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h i g h l i g h t s
� Computer-aided simulations allow an in-depth study on structured catalysts applied to exothermic systems.

� Structured catalysts provide for a counter-flux heat conductive transport at low gas velocity.

� The scale-up reduces the advantages in the use of structured catalyst systems.

� The switch to the radial flow geometry is a potential solution for structured catalysts scale-up.
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a b s t r a c t

Nowadays, the optimization of the heat management in highly exothermic processes is a

key issue. In recent years, highly conductive structured catalysts have been widely

recognized in recent years as a tool for the process intensification of several technologies of

this kind. To the best of our knowledge, despite the great availability of studies (both

experimental and computational) on the topic, only the potentiality of this application has

been discussed so far. Less attention has been paid to the limitations of structured cata-

lysts systems. This work aims to provide an overview on the application of different types

of structured catalysts in highly exothermic reactions using as probe reaction the

methanation of CO2, offering a perspective view on the industrialization and scale up of

this technology. The transport phenomena of momentum, heat and mass coupled with the

chemical reaction have been detailed via computational study and compared to a previous

experimental work, highlighting how the potentiality observed on lab scale will lose appeal

in a scaled-up configuration, where higher Reynolds numbers are involved. Finally, the

study provides a possible solution for the application of structured catalysts on bigger

scale, without losing the advantages of thermal conductivity observed in the lab-scale

experiments.

© 2023 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
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Introduction

Highly conductive materials have been recently introduced in

catalysis to the aim of enhancing the heatmanagement issues

typical of both exothermic and endothermic reaction systems

[1,2]. The importance of optimized heat management is

particularly relevant in pursuing a continuous process inten-

sification (PI), as it allows to minimize the size of a reaction

unit or to reduce the number of stages of a process, thus

leading to more compact and efficient solutions [3]. Usually,

conductive materials are used as a carrier for a proper cata-

lytic phase, developing the so-called highly conductive

structured catalysts (HCSC) which, in nowadays scenario,

pave the way toward process intensification [4,5]. The

improved thermal control is one of the most relevant advan-

tages of their application, and impacts on two main aspects:

on one hand, these materials allow the obtainment of flatter

temperature profiles, leading to the reduction of hot spots and

therefore sintering phenomena, and to a restrain of the local

thermodynamic limitations [6]. On the other hand, they pro-

vide for an easier addition/removal of heat to/from the cata-

lytic bed [7], noteworthily reducing the total costs.

Among the processes in which HCSC can be profitably

applied, CO2 methanation is nowadays particularly studied.

The high exothermicity of this reaction (Eq. (1), DH298K-

¼ �165 kJ mol�1) produces a significant increase in tempera-

ture, leading to several damages to the catalyst and therefore

to the efficiency of the process [8,9]. Hence, CO2 methanation

represents an application in which the use of conductive

catalysts can offer particularly advantageous improvements

[10].

CO2 þ 4H2%CH4 þ 2H2O Eq. 1

In a conventional adiabatic reactor, the system develops a

strong temperature increase within a single stage, and

therefore it is forced to face the thermodynamic limitation,

heading to the necessity of several inter-refrigerated reaction

stages to reach high conversion values [11]. Of course, this

implies huge reaction volumes and the presence of auxiliary

units such as heat exchangers or expensive shell and tube

reactor configurations [12,13]. In this context, the substitution

of conventional catalysts with highly conductive structured

catalysts might allow the CO2 methanation process intensifi-

cation [14].

Several studies are reporting the application of structured

catalysts to this process, and it is frequently highlighted that

the thermal conductivity of the chosen carrier determines the

performances of the system [15]. Particular interest was

dedicated to micromonoliths, usually made of FeCr-alloy,

whose pseudo-gyroid structure is tunable since they can be

easily modeled [16,17]. A related controlling factor is the

relative density of the carrier within the occupied volume and

the coating layer thickness: the higher the former and the

lowest the latter, the better the catalytic activity registered for

these systems [18]. Furthermore, the morphological charac-

teristics of the carrier play a key role in determining the

observed reaction rate, and it has been frequently highlighted

that randomly-organized structures or stacked configurations

can lead to enhanced activity if compared to channeling
configurations [19e21]. A peculiar arrangement of catalytic-

coated metallic foils was proposed by Iwaniszyn et al. [22].

An exception is made in case of fast reaction, where honey-

combs demonstrated to offer better performances than metal

foams [23]. The interest of the scientific community toward

the application of structured catalysts to CO2 methanation

encourages the deepening of the research on this topic, to the

aim of having a detailed scenario to optimize their eventual

industrial application.

Recent attention has also been paid to simulation studies,

which allow to deepen the knowledge of phenomena that

cannot be observed experimentally, such as punctual varia-

tions of a system parameter or non-measurable quantities,

such as heat fluxes [24]. In addition, a reliable simulation re-

duces the cost of experimental evaluations and allow the

immediate visualization of the results [25,26]. Simulation re-

sults already allowed to understand some peculiar mecha-

nisms of exothermic reactions related to temperature non-

uniformities, hot-spot formation and the creation of pat-

terns that are harmful for the operativity of industrial reactors

[27e29].

In a previouswork, we highlighted the differences between

two structured catalytic systems and a conventional powder

catalyst, speculating on the possible reasons behind the

observed macroscopic effects [30]. In this work, we aim to

conduct an in-depth investigation of the mechanisms aside

from the chemical reaction, through the employment of the

computational fluid dynamic technology (CFD) for the reso-

lution of the complex analytical equations that characterize

the transport phenomena. The hypotheses of the precedent

work will be corroborated throughout the manuscript, and a

further evaluation of the possibility of conveniently employ-

ing structured catalysts in scaled-up plants will be discussed.
Model description

This work has been conceived as a detailed investigation on

the catalytic and thermal behavior of structured and powder

catalysts in CO2 methanation reaction. It can be divided into

two studies: a first evaluation of the transport phenomena

taking place along with the methanation reaction in a lab-

scale system and a second analysis of the issues related to

the application of structured catalysts in scaled-up solutions.

In both sections, the work has been conducted with the aid of

the simulation software COMSOL Multiphysics. This comes

with a pre-built package of physical equations, called physics,

grouped based on the described phenomenon.

For the first part of this work, three different catalytic

systems were studied and compared: a powder catalyst and

two different highly conductive structured catalysts, namely

an aluminum open cell foam (40 PPI) and a honeycomb SiC

monolith with a flow-through channel configuration. The

catalysts formulation, 10 wt% of Ni supported onto an

alumina-based washcoat, has been optimized in a previous

work, in which the catalytic activity of these systemswas also

investigated [30]. Based on this preliminary study, the kinetic

parameters to be implemented in COMSOL for the simulation

of the chemical reaction have been optimized, following the

kinetic expressions proposed by Xu and Froment [31]. Based



Fig. 1 e 2D geometry for the description of the powder

catalyst and aluminum foam systems.
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on the evaluation on the effect of the porosity of aluminum

foam on diffusion effect conducted on a previous study [32],

the hypothesis of existence of diffusion regime within this

system was excluded. To assess the validity of the computa-

tional study, geometrical parameters and operating condi-

tions which were characteristic of the previous experimental

campaign were completely transferred to the computational

study.

For the second part of this work, the hypothesis of scaling

up a structured catalyst system (in particular, the aluminum

foam) has been analyzed and discussed.

Geometry and domains

Geometry definition is a key aspect of the model: COMSOL

allows to build up the geometry in different domains, to which

the physics can be selectively applied. The geometry defined

for themodels is a detailed representation of the experimental

setup. The system was constituted by a quartz reactor (ID

22 mm and 400 mm long) horizontally located in an electrical

furnace for the temperature control. The catalyst (either the

powder catalyst, the aluminum foam, or the SiC monolith)

was located in the middle of the reactor and held by two

quartz wool disks to avoid powder entrainment and to

enhance the gas flow uniformity across the catalytic bed

sections [33]. Then, it was surrounded by a thin layer of

thermo-expanding mat to avoid bypass phenomena in the

region between the catalyst and the reactor wall, and a tubular

sheath was inserted in correspondence of the catalytic bed

axis to allow the temperature measurement: a K-type ther-

mocouplewas able to slide inside that sheath. The reactorwas

thermally insulated using a quartz wool layer in the void re-

gion between the external reactor wall and the electrical

furnace employed to provide the necessary heat; external

insulation at the outlet section of the reactor was achieved

with a thicker layer of quartz wool. Further details about the

experimental setup are reported in our previous work [30].

The main difference in the systems’ representation is the

catalyst shape. The powder catalyst and the aluminum foam

can be considered as an axial symmetric domain; even though

this represents an approximation, the assumption can be

legitimized considering the powder packing and the random

structure of the aluminum foam [32]. For this reason, they

were both modeled through a 2D axial symmetric geometry,

represented in Fig. 1, in which each element of the experi-

mental setup was represented as an individual domain

(numbered from 1 to 11). The exact representation of an open

cell foam with a non-periodic structure is complicated, and

the simulation is particularly burdensome, especially when

involves the simultaneous analysis of fluid dynamic, heat

transfer ande in particulare chemical reaction. A 2D analysis

of a replicated segment of a non-periodic foam was reported

by Kim et al. [34]. To simplify the calculus, both systems were

considered as a pseudo-homogeneous medium. When this

hypothesis is applied, COMSOL allows the definition of sepa-

rate transport properties for the matrix and the fluid and no

further considerations have to be made. In the sole case of the

heat conduction coefficient, it is necessary to evaluate the

effective transport property: due to the random structure of

the foam and the random packing of the powder particles,
accordingwith the software guidelines, it has been considered

as an average of the two heat conduction coefficients,

expressed as a power-law depending on the void fraction of

the solid material (either powder catalyst or foam).

On the other hand, a 2D geometry and the hypothesis of a

pseudo-homogeneous medium would not have been suffi-

cient to represent the SiC monolith consistently, considering

the channeling geometry which is characteristic of this

structure (Fig. 2a). The three-dimensional representation of

the monolith consisted of 52 channels, thus it would have

been computationally burdensome and also time-consuming

to model the whole domain: the smallest portion of the

domain that can be considered without any approximation is

a 45� slice, as it was possible to observe a 45� symmetry which

is highlighted in Fig. 2b. The final representation of the SiC

monolith structure is reported in Fig. 2c; the remaining sec-

tions of the system were described as well as in the 2D ge-

ometry (Supplementary materials, Fig. S1). The only

difference was made for the catalyst domain, which was

divided into 6a (the monolith structure) and 6b (the channels):

to let COMSOL recognize the empty channels, it was necessary

to define them as separate domains.

For the built-up of the system mesh, two different possi-

bilities were considered: COMSOL provides, as discussed,

different resolutions for meshing the domains, but it also al-

lows to calibrate the mesh for (i) general physic, (ii) fluid dy-

namics, (iii) plasma and (iv) semiconductor. The different

choice deals with the minimum size element, and in partic-

ular, the fluid dynamic mesh has always a higher resolution

than the general physic mesh. Furthermore, the fluid dynamic

mesh is constituted by higher resolution (i.e. smaller elements)

at the inlet, the outlet, and the walls of the domain, which is

where the calculus has to be more accurate. As a general cri-

terion, it has been employed a general physic mesh for the

domainswhich represent a solid, and a fluid dynamicmesh for

the domains which represent the regions in which the gas

flows, with different resolutions depending on the domain.

Despite that, it was necessary to discretize the smaller solid



Fig. 2 e a) SiC monolith employed; b) front section of the

monolith 3D geometry and representation of the 45�-slice;
c) 3D visualization of the slice considered for modeling.
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domains (the thermocouple sheath and the monolith struc-

ture) with a fluid dynamic mesh type. The type of mesh and

resolution for each domain in both the geometries are given in

supplementary materials, Table S1.

System definition in physics

As discussed, COMSOL solves complex problems through

several physics. For the overall description of the three main

transport phenomena, themomentum, the heat, and themass

balance equations were solved simultaneously employing

three built-in physics (1. Laminar flow, 2. Heat transfer in fluids,

and 3. Transport of concentrated species) and two multiphysics

(Nonisothermal flow and Reacting flow) which allow the coupling

of physics 1 and 2, and physics 1 and 3 respectively. The cho-

sen physics are versatile since the Laminar flow physic allows

the description of fluid flow both in free and porousmedia and
the Heat transfer in fluids physic allows the description of solid

domains too.

Fluid dynamic study
The fluid motion in free regions can be described using the

Navier-Stokes equation for conservation of momentum (Eq.

(1)) coupled with the continuity equation for conservation of

mass (Eq. (2)), while, in porousmedia, the Brinkman equations

(Eq. (3) to Eq. (5)) can describe the flow field.
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To solve these equations, the software needs the definition

of physical parameters and boundary conditions. The

different materials which were associated with each domain

are listed in Table 1 and they are all present in the COMSOL

library materials: in most cases, the built-in physical param-

eters provided by COMSOL were found to be adequate to

describe the system; despite that, some parameters were

adjusted based on the specific materials employed in this

work and they are reported in Table 2: the gas mixture values

have been obtained based on the compositions, while the

mats and the SiC monolith properties were provided by the

supplier. In symbols, g is the heat capacity ratio (Cp/Cv), Cp is

the heat capacity at constant pressure, ε is the porosity, k is

the permeability and KT is the thermal conductivity. As

boundary conditions, gas linear velocity u0 (normal inflow)

was set at the inlet section (domain 1) based on the total flow

rate employed in the experimental activity (1 NL min�1, [30]),

and atmospheric pressure was set at the outlet section

(domain 10). At the wall and axis, in correspondence with the

reactor wall and the thermocouple sheath, the no-slip condi-

tion was set.

Heat transfer study
As well as the fluid flow physic, heat transfer equations apply

to fluid domains (Eq. (6) and Eq. (7)), solid domains (Eq. (11)),

and porous media (Eq. (8) to Eq. (10)). For what concerns ma-

terials and physical parameters, the same considerations

mentioned in 2.2.1 were applied. For what concerns the

boundary conditions, numerous factors must be taken into

account.

(i) At the inlet section (domain 1) the reactants are fed at

room temperature: T ¼ TR

(ii) At the outlet section (domain 10), the outflow condition

applies: -n$q ¼ 0

(iii) A constant temperature was set at the reactor wall

(domains 1, 2, and 4) and at the external surface of the



Table 1 e Definition of materials per each domain.

Domain Powder system Foam system SiC monolith system

1, 2, 9, 10 Gas mixture Gas mixture Gas mixture

4, 7 Gas mixture Gas mixture Gas mixture

Glass wool board Glass wool board Glass wool board

6 (catalytic bed) Gas mixture Gas mixture e

Aluminum [solid, bulk] e

6a (Sic monolith) e e SiC (6H) - Silicon carbide

6b (Monolith channels) e e Gas mixture

3 Steel AISI 4340 Steel AISI 4340 Steel AISI 4340

5 a-Al2O3 [solid, polycrystalline] a-Al2O3 [solid, polycrystalline] a-Al2O3 [solid, polycrystalline]

8, 11 Glass wool board Glass wool board Glass wool board

Table 2 e User-defined parameters.

Material Parameters

Gas mixture g ¼ 1.48

Cp,mix ¼ 1014 J kg�1 K�1

KT,mix ¼ 0.08 W m�1 K�1

Mnmix ¼ 25.2 g mol�1

Glass wool board ε ¼ 0.92 k ¼ 1e-10 m2

a-Al2O3 [solid, polycrystalline] KT ¼ 0.032 W m�1 K�1

SiC (6H) - Silicon carbide KT ¼ 67 W m�1 K�1
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insulating wool corresponding to domain 8. The

boundary condition applied is T ¼ TSP (where TSP is the

set point temperature chosen as operating condition).

This boundary condition was made based on the

experimental temperature control, which was per-

formed through three different heating zones. A

rendering of the experimental setup, together with a

schematic view of the temperature control and the

isothermal surfaces (highlighted in red) is given in

supplementary materials, in Fig. S2. This system

allowed to ensure an isothermal condition within the

catalytic bed when the reaction does not occur (Fig. S3).

(iv) Despite the thermal insulation, the system cannot be

considered perfectly adiabatic: for this reason, external

natural convection has to be considered in domain 11.

Furthermore, the heat generated by the chemical reactions

has to be considered in the catalytic bed volume (domain 6 for

the 2D simulations and domains 6a and 6b for the 3D simu-

lations). In this case, the software does not provide a built-in

equation but allows the addition of a user-defined heat

source. The overall heat generation was expressed as Eq. (12),

where ri and DHi are related to the chemical reactions

considered. Further details will be given in paragraph 2.2.3, in

which the system characteristic reactions will be defined.

Fluid domains

rCPu$VT¼V$ðkVTÞ þQ Eq. 7

q¼ � kVT Eq. 8

Porous media

ðrCPÞequ$VT¼V$
�
keqVT

�þQ Eq. 9
keq ¼ qP kP þ qLk Eq. 10

ðrCPÞeq ¼ qPðrCPÞP þ qLrCP Eq. 11

Solid domain

V$ðkVTÞþQ ¼0 Eq. 12

Heat generation

QGEN ¼DH3$r3 � DH2$r2 � DH1$r1 Eq. 13

Mass transfer study
Mass balance equations are reported in Eq. (13) to Eq. (16),

where ui is the mass fraction of the i component, ji is the

diffusive mass flux, Mn is the mean molar mass and Di is the

mass diffusivity of the i component.

V$ji þ rðu$VÞui ¼Ri Eq. 14

ji ¼ �
�
rDF

i Vui þ ruiD
F
i

VMn

Mn

	
q¼ � kVT Eq. 15

Dm
i ¼ � 1� uiP

ksi

xk
Dik

Eq. 16

Mn ¼
 X

i

ui

Mi

!�1

Eq. 17

In addition, the variation in the components’ concentra-

tion derives from the chemical reactions occurring in the

catalytic system. As widely recognized, three main reactions,

the Sabatier reaction (r3), the reverse water-gas shift (rWGS)

reaction (er2), and the CO-methanation reaction (er1), can

occur simultaneously [35].

ðr1Þ : CH4 þH2O%COþ 3H2 DH298K ¼ þ206 kJ mol�1 Eq. 18

ðr2Þ : COþH2O%CO2 þH2 DH298K ¼ �41 kJ mol�1 Eq. 19

ðr3Þ : 4H2 þ CO2%CH4 þ 2H2O DH298K ¼ �165 kJ mol�1

Eq. 20

For these chemical equations, the reaction rate expression

has been defined according to the Langmuir-Hinshelwood-

like mechanism firstly proposed by Xu and Froment in their

study about methane reforming and then widely employed to



Table 3 e Kinetic parameters for the tested formulation.

r1 r2 r3

K0 (mol Pan gcat
�1 s�1) 1.56e8 1.48 6.65e13

Ea (kJ mol�1) 150 71 229
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describe these kinds of reacting systems [31,36]. The equa-

tions for the kinetic expressions implemented in COMSOL are

then reported in Eq. (20), Eq. (21) and Eq. (22), for r1, r2 and r3,
respectively. The expression for the equilibrium constants are

given in Ref. [36].

ðr1Þ¼
k1
P2:5H2

�
PCH4

PH2O � P3H2
PCO

keq;1

�
DEN2 Eq. 21

ðr2Þ¼
k2
PH2

h
PCOPH2O � PH2

PCO2
keq;2

i
DEN2 Eq. 22

ðr3Þ¼
k3
P3:5H2

�
PCH4

P2
H2O

� P4H2
PCO2

keq;3

�
DEN2 Eq. 23

DEN¼1þ KCH4
pCH4

þ KCOpCO þ KH2
pH2

þ KH2OpH2O

pH2

Eq. 24

As boundary conditions, the molar fraction of each

component in the feed streamwas set (yAr¼ 0.5, yCO2¼ 0.1 and

yH2 ¼ 0.4, [30]) while the molar fractions of the products were

set to zero; the outflow condition corresponds to �
n$rDm

i Vui ¼ 0.

Simulation conditions and parameters

As discussed, the computational analysis was at first

conceived to be compared to the experimental results. For this

reason, the first part of the work involves a set of six simula-

tions that investigate the three different catalytic systems in

two different temperature conditions. Basically, the models

only differ for the boundary condition at the reaction wall and

insulation layer, previously addressed as TSP, which was

considered to be 300 �C and 350 �C.
To add the chemical reactions kinetics to the computa-

tional study, a model has been developed to find the kinetic

parameters which characterize the tested formulation. Pre-

exponential factor and activation energy depend on the na-

ture of the species which compose the catalyst: for this

reason, the parameters have been optimized for the powder

catalyst and considered the same for the structured catalysts.

The rate of formation/consumption for each specie

considering the equations (17)e(19) can be expressed as fol-

lows (Eq. (24) to Eq. (28)):

CH4 ¼ � r1 þ r3 Eq. 25

CO¼ r1 � r2 Eq. 26

H2 ¼3r1 þ r2 � 4r3 Eq. 27

H2O¼ � r1 � r2 þ 2r3 Eq. 28

CO2 ¼ r2 � r3 Eq. 29

The minimization of the objective function (Eq. (29)) which

compare the molar fraction of the i-specie yi obtained by

the model and experimentally allowed the parameters
optimization. The kinetic parameters found for each reaction

are reported in Table 3. Comparing the activation energy of r1
and r3 it is possible to appreciate the high selectivity toward

direct CO2 methanation of our formulation compared to other

literature catalysts [7].

f¼min

 Xn
i¼1

�
yi;exp � yi;mod

�2!
Eq. 30

Results and discussion

Fluid dynamic study

The study of the fluid dynamic behavior of the gas inside each

system provides a visual analysis of the different velocity

fields. The simulations results are here reported in a single

condition, as there were no differences in the velocity profile

determined by the change in TSP. Fig. 3 represents the velocity

field within the SiC monolith: Fig. 3a shows different sections

perpendicular to the system axis, while Fig. 3b represents a

single section parallel to the axis. As shown, the gas flows into

the SiC monolith channels producing: (i) an increase in the

local linear velocity, caused by the reduction of the cross-

section, and (ii) a laminar flow velocity profile within each

channel. An additional evaluation of the gas linear velocity

profile was conducted within a singular channel, considering

the velocity magnitude along parallel lines at the inlet of a

selected channel (Fig. 3c): in Fig. 3d is possible to see that, after

1 mm inside the channel, the flow is completely developed

and reaches a parabolic shape.

The velocity fields in the powder and in the foam catalytic

bed are reported in Fig. 4. Because of the low void fraction, the

powder catalyst ensures a flat velocity profile, reaching an

almost plug-flow condition (Fig. 4a). The velocity profile

within the foam structure is, of course, an approximation.

Because of the chaotic structure of the catalyst, the local gas

linear velocitymight have different directions: in particular, at

each point, the velocity vector is likely to have a non-null z

component, as well as non-null r and q components because

of the tortuous flow [37]. Despite that, the overall gasmotion is

realized through the axial direction, meaning that the z

component is prevailing. Due to the higher void fraction, the

velocity profile within the foam system has a pseudo-

parabolic shape in the inlet and outlet section of the cata-

lytic bed, which is more evident than in the packed bed of

powder. Nevertheless, a high friction is produced by the struts

of the foam, which for this model is given as a function of the

permeability, according to the work of Agostini et al. [38]. Due

to the friction, the radial velocity profile is, again, almost plug-

flow (Fig. 4b).



Fig. 3 e Velocity profile within the SiC monolith system: a) and b) 2D velocity profile; c) parallel lines in which the velocity

field was evaluated to obtain d) a parametric study on the velocity profile within a channel.
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Study of the heat transport phenomena

A comprehensive overview of the temperature profiles reached

inside each system for a TSP ¼ 300 �C is given in Fig. 5. The

temperature range and the color scale were liveried to have an

immediate perception of the different thermal management

within the catalysts: in each simulation, the heat generated by

the chemical reactions clearly determines a temperature in-

crease in the first part of the catalytic bed. This increase is

remarkable in the case of the powder catalyst, while only

slightly appreciable in the SiC monolith. In particular, it is
possible to observe that in the SiC monolith heat is generated

within each channel and transferred to the honeycomb

structure and that heat dissipation is so high that in the outlet

region of the catalytic bed the system is almost isothermal.

Fig. 6 shows how the cold gas enters the monolith channels

(x ¼ 0) but when the reaction takes place the highest temper-

ature is reached within the channel and transferred to the

structure.

For what concerns the radial temperature profiles within

the three catalytic systems, the comparison is displayed in

Fig. 7. As can be observed, each system has its own thermal



Fig. 4 e Velocity profiles (m/s) in: a) the powder catalyst system; b) the aluminum foam system.

Fig. 5 e Temperature profile within the catalytic bed when

TSP ¼ 300 �C and the catalyst is: a) powder shape; b)

aluminum foam; c) SiC monolith.

Fig. 6 e Temperature profiles in parallel section of the SiC

monolith: x ¼ 0, x ¼ 0.002 m and x ¼ 0.004 m.
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entrance length. In the foam and powder systems,which have

been approximated to a homogeneous medium, the average

radial temperature at the inlet section is lower than the

remaining catalytic bed, due to the continuous feed of the cold

stream. On the other hand, in the SiC monolith, where the

solid and gas phases have been clearly distinguished, it is

possible to observe a peculiar profile (Fig. 7a). In the inlet re-

gion, at z � 0.01 (distance �0.01 in the graph) the temperature

profile is parabolic within each channel and flat in corre-

spondence with the solid wall of the monolith. The parabolic
regions have a minimum when z ¼ 0, according to the inlet of

cold gas in the channel, and a maximum at z � 0.05 due to the

occurrence of the exothermic reaction. Once the thermal

balance is reached (z � 0.05), the radial temperature profile is

almost flat.



Fig. 7 e Radial temperature profiles: parametric study as a

function of the distance from inlet. (a) SiC monolith; (b)

aluminum foam; (c) powder catalyst.
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In the foam (Fig. 7b), where heat conduction is faster, there

is a strong increase in axial temperature at the inlet of the

catalytic bed, but the temperature profile becomes immedi-

ately flat along the radial direction (z � 0.05). In the powder

catalyst (Fig. 7c), because of the lower thermal conductivity of

the solid, the flattening of the radial temperature profile re-

quires a larger portion of the catalytic bed; furthermore, the

temperature along the radial direction will not be as uniform

as in structured catalysts. Indeed, a temperature gradient of

about 10 �C is detected within the catalytic bed.

To highlight the mechanisms that produce the particular

thermal profiles in the monolith, a further study was per-

formed at the levels of the channels. The temperature profile

within a single channel of the monolith was observed on the

same lines defined to obtain the velocity profile (Fig. 3c) and

the analysis gave very interesting results: in Fig. S4 is shown

how the temperature profile develops within the channel. At

the inlet of the channel, two effects compete: the continuous

feeding of a relatively cold gas stream and the presence of hot

SiC walls, heated by the reaction; these phenomena lead to a

parabolic temperature profile with a minimum in correspon-

dence to the channel axis. Since that the exothermic reaction

takes place at the inlet of the catalytic bed, the temperature

profile progressively flattens as the gas enters through the

channel, until an almost flat temperature profile is reached.

Then, the temperature increaseswithin each channel because

of the heat generation, reversing the parabolic shape, until the

profile is flattered again by the heat exchange with the

monolith. This result is particularly relevant, if considering

the laminar velocity profile of the gas in the empty channels: it

means that the channel width is small enough to ensure that

the velocity field does not influence the radial temperature

profile.

The remarksmade for the case study in which TSP ¼ 300 �C
are exactly the same that can be observed for the simulations

with TSP ¼ 350 �C as a boundary condition. The temperature

profiles obtained in this second condition gave similar re-

sults, thus leading to the same conclusions related to the

heat management in the different systems: for complete-

ness, these results are reported in supplementary materials

(Figures S5, S6 and S7). Themost relevant aspect of this study

is the axial temperature profile along the catalytic bed: the

results are reported in Fig. 8 for all the simulations, and

temperature is displayed as a function of the axial position,

where x ¼ 0 corresponds to the inlet of the catalytic bed;

negative x values correspond to the empty zone just before

the catalytic bed. It is immediately clear the effect of the

different thermal properties of the employed materials:

structured catalyst offered a flatter thermal profile along the

catalytic bed rather than the powder catalyst. In general,

three main conclusions can be drawn from the observation

of the axial profiles.

(i) Structured catalysts offer a flatter temperature profile

than the powder catalysts, with the smoothest profile

obtained with the SiC monolith.



Fig. 8 e Axial profiles along the catalytic bed for the powder

catalyst, the aluminum foam and the SiC monolith when

TSP ¼ 300 �C and TSP ¼ 350 �C. Position x ¼ 0 corresponds

to the inlet section of the catalytic bed.
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(ii) The catalytic bed has a lower average temperature in

the systems with structured catalysts rather than in the

system with the powder catalyst.

(iii) The temperature at the inlet section of the catalytic bed

is higher than the set point temperature when a struc-

tured catalyst is employed.

For what concerns the first and second observations, this

behavior is expected because the structured catalysts ensure a

higher thermal conductivity, and this result has been widely

reported in the literature [39e41]. Also, in the previous study

we compared the effective thermal conductivity (thus

considering the void fraction for the SiC monolith and the

aluminum foam) to explain the flattest profile obtained with

the SiC monolith which intrinsically has a lower thermal

conductivity than aluminum. Instead, the third observation is

peculiar, and it suggested the occurrence of a heat transfer

from the core zone of the catalyst to the inner section: if we

barely consider the axial position in which the maximum

temperature is achieved, it can be said that, because of the

temperature gradient, heat can be transferred in the axial

direction both towards the inlet and the outlet zone. Despite

that, the continuous flowing of a consistent amount of gas
makes this observation less obvious, considering the convec-

tive heat flux determined by the gas motion in the system.

To determine the reasons for the temperature increase at

the inlet of the catalytic bed, a comparative study of the heat

fluxes has been conducted considering the powder catalyst

system and the structured catalyst system. The aluminum

foamwas chosen for this study, to have the same geometrical

representation, also considering that the thermal behavior of

the two structured catalysts is very similar, with small dis-

crepancies caused by the slightly different effective thermal

conductivity. The fluxes analysis is reported in Fig. 9 for the

powder and foam catalytic systems. From Fig. 9a it is possible

to notice that in the powder catalyst system there is a preva-

lence of the convective heat flux (qconv), while the conductive

heat flux (qcond) is barely negligible within the catalytic bed; a

small amount of heat is transferred from the core of the cat-

alytic bed to the inlet section through the thermocouple

sheath (stainless steel) but this effect does not have a signifi-

cant influence in the temperature profile. In the foam struc-

ture, instead, the situation is completely different: the

conductive heat flux is way more effective, because of the

higher thermal conductivity of the catalyst. This prevalence,

especially in the inlet region, determined the rise in temper-

ature in a section in which the reaction still does not take

place. For this reason, if we consider the ratio qcond/qconv it

comes out that this ratio, for the studied condition, is

remarkably higher in the structured catalyst system rather

than in the powder catalyst system.

Considering that qcond depends on the temperature

gradient and on the thermal conductivity, while qconv depends

on the temperature gradient and on the gas linear velocity, it

is clear that the occurrence of the observed phenomenon is

related to two main factors: a physical property of the

employed catalyst (thermal conductivity) and an operating

condition (gas linear velocity). This means that what was

observed in this study is not reproducible in any case, as even

if the physical properties of the catalysts would be the same,

the operating conditions could involve a different gas linear

velocity. This aspect becomes determining in the scale-up of

this kind of systems: for a powder/pellet catalyst workingwith

the same formulation and in the same space velocity condi-

tions usually ensures performances comparable to the

laboratory-scale results; for a structured catalyst instead, as

other phenomena occur which enhance the reaction on small

scale, further aspects have to be taken into account.

Mass transfer along with chemical reaction study

As discussed above, the kinetic parameters which charac-

terize these reacting systems have been optimized through

the Euler method. Employing these parameters, the Sabatier

reaction (r3, Eq. (22)) and the competitive reactions of reverse

water-gs shift (-r2, Eq. (21)) and CO methanation (-r1, Eq. (20))

have been added to the COMSOL physics Transport of concen-

trated species. The computational evaluation of the reactions

along the catalytic bed offers, in particular, to observe that the

temperature profile influences the reactions kinetic: the

evaluation of the reaction rate in the axial direction is shown

in Fig. 10. Of course, there is a strong mutual influence of the



Fig. 9 e Conductive heat flux (black arrow) and convective heat flux (red arrow) evaluation in: a) powder catalyst; b)

aluminium foam catalyst. (For interpretation of the references to color/colour in this figure legend, the reader is referred to

the Web version of this article.)
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reaction rate on the temperature and vice-versa: the higher the

reaction rate, the higher the heat generation; on the other

hand, in steady-state conditions, the retro-diffusion of heat

towards the inlet section promotes the reactions kinetic and

determines a more rapid increase of the reaction rates. This is

particularly appreciable in the Sabatier reaction, whose ki-

netic behavior is strongly influenced by the temperature

profile: as it is highlighted in Fig. 10a, the reaction starts

quickly at the inlet section of the catalytic bed when a struc-

tured catalyst is employed, while in the powder catalyst the

axial position in which the maximum reaction rate is reached

coincides with the one in which the maximum temperature

was observed. The r-WGS can be considered almost instan-

taneous for the three catalytic systems, even if it seems to

occur to a more appreciable extent in the SiC monolith cata-

lyst. This result is according to the analysis of the CO-

methanation. This reaction can only occur in series with the

r-WGS (which produces CO) and indeed it has a late start in

the SiC monolith, where the r-WGS persists for a bigger

portion of the catalytic bed. Furthermore, it is possible to

observe that both the CO2 and CO methanation reactions

demonstrated to have a reaction rate that is remarkably

higher in the SiC monolith rather than in the other catalytic

systems. This can be explained considering that, at these high

temperatures, there is not a kinetic limitation but, instead,

there is a thermodynamic limitation: the SiCmonolith system

demonstrated to have the colder catalytic bed, so that the

thermodynamic limitation has a lower influence.
Comparison with the experimental activity

To verify the validity of both the simulations and the experi-

mental observations, the outcomes obtained with the model

were compared to the experimental ones. The previous study

involved not only the activity and selectivity of the different

catalysts for the CO2 methanation, but also the evaluation of

the temperature profile which is produced along the catalytic

bed by the occurrence of the chemical reaction, using the

described sliding thermocouple.

A comparison between the experimental and the modeled

temperature profiles is given in Fig. 11: as a first analysis, it can

be observed the good fitting of the models to the respective

experimental profile. The R2 value for all the fittingswas found

to be higher than 0.94, and in particular the values are re-

ported in Table 4.

The validity of the study was corroborated also by

comparing the reaction achievements in terms of CO2 con-

version, CH4 selectivity, CH4 yield and CO yield. As it is

possible to observe in Fig. 12, the model results are in good

agreement with the experimental ones, and in particular the

modeled and experimental values correspond within a 5% (or

less) error range for all the catalytic systems and for both the

set-point conditions considered in this study. The perfor-

mances of these system were already discussed in the

experimental study, but a comparison with a more recent

literature highlights how the activity and selectivity achieved

are still highly competitive [42e44].



Fig. 10 e Reaction rate evolution along the axial direction

within the SiC monolith, the aluminum foam and the

powder catalyst for: a) the Sabatier reaction (CO2

methanation), b) the reverse water-gas shift reaction

(rWGS); c) the CO methanation reaction.

Fig. 11 e Comparison in temperature profiles between the

experimental measurements and the model when

TSP ¼ 300 �C and TSP ¼ 350 �C.

Table 4 e Calculated R2 for all the models.

Model Temperature, �C R2

SiC 300 0.989

SiC 350 0.948

Powder 300 0.952

Powder 350 0.963

Foam 300 0.994

Foam 350 0.985
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Preliminary scale-up evaluations

In paragraph 3.2, it was briefly highlighted the possibility of

incurring issues when scaling up a system constituted

by structured catalysts, since peculiar phenomena were

observed on small scale. An analysis of the failures in scale-

up was already presented for monolith reactors for catalytic

after-treatments [45] with a detailed enumeration of the

dependencies of the similarity on several dimensionless

parameter.
To support the considerations of paragraph 3.2 dealing

with possible issues in the actual scale-up of the catalytic

system, the model with the structured catalyst was simplified

and studied under the hypothesis of adiabatic conditions, and

then scaled up to a catalyst volume of 1 m3. To provide the

same contact time in such geometry, the gas linear velocity is

forced to be one or two orders of magnitude higher than the

one obtained in the laboratory scale, whichwas of the order of

10�2. Adjusting the L/D ratio of the reactor to evaluate the

effect of linear velocity, the profiles reported in Fig. 13 were

obtained. The consequence of the increase in linear velocity is

the decrease in temperature at the inlet of the catalytic bed,

and, therefore, above a certain velocity value, the effect of

retro-diffusion of heat is no longer appreciable.



Fig. 12 e Comparison between the model and experimental results in terms of CO2 conversion, CH4 selectivity, CH4 and CO

yield.

Fig. 13 e Temperature profile along the catalytic bed as a function of the gas linear velocity.
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This is of course related to the fact that qcond is always

constant as it is independent from the reaction conditions,

while qconv progressively increases with the increase in linear

velocity, thus the ratio qcond/qconv becomes lower until the

conduction of heat along the structure and towards the inlet is
completely negligible and inefficient if compared to the heat

transferred through the convective mechanism.

This consideration leads to two possible solutions to

maintain the beneficial effect of the employment of a struc-

tured catalyst in a scaled-up system: the first one is a modular



Fig. 14 e Scheme of radial geometry flow: a) centrifugal

flow; b) centripetal flow.
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solution in which the total flowrate is split, and the gas can

reach slowly the catalytic bed; a second, promising possibility,

is represented by the switch to a radial geometry. Both in the

case of a centrifugal (Fig. 14a) or centripetal flow (Fig. 14b) this

solution allows to substantially increase the surface that the

gas flow faces within the system. This implies that, with the

same aspect ratio and the same inlet gas flowrate, a radial

geometry can ensure a linear gas velocity remarkably lower

than the one which is realized in the linear geometry.
Conclusions

In this work, the CO2 methanation was used as probe reaction

in evaluating properties and peculiar behaviors of highly

conductive structured catalysts employed in exothermic sys-

tems; the outcomes of the study were compared to the

experimental observations made in a previous work, assess-

ing the validity of the simulations results.

Through the computational study, the phenomena related

to the thermal management in HCSC have been disclosed and

the main drawback of their utilization has been highlighted.

The high conductivity of the structured catalysts was

observed to have a more remarkable impact on the axial

temperature profile rather than the radial one. Comparing the

convective and conductive heat flux, it was found that in the

inlet section of the catalytic bed, where the temperature

gradient was at its maximum, a larger amount of heat was

distributed via conduction in the opposite direction with

respect to the gas flow. This effect allowed to increase the

temperature at the inlet of the catalytic bed, promoting the

reaction kinetically. Due to the dependency of the convective

heat flux on the gas linear velocity, it was proven that the

increase in gas linear velocity determines the loss of this

advantage, since the convective heat flux is forced to rise and
overcomes the heat conduction effect. This conclusion has a

remarkable impact on the perspective of scaling up the

application of structured catalysts to industrial systems, since

that, with the conventional L/D ratios, the gas linear velocity

unavoidably reaches higher order of magnitude. To put a step

forward to the possible resolutions of this issue, the switch to

a radial geometry configuration has been proposed at the end

of this work. This possibility could be explored in future

simulation studies, which would be captivating from the

perspective of industrialization.
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Symbols
Greek

g heat capacity ratio (Cp/Cv)

ε porosity (void fraction)

q porosity's complement to unity (1- ε)

r density

Latin

Cp heat capacity at constant pressure

Di mass diffusivity of the i component

Ea Activation energy

ji diffusive mass flux of the i component

k permeability

KT thermal conductivity

K0 pre-exponential factor

Mn mean molar mass

n normal vector

q heat flux

T temperature

u0 normal inflow

ui mass fraction of the i component

yi molar fraction of the i component
Appendix A. Supplementary data

Supplementary data to this article can be found online at

https://doi.org/10.1016/j.ijhydene.2023.01.338.
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