt = εo + εs (4) 

Fig. 6 shows a fragment of the strut (Fig. 6.A) and a zoom of the 
skeleton (Fig. 6.B) of the Zir_30 foam. Clearly, Fig. 6 reveals the presence 
of a micro-porosity within the structure. Since fluid access and even 
catalyst deposition inside the micro-pores are quite difficult, the hy
drodynamic study of OCFs usually neglects the strut porosity. In fact, 
some authors have characterized the total and open porosity of foams 
using techniques such as helium pycnometry (Italiano et al., 2018) and 
mercury intrusion porosimetry (Bracconi et al., 2019; Grosse et al., 

2009; Inayat et al., 2011). They have concluded that the difference of 
such porosity values, due to the presence of any internal strut cavities 
was lower than 5 %. 

Since the micro-CT technique does not allow access to the internal 
voids of the foam skeleton at an adequate resolution scale, only the 
macro-porosity of the OCFs was evaluated in this work. As mentioned in 
the Experimental Section, to determine the open porosity and avoid 
interference during micro-CT analysis caused by any cavity present 
within the strut foams (strut porosity), morphological operations of 
filling were applied (Ghazi et al., 2020; Ou et al., 2017), as shown in 
Fig. 7. Once the 3D image was reconstructed, a cylinder volume was 
analyzed and the measured open porosity (εo,m) was determined as: 

εo,m = 1 −
vf

vc
(5)  

where vf is the macro-porous solid volume and vc is the analyzed cyl
inder volume. 

Table 1 lists the nominal and measured (by micro-CT) porosity 
values of all ceramic OCFs studied. As observed, the difference between 
the value of nominal and estimated open porosities is below 5%. 
Furthermore, it is clear that the higher pore density the lower the void 
space of the macro-porous solid, which is in line with the measured open 
porosity values. However, such aspect cannot be evidenced in the 
porosity values supplied by the manufacturer, as they report only one 
open porosity value per ceramic material. On the other hand, it is 
important to highlight the influence of εo on the strut cross section. As 
we mentioned in the previous section, the circular cross section was 
mostly observed in all the ceramic OCFs studied in this work. Several 
authors have reported that the shape of the strut cross section in the 
foam skeleton depends directly on the material’s open porosity (Calmidi 
and Mahajan, 1999; Huu et al., 2009; Inayat et al., 2011; Lacroix et al., 
2007; Schmierer et al., 2016). Bhattacharya et al. (Bhattacharya et al., 
2002) studied metal fiber foams made of aluminum alloy with porosities 
between 0.85 and 0.97. They concluded that the cross section of the strut 
changes from circular to triangular when the porosity reaches a value of 
0.935. At porosities above 0.935, the cross section transforms into a 
concave triangular shape. Huu et al. (Huu et al., 2009) reported that the 
change of cross section from circular to triangular occurs at porosities of 
about 0.9. The authors concluded that such a phenomenon was valid in 
both ceramic and metal OCFs. However, they did not demonstrate 
experimental evidence of such a statement in ceramic OCFs. Later, 
Lacroix et al. (Lacroix et al., 2007) investigated ceramic OCFs made of 
β-SiC with porosities between 0.76 and 0.92. They reported the presence 
of a concave triangular shape at porosities above 0.9. Nevertheless, the 
porosity boundary where the triangular strut changes to concave has not 
yet been identified. Inayat et al. (Inayat et al., 2011) focused their study 
on the morphological properties of ceramic OCFs based on sintered 
silicon carbide with porosities below 0.9. The authors concluded that for 
open porosities lower than 0.9, the ceramic OCFs show circular cross 
section. All these studies mentioned above are in line with those 

Fig. 5. 2D slices obtained by micro-CT with a pixel size of 5 µm: Foam micro-porosity (A. Alu_30), circular strut cross section (B. Alu_30) and dense grains along the 
micro-porous walls (C. SiC_30). 
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obtained in this work, where the three ceramic OCFs (Zir, Alu, and SiC) 
at open porosities in the range 0.78–0.86 showed a circular hollow strut 
cross section. 

3.3. Specific surface area 

The specific geometric surface area of OCFs is one of the most rele
vant properties for mass, heat, and momentum transfer, influencing the 

reaction rate in heterogeneous catalysis (Bernard et al., 2021), as well as 
being a key input parameter for the modeling of pressure drop across the 
structure (Mirdrikvand et al., 2020). It is defined as the total external 
surface area of the struts per unit geometric volume, assuming that all 
struts have a perfectly smooth surface. However, the material may have 
a rough surface and possess a porosity (cavities) within the hollow strut, 
as in the case of the ceramic OCFs studied in this work. Therefore, 
conventional methods such as nitrogen physisorption isotherms cannot 
be used to experimentally measure the specific surface area, since it 
leads to an overestimation of the parameter. Because of this fact, volume 
imaging techniques such as micro-CT play a fundamental role in the 
determination of the specific geometric surface area. We estimated the 
surface area of ceramic OCFs by analyzing micro-CT images of the 
samples using smaller specimens (9 mm × 30 mm in diameter and 
length, respectively) in order to reduce the computational efforts during 
data processing (Poryles et al., 2020). 

The third column of Table 1 lists the specific surface area values of all 
the foams studies. As expected, the increase in pore density leads to a 
higher specific surface area due to the increase in the number of strut per 

Fig. 6. 2D slices obtained by micro-CT with a pixel size of 1.7 µm: Fragment of the strut (A) and a magnification (B) of the Zir_30 foam skeleton.  

Fig. 7. (A) Raw gray scale micro-CT data of SiC_30, (B) after grayscale-based thresholding according to the method of Otsu (Otsu, 1979) and subsequent filling of the 
strut pores (closing operation in Avizo), (C) 3D reconstruction of the OCF. 

Table 1 
Nominal (εo,n) and measured (εo,m) open porosities, measured specific geomet
rical surface areas (Sga,m) of all ceramic OCFs investigated (30 and 45 ppi).  

foam εo,n εo,m Sga,m[m− 1] 

Alu_30 0.82  0.82  996.02 
Alu_45  0.80  1480.85 
SiC_30 0.82  0.79  899.90 
SiC_45  0.78  1504.24 
Zir_30 0.84  0.86  1092.15 
Zir_45  0.84  1397.47  
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unit volume. Interestingly, at lower pore density the Zir OCF showed a 
higher specific geometric surface area with respect to Alu and SiC OCFs. 
However, as the pore density increased from 30 to 45 ppi, Alu and SiC 
OCFs showed a higher compactness (higher number of strut/solid phase 
per unit volume) in their structure compared to Zir OCF (see Fig. 3 from 
A1 to C2), which led to higher specific surface areas for Alu and SiC 
OCFs with respect to the Zir one. 

In order to compare the experimental values of specific surface area 
obtained here, we reviewed some literature-derived correlations devel
oped as a function of open porosity, which take into account the cross 
section of the strut. Since the surface area/volume ratio changes with 
varying strut cross section, this may have a strong impact on the overall 
geometrical surface area. In the literature, different post-processing 
packages for foam tomography have been developed to reconstruct a 
three-dimensional representation of the structure and extract the rele
vant geometrical information (Montminy et al., 2004; Vicente et al., 
2006). The uncertainty associated with the experimental assessment of 
specific surface area in OCFs using imaging techniques is linked not only 
to image resolution (voxel size), which can reach up to 15% (Kuhlmann 
et al., 2022; Schmierer and Razani, 2006), but also to the 3D recon
struction methodology of the structures and the image post-processing 
phase (Nyström et al., 2002). Therefore, we evaluate the validity and 
suitability of different correlations presented in literature for circular 
strut cross sections (based on both periodic unit cell assembly and 
empirical formulations) with the experimental specific surface area data 
obtained in this work. The related equations are reported in Table 2 and 
discussed below. 

Lacroix et al. (Lacroix et al., 2007) used the cubic cell model origi
nally proposed by Lu et al. (Lu et al., 1998) to derive a correlation of the 
specific geometric surface. This model considers the foam struts as cy
lindrical ligaments that are connected three-dimensionally giving rise to 
a regular cubic lattice. Later, Garrido et al. (Incera Garrido et al., 2008) 
proposed an empirical correlation in ceramic foams with porosities 
lower than 0.82. The authors introduced a dimensionless geometrical 
parameter (m) that allowed them to adjust their experimental values. On 
the other hand, Grosse et al. (Grosse et al., 2009) used the Weaire-Phelan 
structure to model their ceramic foams. Since their experimental results 
deviated from the theoretical model, they developed a semi-empirical 
correlation by fitting data while essentially maintaining the Weaire- 
Phelan model. Later, Lucci et. al. (Lucci et al., 2014) presented a 
model based on the stacking of regular Kelvin cells (TKKD model). They 
used the theoretical model to determine the specific surface area, and 
then compared them with a series of parametric CAD reconstructions of 
foams at different porosity and cell diameters. Since the theoretical 
model overestimated the values obtained at low porosities, they derived 
a correlation that permitted them to adjust the geometrical results. 
Recently, Ambrosetti et al. (Ambrosetti et al., 2017) developed a 
geometrical model of OCFs based on a Kelvin cell as a unitary periodic 
unit. This model was derived under purely analytical considerations 

assuming that the shape of the strut was circular. The authors compared 
their results with a wide variety of foams of different porosity obtaining 
a good fit of the experimental results. 

Fig. 8 highlights that the models based on the Kelvin cell provide a 
much closer approximation to the experimental values obtained. 
Particularly, the correlations derived by Lucci et. al. (Lucci et al., 2014) 
and Ambrosetti et al. (Ambrosetti et al., 2017) showed a deviation lower 
than 25 %, fitting our experimental data to a good extent. Similarly, the 
empirical correlation derived by Incera Garrido et al. (Incera Garrido 
et al., 2008) showed an error of 18 % for foams with porosity lower than 
0.82, while increasing the porosity to 0.86, the deviation from our 
experimental results increased to 22 %. On the other hand, the equation 
derived by Lacroix et al. (Lacroix et al., 2007) overestimates the specific 
surface area values, while the Weaire-Phelan model deviates by 
approximately 53 % from our experimental values. 

Thus, we developed an empirical model based on the geometric 
surface areas, pore diameters and open porosities estimated using our 
micro-CT by fitting parameters to experimental values, resulting in a 
good correlation of the geometric characteristics of ceramic OCFs with 
circular strut cross-sections (Fig. 8). 

The equation we derived can be expressed as: 

Sga =
2.688⋅ε− 0.82

o

dp + ds
(6) 

More details on how this correlation has been derived are available 
in Figure S2 and related text of the Supplementing Information. We un
derline that this empirical correlation is valid for OCFs with porosity in 
the range 78–86 %, derived from OCFs of Alu, SiC, and Zir. To our 
knowlegde, in the literature there are no availability of data related to 
zirconia OCFs. As appreciable from Fig. 8, our correlation estimates the 
specific surface area of OCFs of different nature and porosity with an 
average error below 12%. Consequently its validity for OCFs different 
from these commercial ones, must be verified. 

3.4. Mass transfer correlation for OCFs 

In one of our previous work, we have derived an empirical correla
tion to estimate the mass transfer coefficients at low Reynolds number 
(Moncada Quintero et al., 2021b). The expression was obtained by 
performing lean CH4 oxidation in Zir OCFs of 30 ppi coated with 
different PdO/Co3O4 catalyst loadings (6.1, 8.2, and 13.7 mgcat cm− 2 

OCF) under external diffusion-controlled conditions. The catalyst layer 
deposited on the Zir 30 ppi OCFs was assumed to be uniformly distrib
uted on the inner walls of the foam pore, thus the corresponding average 
thicknesses were of 30.3, 41.1, and 68.5 μm, respectively. From that 
study, it was observed that the thicker the deposited catalyst layer, the 
higher the values of the mass transfer coefficients. This was explained 
due to the reduction of the pore size, and hence, of the cross-sectional 
area for gas flow, which slightly increases the fluid velocity favoring 
mixing. In this work, we generalize the correlation by considering 
ceramic OCFs of different materials (zirconia, silicon carbon and 
alumina, with zirconia considered for the first time, to our knowledge) 
and pore density (30 and 45 ppi), with theoretical catalytic thicknesses 
ranging between 50 and 40 μm for the 30 and 45 ppi foams, respectively. 

Fig. 9A/B shows the CH4 conversion as a function of temperature for 
all coated OCFs (with 30 and 45 ppi) tested at different inlet CH4 con
centrations (0.5 and 1 vol%) and WHSV of 60 NL h− 1 gcat

–1 . As observed, 
at 30 ppi, the Zir-OCF showed the best catalytic performance at both 
CH4 concentrations compared to SiC and Alu OCFs, with almost no 
difference by varying the inlet methane concentration (Fig. 9A). The 
typical sigma-shape CH4 conversion curves shifted at slightly higher 
temperature by increasing the pore density of the OCFs from 30 to 45 
ppi, with a slight worsening of the performance with the increase of the 
inlet methane concentration (Fig. 9B). Similar and reproducible trends 
were recorded by testing the OCFs at WHSV of 30 and 90 NL h− 1 gcat

–1 

Table 2 
Correlations for the estimation of Sga derived in literature for circular strut cross- 
sections.  

Reference Cell model Sga[m− 1] 

(Lacroix et al., 
2007) 

Cubic Sga =
4
ds

⋅(1 − εo)

(Incera Garrido 
et al., 2008) 

Empirical 
Sga = 3.84⋅

(dp + ds

m

)− 0.85
⋅εo

− 0.82 

(Grosse et al., 
2009) 

Weaire- 
Phelan Sga =

4.84
̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − εo

√
− 2.64 • (1 − εo)

dp + ds 

(Lucci et al., 2014) TKKD 
Sga =

10.33 •
̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − εo

√
− 5.8 • (1 − εo)

dp + ds 

(Ambrosetti et al., 
2017) 

TKKD 
Sga =

− 7.377 • d2
s + 10.082 • ds • dc + 0.3548 • d2

c

0.419 • (dc + ds)
3   
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(Fig. S3/S4/S5 in the Supplementary Information), with differences more 
marked among the various sigma-shape CH4 conversion curves at the 
highest WHSV and lowest ppi values. Overall, the best catalytic per
formance in all tested conditions belongs to the coated 30 ppi Zir OCF. 
While the Alu-OCF showed the lowest catalytic performance for all flow 
conditions studied. 

In agreement with our previous studies, increasing the flow rate led 
to a shift of the CH4 conversion curves towards higher temperatures for 
all coated OCFs. This shift can be attributed to the reduced contact time 
between the reactive gases and the catalyst surface, as clearly observed 
in Fig. 9.C/D (inlet CH4 concentration 0.5 vol%, and Fig. S4A/B in the 
Supporting Information for inlet CH4 concentration 1.0 vol%). These re
sults can be analyzed by comparing the catalytic performance at equal 
pore density (Fig. 9C/D and Fig. S3A/B), and equal space velocity 
(Fig. 9E/F and Fig. S3C/D) Interestingly, we can observe the behavior of 
the T10 (corresponding to the reaction extinction, where the catalyst 
works in the kinetic regime) in the various operating conditions. Both 30 
and 45 ppi Zir OCFs remain always the best performing systems in all 
tested conditions, but their corresponding T10 undergo a sharp wors
ening. While both 30 and 45 ppi SiC OCFs exhibit less variable values of 
the T10. The difference of the T10 for the SiC OCFs, either at equal WHSV 
by increasing ppi, or at equal ppi but increasing WHSV (ΔT10 @ (90-30 

WHSV) or ΔT10 @ (45-30 ppi)) are smaller compared to the values of Alu and 
Zir OCFs. Table S3 in the Supporting Information highlights the delta 
temperatures. SiC OCFs favor the catalytic performance in the extinction 
zone and thus delay the reaction extinction. Even more, the SiC OCFs are 
rather insensible in terms of T10 to an increase of either the WHSV and 
inlet CH4 concentration (the 45 ppi SiC OCF fed with 1.0 vol% operating 
at 90 WHSV exhibits a T10 lower than the corresponding T10 of the 30 
ppi Zir OCF, Figure S3D). 

The results shown in Fig. 9E/F and Fig. S3C/D can be explained by 
considering the difference of the volumetric heat transfer coefficients 
(Ercolino et al., 2017a, 2017c), which depend on the thermal conduc
tivity values of the OCFs: they increase in the following order: Zir-OCF 2 
⋅ 104-0.5 ⋅ 105 W m− 3 K− 1 with λZir = 0.027 W m− 1 K− 1 (Huo et al., 
2016), Alu-OCF 1.5 ⋅ 105-9 ⋅ 105 W m− 3 K− 1 with λAlu = 0.16 W m− 1 K− 1 

(Poco et al., 2001; Shimizu et al., 2013), SiC-OCF 2 ⋅ 105-1 ⋅ 106 W m− 3 

K− 1 with λSiC = 0.40 W m− 1 K− 1, (Fend et al., 2004). The thermal con
ductivity values of the OCFs are much lower, approximatively one order 
of magnitude, compared to the values of the corresponding bulk ceramic 
materials (zirconia, alumina and silicon carbide). The rather low values 
take into account the voidage of the foams due to their peculiar 

configuration consisting of a dense solid skeleton, the strut, and air 
inglobated within (Scheffler and Colombo, 2005). More details on the 
thermal conductivity values can be found in the Supporting Information. 

At low values of WHSV, the low thermal conductivity of Zir OCFs 
allows prevents the extinction of the reaction. While at high values of 
WHSV, Zir OCFs prevent extinction in a lesser extent, which occurs at 
higher temperatures. Instead, materials with higher thermal conduc
tivity values such as SiC OCFs and, in a lesser extent Alu OCFs, favor the 
stabilization of the combustion reaction at higher values of WHSV, 
counterbalancing the more heat generated by the reaction and the 
reduction of the residence time. As a consequence, the extinction of the 
reaction is somehow delayed (and it occurs at temperatures similar to 
these of Zir OCFs). This is in agreement with our previous studies on 
external and internal heat transfer limitations of OCFs (Moncada 
Quintero et al., 2021a), where we observed that the heat removal for Zir- 
OCF is higher than the heat produced by the combustion reaction at bulk 
temperatures below 400 ◦C. Instead, for Alu and SiC OCFs is effects is 
noticeable at lower temperatures, below 300 ◦C. This means that at 
temperatures for which the heat generated by the reaction is higher than 
the heat removed, the performance of the process is in an unstable zone. 
This effect is appreciable for SiC and Alu OCFs where, especially at high 
WHSV, the sigma shape CH4 conversion curves do not reach complete 
combustion. These findings are in agreement with the literature, in fact 
stability is strongly dependent on the thermal conductivity. It can be 
significantly improved using highly insulating materials at low inlet gas 
velocity, where extinction is likely to occur (Di Sarli, 2021; Kaisare and 
Di Sarli, 2021). Extinction is strongly affected by heat losses to the 
surrounding. Thus, at high space velocity, materials with high thermal 
conductivity are more suitable to stabilize the reaction by lowering the 
extinction (Chen et al., 2017; Kaisare and Vlachos, 2007). The same 
effect is appreciable when the pore density of the OCFs increases from 30 
to 45: with more and smaller pores (Fig. 3), the superficial velocity in
creases and, consequently, mass and heat transfer are enhanced. More
over, the thermal conductivity decreased with increasing cell density 
(Bianchi et al., 2013; Groppi and Tronconi, 2005; Visconti et al., 2013). 
Thus, for the more heat conductive OCFs, the conversion curves almost 
overlap and the extinction of the reaction occurs at temperatures very 
similar among them. We can conclude that the low thermal conductivity 
of Zir-OCF favor the exothermic combustion of CH4, while the higher 
thermal conductivity of Alu- and SiC-OCFs favor the heat transfer 
necessary to maintain the catalytic activity of the reaction during the 
extinction. This effect is enhanced for high thermal conductivity OCFs 

Fig. 8. (A) Trends of correlations reported in the literature for estimating the Sga with an error ranging from 18 to 53%; (B) Correlation derived in this study to 
estimate the Sga obtained from micro-CT measurements, with an average error below 12%. 
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when the pore density increases. 
The role of the thermal conductivity values on the combustion per

formance can be used on purpose to optimize the performance of cata
lytic reactor as a function of the operative condition. In fact, as reported 
in our previous work, by combining zirconia and silicon carbide foams of 
different lengths inside the reactor, the presence of the SiC foam in the 
gas inlet zone enabled to boost the ignition of the catalytic reaction at 
low temperature and to supply the heat required to maintain the reac
tion at lower shut-down temperature during the catalytic tests in the 
heating and cooling ramps, respectively. Recently, Kaisare and Di Sarli 
(Kaisare and Di Sarli, 2021) investigated the combined effect of catalyst 
placement and thermal conductivity on the stability of a micro- 
combustor using three configurations at different thermal 

conductivity. The authors concluded that the extinction behavior was 
controlled by the catalytic reaction and that the lower conductivity walls 
provided significantly higher extinction resistance compared to the 
more conductive walls. Especially at low thermal conductivity, the 
catalytic inner wall plays a key role in determining the behavior at low 
fluid velocity, while at high thermal conductivity, the catalytic walls 
govern the behavior at high flow rate. Palma et al. (Palma et al., 2018) 
pointed out that the use of a structured catalyst with high thermal 
conductivity in exothermic reactions provides a better utilization of the 
entire catalytic volume by keeping the temperature almost constant in 
most of the catalyst, which leads to higher conversions, longer catalyst 
lifetime and avoids the formation of hot spots. Furthermore, they also 
stated that catalytic systems supported on open cell foams develop a 

Fig. 9. CH4 conversion versus temperature sigma-shape curves for all 30/45 ppi PdO/Co3O4 coated OCFs tested at different inlet CH4 concentrations (0.5 and 1 vol 
%) and WHSV of 60 NL h− 1 gcat

–1 (A/B). Comparison of the various sigma-shape curves for all the OCFs tested at 0.5 vol% of inlet CH4 concentration by keeping 
constant the porosity and varying the WHSV (C/D), or by keeping constant the WHSV and varying the porosity (E/F). 
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tortuous flow field that favors heat and mass transfer, generating a more 
homogeneous distribution of temperature and gas concentration, which 
allows to improve the performance of the catalytic process in compari
son with monolithic structures. 

Fig. 10 illustrates the operating regimes of catalytic OCFs at different 
temperatures as a function of the ratio between the characteristic mass 
transfer times and the reaction time, when feeding the reactor with a 
CH4 concentration of 0.5 vol% and volumetric flow rate of 0.1 NL min− 1 

(WHSV = 30 NL h− 1 gcat
–1 ). At low temperatures (T less than 250 ◦C) the 

coated OCFs operate in a kinetic regime independently of the substrate 
pore density, showing CH4 conversions of less than 10% (see Fig. 9C/D) 
and reaction times up to 6 orders of magnitude longer than the diffusion 
times. Expectedly, as the temperature increases, the reaction rate in
creases (according to the Arrhenius equation). Thus, the diffusional ef
fects start to become important and the catalyst shifts from operating in 
a fully reaction-controlled regime to a transition or mixed regime (where 
the values of diffusive and kinetic resistances are comparable) or a 
regime governed by mass transfer. From the second Damköhler number 
(Da-II), it is known that diffusive effects occurring between the bulk gas 
and the catalyst surface begin to control the catalytic process when 
DaII > 0.1, while that the governing of intraparticle mass transfer is 
indicated by the third Damköhler number when DaIII > 1. We report the 
expressions used to determine the Damköhler numbers in the Supple
mentary Information (Equations S.1 and S.2). From Fig. 10.A, it can be 
seen that at 30 ppi, the catalytic structures operate in a transitional 
regime (or mixed regime) at temperatures between about 250 ◦C and 
300 ◦C and above 700 ◦C. Conversely, at 45 ppi, the catalysts fall be
tween a kinetic regime at temperatures below 250 ◦C and a mixed 
regime in which internal and external diffusional effects are compara
ble. According to Florén et al. (Florén et al., 2017), an operating region 
can be defined as limiting when its time scale is at least one order of 
magnitude larger with respect to the other characteristic times. In this 
way, at lower pore density, the SiC foam ranges between a kinetic 
regime at temperatures lower than ~ 260 ◦C and a mixed regime where 
the diffusion times are comparable but longer than the reaction time 
(tr < te ≈ ti, Equations S.3, S.4 and S.5 in the Supplementary Informa
tion) at temperatures above 260 ◦C. Whereas for alumina and zirconia 
foams, the catalyst operates in a kinetic regime at temperatures below 
235 ◦C, then, a further temperature increase allows moving from oper
ating from a kinetic regime to a transitional regime (where the charac
teristic times of reaction and diffusion are similar) over the temperature 
range between 235–320 ◦C and 235–300 ◦C for alumina and zirconia, 
respectively. A subsequent increase in temperature leads to a further 
increase of the reaction rate, and thus of DaII, governing the catalytic 
process external mass transfer at temperatures between 320–490 ◦C and 

300–550 ◦C for alumina and zirconia, respectively. Finally, at temper
atures higher than 490 ◦C for Alu-OCF and 550 ◦C for Zir-OCF, the 
catalyst returns to operate in a mixed regime. On the other hand, at 45 
ppi, all three foams are banded between a kinetic regime at lower 
temperatures of about 300 ◦C and a mixed regime at higher tempera
tures (see Fig. 10B). 

The mass transfer coefficients of the catalytic OCFs were estimated 
from CH4 conversions under diffusion controlled conditions (asymptotic 
behavior of the extinction curve at medium/high temperatures). Under 
full control of external diffusion, the observed reaction rate is equal to 
the rate of transport of reactants through the gas phase in stationary 
conditions. Therefore, assuming that the reactor behaves as an 
isothermal plug flow with negligible axial dispersion, according to the 
CH4 mass balance in steady-state conditions it follows that: 

k e
m,OCF = −

ln(1 − XCH4 )

Sga⋅
(

Vf
Fv

) (7)  

where Sga is the specific surface area, Vf is the volume of the catalytic 
foam, Fv is the total volumetric flow of the reactive gas mixture and XCH4 

is the methane conversion. Clearly, the increase in ppi leads to a 
decrease in foam pore diameter (as reported in Table S2), which reduces 
the cross-sectional area available for gas flow. Hence, at equal volu
metric flow rate fed to the reactor and catalyst mass deposited on the 
foams, a higher ppi favors the mixing of the reactive gases thanks to the 
increase of the fluid velocity and thus of the mass transfer coefficients. 
This can be seen in the inspection of Fig. 11A/B, where regardless of the 
ceramic material nature, the smaller the pore diameter, the higher the 
mass transfer coefficient. 

Mass transfer coefficients expressed in dimensionless form (Sh =
ke

m,OCF ⋅dc
p

DCH4 ,mix
) were plotted versus Reynolds number on a logarithmic scale in 

Fig. 11.B for all flow conditions investigated and then fitted by a single 
correlation of the form Sh = A⋅Rem⋅Sc1

3, obtaining: 

Sh = 1.02⋅Re0.43⋅Sc1/3 (8)  

where Re is the Reynolds number (estimated assuming as characteristic 
length the coated pore diameter) and Sc is the Schmidt number 
(considering 1/3 as power value, according to the boundary layer the
ory). The diffusion coefficient of CH4 in the gas mixture (DCH4 ,mix) at the 
system gas temperature was 3.24–17.18 × 10–5 m2 s− 1. This correlation 
covers a range of open porosities (εo) from 0.78 to 0.86, pore diameters 
from 0.32 to 3.87 mm, pore density from 30 to 45 ppi, and a gamma of 
Re numbers varying from 2.2 to 9.5. 

Interestingly, Equation 6 closely resembles semi-theoretical corre

Fig. 10. Operating regimes of catalytic OCFs at different temperatures as a function of the ratio between the characteristic mass transfer times and the reaction time, 
at 0.5 vol% of CH4 and volumetric flow rate of 0.1 NL min− 1 (WHSV = 30 NL h− 1 gcat

–1 ) for 30 (A) and 45 (B) ppi OCFs. 
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lations from literature that describe the heat transfer of flow through 
banks of pipes at low Reynolds number (Incropera et al., 2011). 
Furthermore, both the parameter A (which is a function of the porosity 
and geometric properties of the foam) and the exponent m (that char
acterizes the dependence of the Sherwood number with the magnitude 
of the velocity) are consistent with the values reported in several studies 
of OCFs made of different materials (ceramic and metallic) and pore 
densities (10–45 ppi) (Aguirre et al., 2020; Giani et al., 2005; Groppi 
et al., 2007; Incera Garrido et al., 2008; Schlegel et al., 1993). Schlegel 
et al. (Schlegel et al., 1993) measured convective heat transfer co
efficients in cordierite ceramic OCFs with pore densities of 10, 20, 30 
and 50 ppi and open porosities between 0.84 and 0.87. The heat transfer 
measurements performed by the authors were carried out with negli
gible radiation, hence the Colburn analogy (Chilton and Colburn, 1934) 
can be used for comparison. The Nu values of these authors are in good 
agreement with the experimental Sh numbers estimated in this work at 
pore densities of 30 ppi. Incera Garrido et al. (Incera Garrido et al., 
2008) also measured mass transfer coefficients in alumina foams of 
different ppi (10, 20, 30 and 45 pore per inch) and εo (0.80 and 0.85), 
while CO conversion was monitored during oxidation in Pt/SnO2 coated 
OCFs under external mass transfer control. The authors showed a sys
tematic variation of the parameters characterizing the correlation with 
foam pore size and porosity. On the other hand, Groppi et al. (Giani 
et al., 2005; Groppi et al., 2007) proposed a generalized correlation for 
mass transfer in metallic and ceramic foams based on a simple cubic cell 
description of the complex foam structure. The expression was derived 
from CO combustion tests performed under gas/solid diffusional control 
on FeCrAlloy foams with high void fractions (εo > 0.90) and pore den
sities in the range of 5–15 ppi. They found that the geometric A value of 
the correlation fitting both materials was 0.91, while the dependence of 
Sherwood number on Reynold number was 0.43. These values are in 
agreement with those obtained in this study despite the difference in the 
geometrical properties of the foams. On this regard, taking into account 
the literature results and those obtained in this work, it is clear that the 
decrease of the pore density improves the mixing, owing to the higher 
intensity of the turbulence expected for the external flow inside the 
smaller pores. 

3.5. Pressure drop measurements 

Fig. 12A shows the measured pressure drop values for all OCFs by 
varying the N2 flow rate in the reactor. As observed, for all foam ma
terials, the increase in nominal pore density leads to a higher pressure 
drop. This can be explained by the variation in the surface area to vol
ume ratio of the samples, since the higher the ppi, the smaller the pore 
diameter and the larger the specific surface area, resulting in higher fluid 

resistance. In particular, Zir foams exhibited slightly lower pressure 
drops compared to SiC and Alu foams at the same ppi. This is in line with 
the values obtained for Sga, εo,m, and dp for each foam material at the 
same pore density. The Forchheimer-extended Darcy model (Bhatta
charya et al., 2002; Boomsma et al., 2003; Hamadouche et al., 2016) 
(Equation 1) is a good fit to our experimental data. By adjusting the 
pressure drop values of the foams as a quadratic function of the fluid 
velocity, it was also possible to determine the viscous and inertial con
stants (a and b of Equation 1) and thus estimate the respective perme
ability values, as listed in Table 3. Clearly, an increase in pore density 
from 30 to 45 ppi leads to a decrease in k1 and k2 values. As mentioned in 
the previous sections, an increase in pore density means a larger number 
of pores enclosed in the same space, with a consequent reduction in cell 
volume and an increment in the number of struts (solid phase). This 
results in an increase in viscous effects on the pressure drop, owing to a 
reduction of the area available for flow passage which affects k1, and an 
increase in the tortuosity of the medium which intensifies the inertial 
effects and reduces k2 (Innocentini et al., 1999, 1998). 

In the literature, alumina foam has been extensively studied at 
different ppi and εo (Dietrich et al., 2009; Incera Garrido et al., 2008; 
Italiano et al., 2018; Lacroix et al., 2007; Moreira et al., 2004; 
Richardson et al., 2000). Moreover, silicon carbide foams have been 
mostly studied in the literature in their combined form, such as sintered 
silicon carbide (SSiC (Inayat et al., 2016)), oxide bonded silicon carbide 
(OBSiC (Dietrich et al., 2009)), 50 wt% SiC-Al2O3 mixture (Innocentini 
et al., 1999) and infiltrated silicon carbide (SiSiC (Hernandez Camacho 
et al., 2019; Zalucky et al., 2015)). No data on zirconium foams have 
been found in the literature, hence only the data obtained in this work 
are listed. Fig. 12B compares the results of the pressure drop values as a 
function of gas velocity in ceramic OCFs of different pore density and 
porosity reported in the literature with the ones obtained in this work. 
The deviations obtained in terms of pressure drop (Fig. 12B) can be 
attributed to different factors. One of the possible reasons is the 
discrepancy in pore diameter for the same number of pores per inch, in 
foams fabricated by different manufacturers. Since they do not represent 
a standard measurement, these values may vary from one manufacturer 
to another, directly affecting the foam geometry. Furthermore, the 
amount of closed pores in the foam sample can vary substantially, 
leading to significant deviations in pressure drop between authors. On 
the other hand, the order of magnitude of the viscous and inertial 
permeability values (10–9-10–8 m2 for k1 and 10–3 m for k2, where both 
permeabilities decrease in the order of Zir > Alu > SiC) is in agreement 
with the data reported in the literature (see Table S4). 

Fig. 11. Mass-transfer coefficients versus inlet flow rate estimated for different coated ceramic foams with 30 and 45 ppi at inlet CH4 concentration of 0.5 vol% (A) 
and Sh/Sc1/3 vs Re logarithmic plot, overall correlation of mass transfer data for all ceramic foams (B). 
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4. Conclusions 

Ceramic open cell foams made of zirconia, silicon carbide and 
alumina with nominal pore densities of 30 and 45 ppi have been char
acterized using the micro-CT technique. Characteristic dimensions such 
as pore size, strut diameter, and strut length as well as open porosity and 
specific surface geometry have been experimentally measured. For all 

ceramic structures the increase in nominal pore density led to a much 
more compact structure due to the higher number of cells and hence of 
strut per unit volume. The zirconia foam showed larger dimensions in 
terms of pore diameter, strut length and strut diameter at both nominal 
ppi values studied. The estimated experimental pore density was not 
congruent with the manufacturer’s definition of pores per linear inch. 
Dense grains and microporous walls caused by the replication technique 

Fig. 12. Pressure drop measurements 
across Alu, SiC, and Zir OCFs (30 and 
45 ppi) as a function of the superficial 
velocity: experimental data and curves 
derived by the Forchheimer-extended 
Darcy model (Bhattacharya et al., 
2002; Boomsma et al., 2003; Hama
douche et al., 2016) and measurements 
performed in N2 flow at ambient tem
perature (A). Pressure drop values as a 
function of superficial velocity for 
various ceramic OCFs collected from 
the literature and compared with the 
values obtained in this work (B).   
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applied by the manufacturer were evidenced in all foam skeletons. 
Furthermore, all foams showed circular strut cross sections at open po
rosities below 85 %. On the other hand, the specific surface area of the 
foams increased with increasing pore density, where theoretical models 
based on the Kelvin cell provided a much closer approximation to the 
experimental values obtained. An empirical correlation that allows to 
determine the specific surface area of ceramic foams at porosities in the 
range 78–86 % was proposed. From the catalytic tests it was found that 
on average the best catalytic performance belongs to zirconia OCFs. In 
any case, when the catalyst operated in a kinetic regime (at low tem
peratures), SiC OCFs showed better catalytic activity, exhibiting almost 
same or lower extinction temperatures than those of Alu and Zir OCFs, 
when operated at high weight hourly space velocity, high inlet CH4 
concentrations. In fact, the stability of the reaction can be guaranteed 
with low thermal conductivity materials at low inlet gas velocity, where 
reaction extinction can easily occur, and with high thermal conductivity 
materials when the inlet gas velocity increases. The proposed mass 
transfer correlation for open cell ceramic foams resembles those re
ported in the literature. Finally, a series of measurements of the pressure 
drop across our OCFs pointed out that our foams follow the 
Forchheimer-extended Darcy model. The results obtained in this work 
provide an opportunity for detailed modeling and fluid dynamic studies 
based on open cell foams. 
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