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Abstract

Fe, Cr, Al alloy (FeCrAl) is an exceptional support for highly exothermic and en-

dothermic reactions that operate above 700 ◦C in chemically aggressive environments,

where low heat and mass transfer rates limit reaction yield. FeCrAl two- and three-

dimensional structured networks—monoliths, foams and fibers—maximize mass trans-

fer rates while their remarkable thermal conductivity minimizes hot spots and thermal
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gradients. Another advantage of the open FeCrAl structure is the low pressure drop

due to the high void fraction and regularity of the internal path. The surface Al2O3

layer, formed after an initial thermal-oxidative, supports a wide range of metal and

metal oxide active phases. This aluminum oxide that adheres to the metal surface pro-

tects it from corrosive atmospheres and carbon (carburization) thus allowing FeCrAl

to operate at higher temperature.

Top applications are industrial burners, in which compact knitted metal fibers dis-

tribute heat over large surface areas, and automotive tail gas converters. Future ap-

plications include producing H2 and syngas from remote natural gas in modular units.

This review summarizes the specific preparation techniques, details process operating

conditions and catalyst performance of a several classes of reactions, and highlights

positive and challenging aspects of FeCrAl.

Contents

1 Introduction 4

2 Heat and mass transfer in FeCrAl structures 10

2.1 Geometrical properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2 Gas-solid heat and mass transfer . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3 Heat transfer in FeCrAl structures . . . . . . . . . . . . . . . . . . . . . . . . 15

3 Catalyst preparation 18

3.1 Pretreatment of the FeCrAl . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.1.1 Thermal and chemical treatment . . . . . . . . . . . . . . . . . . . . 21

3.1.2 Anodization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.1.3 Deposition of a primer . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.2 Washcoating of a ready-made catalyst or support . . . . . . . . . . . . . . . 27

3.3 In situ-growth of active phases . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2



3.3.1 Impregnation followed by calcination . . . . . . . . . . . . . . . . . . 33

3.3.2 Solution combustion synthesis . . . . . . . . . . . . . . . . . . . . . . 33

3.3.3 Hydrothermal methods . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.3.4 Galvanic displacement and electrochemical processes . . . . . . . . . 40

4 Applications in emission control 46

4.1 Automotive tail gas treatment . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.1.1 Noble metals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.1.2 Copper-Indium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.1.3 Nickel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.2 CH4 oxidation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.2.1 Pd and Pt-based catalysts . . . . . . . . . . . . . . . . . . . . . . . . 55

4.2.2 La and Ce based catalysts . . . . . . . . . . . . . . . . . . . . . . . . 59

4.3 VOC oxidation—Volatile organic components . . . . . . . . . . . . . . . . . 61

4.3.1 Pt-based catalysts . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.3.2 Pd-based catalysts . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.3.3 Mn and Cu based catalysts . . . . . . . . . . . . . . . . . . . . . . . 66

5 Syngas 70

5.1 SMR—Steam methane reforming . . . . . . . . . . . . . . . . . . . . . . . . 70

5.1.1 Ni-based catalysts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5.1.2 Ru and Pt-based catalysts . . . . . . . . . . . . . . . . . . . . . . . . 74

5.2 CH4 CPOX—Catalytic partial oxidation . . . . . . . . . . . . . . . . . . . . 75

5.2.1 Rh-based catalysts . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

5.2.2 Pt and Ni-based catalysts . . . . . . . . . . . . . . . . . . . . . . . . 79

5.3 DMR—Dry methane reforming . . . . . . . . . . . . . . . . . . . . . . . . . 79

5.4 ATR—Autothermal reforming . . . . . . . . . . . . . . . . . . . . . . . . . . 80

5.5 Methanol steam reforming . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

3



5.6 WGS—Water gas shift reaction . . . . . . . . . . . . . . . . . . . . . . . . . 83

5.7 CO PROX—CO preferential oxidation . . . . . . . . . . . . . . . . . . . . . 84

6 Other applications 85

6.1 OCM—Oxidative coupling of methane . . . . . . . . . . . . . . . . . . . . . 85

6.2 FT—Fischer Tropsch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

6.3 Biodiesel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

6.4 Miscellaneous . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

7 Future applications 90

8 Conclusions 91

9 Biographies 92

10 Acknowledgments 96

11 Abbreviations 96

References 99

12 TOC graphic 138

1 Introduction

To meet societies aspirations of sustainable development requires innovation to substitute

petroleum with renewable bio-sourced feedstocks and catalysis will figure prominently in this

paradigm shift. Already, industry applies catalysis in over 80 % of the chemical processes,

which represents 30 % of the global gross product.1,2 Solid catalysts have replaced harmful

mineral acids and chloro-containing ones with the extra benefit of re-use compared to homo-

geneous systems. The incredible potential of heterogeneous catalysts, consists in their porous
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nature that can be optimized to meet reaction conditions—high temperature, pressure, and

corrosive environments, for example. Consequently the share of solid catalysts in the chem-

ical industry will continue to rise as a result of the growth in world population and the

escalation of the global energy demand, which was forecast to double from 2000 to 2035.1,3

Heterogeneous catalysis is a key component of new processes targeting green chemistry and

sustainability.4,5 Indeed, in the last twenty years the field of environmental catalysts boosted

the design of new solid materials capable of converting air and water pollutants generated by

anthropogenic activities, as well as catalysts capable of converting heterogeneous substrates

selectively—those derived from biomass.4–7 Despite their numerous and indisputable advan-

tages, heterogeneous catalyst design faces challenges to develop new sustainable processes

and increase efficiency/decrease harmful and toxic byproducts in current processes. Cata-

lyst comprising particles, pellets, and gauzes add complexity to plant operations; mass and

heat transfer resistance around the catalyst limits the reagent throughput and introduces

uncertainty with respect to scale-up and modelling;8 and, narrow pores limit applications

to less bulky molecules.9 The latter limitation is particularly true for emerging biorefiner-

ies, which involves molecules such as lignin, polysaccharides and triglycerides. Synthesizing

systems with interconnected micro- and mesopores, combining high specific surface area and

improved mass transport remains major challenges in heterogeneous catalysis.10

Process intensification (PI) principles suggest introducing structure or modular catalytic

units to minimize spatial randomness and control preferential mass and heat transfer path-

ways.1,11,12 The structure can fit molecular, micro-, meso- and macro-scales. In this context,

besides choosing a material that is inert at the operating pressure and temperature, and

act synergistically with the active component, selecting a support facilitates modularization.

Industry requires high flow rates, short contact times, tight temperature control, and low

pressure drop across the bed.13 Pressure drop across structured catalysts are two orders of

magnitude lower than across packed beds and radial and axial temperature gradients (local

hot spots) are lower due to the higher effective thermal conductivity and the regularity of
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the internal path, which makes it possible to operate in the laminar regime.11

Cordierite—a mixture of Mg, Si and Al oxides extruded as a monolith for automotive tail

gas treatments—is the most common high temperature structured support.14 However, when

hot spots affect the conversion and selectivity, materials with high heat transfer capacity,

such as metallic supports, improve performance.

The metallurgy industry developed a Fe, Cr (up to 20 %), Al (0.5 % to 12 %) and Y

(0.1 % to 3 %) alloy, which is commercialized under the name of FeCralloy R© or Khantal R©.

Hans von Kantzow, engineer and CEO at Bultfabriks AB, discovered it in 1931, after a

sample was left for years inside an oven in Hallstahammar, Sweden. FeCralloy R© is a high

temperature resistant steel in which Al diffuses to the surface above 800 ◦C. The surface

Al oxidizes to Al2O3 in air and forms a resistant layer. The first applications were for

furnaces, heating systems and electronic components. Yttrium prevents high temperature

phase changes as it oxidizes first during the synthesis steps, therefore the melting steps

require vacuum furnaces, which impacts the final cost of the material.15 The ductility of

FeCrAl makes it easy to shape into monoliths, fibers, foams and porous materials.16,17 The

most common structures are monoliths followed by foams and fibers that are all suitable for

fixed bed reactors (Figure 1). Changing temperatures (during process start-up and shut-

down, for example) dilates the materials that would crack the surface coating if it were

not for the mechanical characteristics that release the stress. This property confers its high

stability.18

Since 1976, the automotive industry has been using this material as a catalyst support

but FeCrAl burners remain the most common application. In this review, we summarize the

state of the art of FeCrAl in catalysis. We have structured our review of the FeCrAl adopted

as a catalyst support by type of chemistry and active phase supported.

Conductivity is the controlling radial heat transfer mechanism in the case of low void

fraction systems (high solids fraction) that maximize contact between the catalyst and reac-

tor wall.19–21 In traditional packed bed reactors, fluid dynamics contribute most to the heat
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Figure 1: FeCrAl alloy. Structured supports: monolith, foam, fiber. External black coating
Al2O3.

transfer coefficient, h, while it contributes much less to structured beds. Since hcond >> hconv,

structured beds transfer more heat in smaller volumes minimizing reactor dimensions, which

respects the principles of process intensification.22 Even for highly exothermic and endother-

mic reactions, these beds operate isothermally, which is ideal to study reaction kinetics.23

Carbon preferentially forms on α-Fe,24,25 but the Al2O3 surface layer minimizes con-

tact between the gas phase and Fe thus minimizing coke deposition and carbon erosion.26,27

Branched and bamboo nanotubes (carbon filaments) growing perpendicular to the surface
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of the FeCrAl indicate the presence of exposed reduced iron.28 During methane pyrolysis,

a strong reducing environment together with the carbon deposition on the surface destabi-

lize the protective Al2O3 coating. As result the reduced Fe is exposed and carbon diffusing

through the particle detaches the metal from the bulk and carburizes the support with dele-

terious consequences.29 Temperature also has an influence and the optimal growth appears

at 700 ◦C. Less coke forms above 700 ◦C.30 Additional and different coatings make FeCrAl a

versatile material and in some cases they enhance the thermal resistance but influence carbon

deposition, which carburizes the substrate with consequences on the mechanical behavior.31

Stainless steel supports for heterogeneous catalysts are sufficient for low temperature reac-

tions (less than 700 ◦C), while at higher temperatures the steel degrades with time as it has no

stable protective superficial oxide.32,33 The similar problem is also encountered in austenitic

NiCr and NiCrAl form superficial chromia rather than Al2O3 layers and have higher density,

lower electrical resistivity compared to ferretic FeCrAl. Superficial Al2O3 doping by Cr2O3

and Fe2O3 further stabilizes the stable alfa phase.34 The maximum operating temperature

of FeCrAl approaches 1400 ◦C, 200 ◦C higher than Ni containing alloys; superficial alumina

protects the bulk metal better than chromia against sulfur and carbon diffusion.35 While

traditional Ni-based materials have higher strength and creep resistance, important in the

manufacturing of structural parts, the new generation of FeCrAl now have comparable me-

chanical properties. As little as 0.15 % by mass of Y, Zr, Mo, Mn and Si reduce elongation

caused by the interaction between bulk metal and superficial ceramic layer that are, however,

less important when the material has reached high hot strength as in the case of commercial

Kanthal R© APM or APMT. Moreover, the higher density Ni-based alloys deform more at high

temperature. Aluchrom is the commercial name of another FeCrAl alloy containing 70 %,

25 % Cr, and 5 % Al. However, micro-alloying with yttrium and zirconium is absent.36,37

Only in the last decade has the scientific community begun to apply FeCrAl beyond furnace

elements (Figure 2). From 1990, the number of articles has been increasing linearly from

50 per year and now exceeds 250 per year with about 80 dedicated to catalysis.38 The most
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prominent research cluster relates to microstructure and mechanical properties (red cluster

in Figure 2), followed by oxidation (green cluster), metal composition (blue cluster with

keywords Fe, Cr, Al, and Ni), and alloys, coatings, and steel (yellow cluster). Web of Science

assigned 2424 journals with articles referencing FeCrAl to multidisciplinary materials science

followed by metallurgy & metallurgical engineering (2225), physical chemistry (546), applied

physics (418) nanoscience & nanotechnology (318), coatings & films materials science (311),

and condensed matter physics (307). The most prolific journals were J. Alloy. Compd. with

170 articles, Corrosion Sci. with 100, and Acta Mater. with 98. Three articles, published in

the 1990s, have garnered over 500 citations.39–41
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2 Heat and mass transfer in FeCrAl structures

Metal oxides as Al2O3, SiO2, TiO2, CeO2, ZrO2, CaO2 are chemical resistant substrates for

the synthesis of supported catalysts that operate at temperatures higher than 300 ◦C in the

format of powder, sphere or pellet (Figure 3).43–48

Figure 3: Most common ceramic supports.

During catalyst design, before hypothesizing synergies between support and active phases,

considerations on the reaction such as temperature, pressure, energetic requirements, chem-

ical properties of reagents and products help in identifying possible supports. The format
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of the substrates is a relevant parameter to consider, but usually in a second step, at scale

larger than the lab one. However, when high flow rates, short contact times, tight temper-

ature control, low pressure drops across the bed, high heat and mass transfer are required,

traditional packed bed reactors are unsuitable.11,49,50 Moreover, when the reaction conversion

and selectivity suffer from hot spots and temperature gradients, high heat transfer capacity

of metallic supports improves the performance. FeCrAl is the reference material for the

manufacture of structured substrates (Figure 4) for catalytic applications at high tempera-

tures in oxidizing environments. One feature of these structured substrates is the possibility

to fine tune heat and mass transfer properties to maximize catalyst performance. This is

related both to thermal conductivity, specific heat and density of the material and to the

geometrical characteristics of the substrates.

2.1 Geometrical properties

Honeycomb structures have been the benchmark solution for after-treatment catalytic tech-

nologies over the last several decades. They consist of a multiplicity of identical parallel

channels through which gas passes in a straight path, typically in the laminar flow regime.

Metal FeCrAl honeycombs are manufactured by rolling a crimped sheet coupled with a flat

foil around a mandrel, while ceramic substrates are extruded. Standard cell densities range

from 400 cpsi to 600 cpsi (cell per square inch) with 40 ➭m to 50 ➭m thick foils,51 while ad-

vanced designs reach 900 cpsi to 1600 cpsi with 25 ➭m to 30➭m thick foils with an open frontal

area in excess of 90 %.52

11



Figure 4: Most common examples of FeCrAl structures. Monoliths, foams and fibers (random
sintered or knitted). Adapted with permission from reference.53

The geometrical properties of the assembly are evaluated based on a single channel. The

surface to volume ratio, SV, is the proportion (Eq. 1) of the void fraction (or open frontal

area of the honeycomb), ε, and the hydraulic diameter dh (typically a triangular or sinusoidal

shape) and is the determining factor in gas-solid heat and mass transfer:

Sv =
4ε

dh
(1)

SV up to 4000 m−1 to 6000 m−1 are standard in conventional and advanced designs, respec-

tively.

Sintered metal fibers substrates have been applied in catalytic burners and particulate

filters. Felts are manufactured starting from small diameter fibers (df = 10 ➭m to 50 ➭m)

that are sintered via high temperature diffusion bonding and reach porosities in the 80 % to

85 % range. The disordered structure creates a complex flow path, and assuming the base

elements are infinitely long cylindrical fibres, the surface to volume ratio is:54,55

SV =
4 (1 − ε)

df
(2)
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With 25 ➭m fibers and ε = 85 %, SV exceeds 20 000 m−1.54

Open cell metal foams consist of cavities (cells) accessible through windows (pores) in

an interconnected 3D solid matrix made of struts that intersect in nodes. In FeCrAl foams,

porosity reaches 95 % with pore densities in the range of 10 ppi to 100 ppi (pore per inch).

Geometrical models assume that the structure consists of repeating unit cells—cubic,56 do-

decahedral,57 and tetrakaidecahedral.58 The latter polyhedron, also called a Kelvin cell,

characterizes the foam geometry best.59 Refinements of the geometrical model include the

shape of the strut cross-section that, due to minimum surface energy reasons, changes from

circular to triangular and to triangular concave with increasing void fraction58 and the node-

strut distribution of the solid material.60 In general, SV increases with pore density and solid

fraction of the foam: SV > 5000 m−1 for a 100 ppi foam at ε = 0.9.60

2.2 Gas-solid heat and mass transfer

Gas-solid heat and mass transfer rate coefficients, h and km, like Sv, depend on structure sub-

strate geometry. Researchers apply the Colburn analogy for heat and mass transfer in ducts

of honeycomb monoliths. The classical Hawthorn correlations relate the non-dimensional

Nusselt number ( NNu) for heat transfer and Sherwood number (NSh) for mass transfer to

the Reynolds number (NRe), Schmidt number (NSc) and Prandtl number ( NPr), assuming

that the characteristic length is dh:61

NNu = 3.66

(

1 + 0.095
NReNPr

z
dh

)0.45

(3)

NSh = 3.66

(

1 + 0.095
NReNSc

z
dh

)0.45

(4)

The coefficient 3.66 represents the asymptotic solution for fully developed laminar flow in

ducts, while the NRe term accounts for the development of the velocity, temperature (Eq. 3),

or concentration profiles (Eq. 4), which decrease along the channel coordinate, z. These
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Hawthorn correlations apply to average transfer coefficients in circular channels but have

been adapted to local heat transfer coefficients62 and alternative geometries including trian-

gular and sinusoidal channels typical of FeCrAl honeycombs.63 Correlations mainly refer to

laminar flow conditions which cover most of the practical applications, however, advanced

configurations have been developed for FeCrAl honeycombs, which enhances heat and mass

transfer coefficients by repeated disruption of the laminar flow structure.64

The assessment of the gas-solid heat and mass transfer performance of open cell foams

is still debated in the literature. The choice of the characteristic length to be adopted in

NNu and NSh correlations is a key issue. Originally, the equivalent channel diameter was

assumed to be the pore size.65 Later, the mean pore diameter was defined as the size of

the internal pore window and the strut diameter.66 For metallic foams, Giani et al.19,67

stated that the average strut diameter, ds,av, was a more representative characteristic length

when considering the flow path in the foam structure and they developed a correlation

based on the analogy with convective heat transfer in bundles of tubes. The approach was

further refined by combining experimental tests on CO oxidation with computational fluid

dynamic simulations (CFD) developing a correlation (Equation. 5) based on the combination

of asymptotic contributions associated with creeping and turbulent flow, respectively:68

NSh = ε−2
(

0.566N0.33
Re + 0.039N0.8

Re

)

N
1

3

Sc (5)

Few studies have been performed on sintered metal fibers61,69 but foam and fiber felt per-

formance correlate with the same equation with Sauter mean diameter, dsauter as the char-

acteristic length:

dSauter =
6 (1 − ε)

SV

(6)
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NSh = 1.26

[

1 − (1 − ε)
5

3

2 − 3 (1 − ε)
1

3 + 3 (1 − ε)
5

3 − 2 (1 − ε)2

]
1

3



0.991N
1

3

ReN
1

3

Sc +
0.037N0.8

ReNSc

1 + 2.44N−0.1
Re

(

N
2

3

Sc − 1
)





(7)

Internal mass transfer in the porous washcoat is as important as external mass transfer

because the effective intraporous diffusivity is low. However, it is negligible when consider-

ing heat transfer: the gas phase boundary layer is much larger than the porous washcoat

thickness and its thermal conductivity is one order of magnitude lower (0.05 W m−1 ◦C−1 for

air vs. 0.2 W m−1 ◦C−1 for a porous ceramic layer).

2.3 Heat transfer in FeCrAl structures

The effective conductivity, keff is a sum of the contributions from conduction, keff,cond, con-

vection, keff,conv, and radiation, keff,rad:

keff = keff,cond + keff,conv + keff,rad (8)

Referring to the cross sectional direction of a honeycomb structure, the convective term

is absent as the flow path is segregated in the parallel channels. Also radiation is negligible

because the channel wall shielding and the large aspect ratio of the channel geometry, results

in very low view factors along the axial direction. With respect to conduction, geometric

anisotropy of the honeycomb structure must be considered. In the axial coordinate heat

flows along the gas and the solid phases, so the axial effective thermal conductivity keff,ax

is the sum of the intrinsic gas conductivity, kg and solid conductivity ks weighted by their

geometrical fraction:70

keff,ax = kgε+ ks (1 − ε) (9)

Because of FeCrAl’s relative high thermal conductivity, which increases from 12 W m−1 K−1
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at room temperature to 25 W m−1 K−1 at 1200 ◦C (Figure 5), the solid term dominates.71
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Figure 5: Thermal conductivity vs temperature of some of the most used catalyst supports.
Adapted with permission from reference.72

On the other hand, heat conduction along the cross sectional direction is limited due

to the more tortuous path along the solid walls and, mainly, to the lack of continuity of

the structure associated with the manufacturing process of FeCrAl monoliths. The equa-

tions developed for extruded honeycombs are inapplicable since the lower contact points

between the rolled layers result in a major resistance to heat transfer along the transversal

coordinate.70,73

As opposed to honeycombs, open cell foams are isotropic, which guarantees the same

effective conductivity in all directions. Two approaches account for the heat transport term:

one approach, adapted from porous media literature, assumes that the effective conductivity

is a weighted average of in-series in-parallel heat conduction paths in the solid and gas phases:
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keff,cond = bkserial + (1 − b) kparallel (10)

where

kparallel = kgε+ ks (1 − ε) (11)

and

kserial =

(

ε

kg
+

(1 − ε)

ks

)−1

(12)

Several studies report that b varies from 0.63 to 0.65 for metallic74 and ceramic foams.75,76

The second approach considers the tortuosity, τ , of the heat flow path along the solid

interconnected structure:

keff,ax = kgε+
ks (1 − ε)

τ
(13)

where τ depends on void fraction according to:77

τ =

(

1

3
+

2

3
(1 − ε)

)−1

(14)

which respects the theoretical asymptotes, τ = 3 as ε→ 1 and τ = 1 as ε→ 0.78

Because foams are open, both convective dispersion and radiation contribute to Eq. 8.

For the convective dispersion terms, the few available literature correlations include the

Peclet number, NPe:

keff,conv

kg
=
NPe, x

Kr

(15)

where x is the characteristic length and Kr is the radial dispersion coefficient. The square

root of the permeability,79 the cell size75 and the mean pore diameter76 have been used as

characteristic lengths, with Kr equal to 16.67, 14.5 and 8, respectively. Considering air as

the flow medium, the convective dispersion term is comparable with the conductive term at

10 m s−1 in a 60 ppi FeCrAl foam with ǫ = 0.9. The Rosseland approximation applies for the
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radiation term:

keff,rad =
16σBT

3

3Er

(16)

where σB is the Stefan-Boltzmann constant and Er, the Rosseland extinction coefficient,

which is a function of the foam geometrical properties where dc is the diameter of the foam

cell:

Er = Cr
(1 − ε)0.5

dc
(17)

with Cr = 2.65 as proposed by Bianchi et al.,20 the radiation term is negligible with respect

to the conduction and convection except for FeCrAl foams with high void fraction (ǫ > 95 %)

and low pore density 10 ppi to 20 ppi operating below 500 ◦C.

When honeycomb and foams are loaded in a tube casing, the local resistance at the

wall-structure interface contribute to the overall heat transfer rates towards the external

environment.20,80

3 Catalyst preparation

Nijhuis et al., Avila et al. and Meille et al. reviewed structured catalyst support preparation,

including FeCrAl.81–84 The two main approaches to coat a catalytic layer on a 3D support

include (Figure 6):

i) deposition of a ready-made catalyst (and/or support), and

ii) in situ growth of the catalyst (and/or support).85–87

Catalytic films comprise metal oxides containing the active phase, metallic particles, or

zeolites; in situ syntheses of hydroxides form a layer of metal oxides after calcination.
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_-

Figure 6: FeCrAl catalyst preparation: a) FeCrAl, b) FeCrAl after pretreatment, c) FeCrAl
after coating of catalytic layer. Pretratments (black layer): thermal and chemical treatment,
anodization and primer deposition. Coating of catalytic layer (ochre): i) washcoating; ii)
impregnation followed by calcination, solution combustion synthesis (SCS), hydrothemal
methods, galvanic displacement and electrochemical processes. Adapted with permission
from reference.88 Copyright 2017 American Chemical Society.
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Herein, we describe methods to coat FeCrAl materials—honeycomb monoliths, fibers,

meshes and open-cell foams—and focus on the in situ synthesis techniques developed in the

last few years. In the sections dealing with the application of the structured catalysts, we

report the specific preparation technique and its effect on the catalytic activity.

3.1 Pretreatment of the FeCrAl

Low surface area, low chemical interaction, and a mismatch between thermal expansion

coefficients of the ceramic coating and the metallic support compromise the stability of

structured catalyst on metallic supports. Consequently, the catalytic film creeps and peels

during preparation and under reaction conditions. Pretreating and preoxidizing the metallic

supports increase the available surface area and improve coating adhesion, which protects

the metal.15,18,55,89 The parent FeCrAl surfaces are smooth on a ➭m length scale and chemical

species bind poorly to it (Figure 7). After the preoxidation step, the surface has a rough

sandpaper like quality with ridges and valleys. Thus, preoxidition produces a surface Al2O3

layer that promotes chemical interactions between the substrate and active phase.

Figure 7: FeCrAl fiber surface before preoxidation (two picture on the left) and after (right).

Aluminum oxide is a common support because of its versatility to stabilize catalytically

active materials for a variety of reactions. Production procedures consists of the thermal

dehydration of aluminum hydroxide that produces eight Al2O3 allotropes but only the α,
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γ, δ and θ phases are common. Temperature influences the physical conformation and the

transitions from one phase to the other.90

3.1.1 Thermal and chemical treatment

In the case of FeCrAl metal support, the thickness and homogeneity of the Al2O3 produced

during the initial thermal pretreatment is important but insufficient for every chemical sys-

tem where precise catalyst formulations are required, as is the case of environmental re-

actions.91 In a 500 h stability experiment for preferential CO oxidation operating between

100 ◦C to 300 ◦C Fe, Cr and Y migrated from the bulk to the wash coating and there de-

activated the catalyst.92 A 22 h-preoxidation treatment at 950 ◦C was insufficient to create

an Al2O3 barrier between the metal support and washcoat so cations continued to migrate

from the bulk.91 Cr from a FeCrNi support migrated within 24 h on-stream operation after

a 650 ◦C peroxidation step, while migration in a FeCrAl was undetected.93 During thermal

pretreatment of FeCrAl (above 800 ◦C), Al migrates to the surface and oxidizes to create a

Al2O3 coating (Figure 8).15,35,94,95 This coating binds compounds and has high heat shock

resistance without shelling after 5000 cycles at 1000 ◦C (Figure 9(a)).96
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Figure 8: X-ray diffraction (XRD) analysis of FeCrAl before (red) and after (blue) preoxi-
dation. Adapted with permission from reference.97 Copyright 2012 Elsevier.

Additional FeCrAl pretreatment is however necessary, because the Al2O3 layer (after

preoxidation) is rarely thick enough to protect the metal, and the surface area is too low

for catalysis (Figure 9(b)). Chemical pretreatment of FeCrAl increases the oxidation rate as

well as the superficial roughness that creates mechanical junctions (Figure 9(c)).98 Thermal

pretreatment is more effective than the chemical, but combining both is best (Figure 9(d)).99
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Figure 9: Morphological changes as a function of thermal pretreatment time and temperature
(a), chemical pretreatment and corrosion (c) on the untreated FeCrAl (b). Al migration to
the surface (red arrows) and Al2O3 (black). Adapted with permission from reference.99

Copyright 2017 Elsevier.
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Figure 10: Mass increase depending on the air oxidation cycle duration at 1200 ◦C. Adapted
with permission from reference.100 Copyright 2004 Springer Nature.

FeCrAl preferentially begins to degrade at points where the Al2O3 surface has defects or

inhomogeneities.101 Cr2O3 between the bulk metal and alumina coating provides additional

stability to the support, but the mass fraction of Al in the alloy is the determining factor for

life-time.102 α-Al2O3 preserves the metal better than γ, δ, and θ phases, because it minimizes

oxygen diffusion.103

α-Fe, body-centered cubic, in the FeCrAl bulk determines the morphology of the Al2O3

formed during oxidation. Folding, stretching, and bending (mechanical deformations) of

the support changes the shape and the orientation of Fe and therefore the thickness of the

final Al2O3.
104 The oxidation rate, and thus the nature and thickness of the coating, varies

with the oxidative environment composition—air, H2O, O2, and O2 plus SO2—temperature,

time, substrate origins, and geometry. The chemical composition of the superficial coating

changes with temperature: below 900 ◦C mixtures of Fe, Cr and Al oxides form. At 900 ◦C
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the coating consists mostly of α-Al2O3 with some γ or θ- Al2O3 and a rich intra layer of Cr

oxide. The mass fraction of Al metal hovers at 80 % up to a depth of 350 nm then drops

to below 10 % at 600 nm. H2O in the oxidizing mixture favors metastable phases.105 The

α phase forms in the range of 900 ◦C to 1100 ◦C while several allotropes co-exist at lower

temperatures.101

The oxide layer grows following a cubic time dependence even if possible discrepancies

might appear as a result of thermal cycling cracks and support inhomogeneity.100 Higher

quantities of Al in the alloy increase the thermal stability of FeCrAl, because Al oxidizes

into a thicker protective layer.106 However, not all Al diffused to the surface oxidizes because

the growing Al2O3 thickness blocks metal-oxygen contact.

In short-time thermal cycles, the oxide layer cracks and exposes additional Al (Figure 10)

that reacts and forms a Al2O3 grain. More Al2O3 increases oxidation resistance but, on the

other hand, a higher number of grain boundaries decreases it as O2 diffusion increases. After

H2 annealing, La-Zr and La-Hf in the bulk reduce the oxidation state of the alloy and they

reduce the presence of both Fe and Cr in the oxide layers.107

Thermal oxidation in O2 and SO2 atmospheres, or deposition of active catalyst and

alumina via magnetron sputtering creates acid and basic sites that change the catalytic ac-

tivity.103,108 Even though the magnetron radio frequency (RF) is six times more efficient

than direct current (DC), it operates on a small surface area limited by the geometry of

the source.109 Magnetron sputtering supplies superficial Al2O3 that helps to control the

morphology but powder embedded techniques also increase superficial aluminium that pro-

duces nanowires during oxidation. In this case, thermal stress does not crack the additional

alumina washcoat that is often added.110

3.1.2 Anodization

Anodic oxidation applies an electric field to an electrolyte, usually an acid (H2SO4), in

contact with a material that generates a porous oxide layer at the surface, while dissolving
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the support. Time, current density, temperature, type of electrolyte, and its concentration

determine morphology, porosity, and thickness of the oxide layer. This result is different from

that produced by calcination. During anodization of FeCrAl, the metals component dissolve

generating channels of ca. 1 ➭m to 4 ➭m perpendicular to the surface and simultaneously

an amorphous oxide film develops with cavities at the nanometeric scale; iron preferentially

dissolves compared to chromium.111,112

3.1.3 Deposition of a primer

Calcined substrates coated with an intermediate layer (primer) have higher chemical affinity

between the coating and FeCrAl. Boehmite (AlOOH) sol, the precursor for Al2O3, can be

prepared by dispersion of DisperalTM in an HNO3 aqueous solution. The viscosity of the

slurry depends on the concentration of the acid, the HNO3/Al2O3 ratio, pH and particle

dimensions; the concentration of the solid phase in the slurry influences the adhesion of the

particles on metal fibers.113 Alternatively, an AlOOH sol is produced by direct reaction be-

tween aluminum foils and an HCl solution (a mass fraction of 10 % HCl).114 A dip-coating

methodology (vide infra), controlling the withdrawal rate, is used to deposit the sols on

foams or plates.

Some authors reported the synthesis of metal supported catalysts after the intermediate

deposition of enamel layers that creates a barrier between metal support and superficial

coating. This technique, normally used in the manufacturing of steel reactors for corrosive

atmosphere, has mainly been reported for metals structures that do not form a protective

superficial Al2O3 layer.115 Even if the barrier properties of dense enamel to cation migration

are higher compared to Al2O3, the final stability of the coating is negatively affected by a

low thermal expansion coefficient of the enamel.116 Syngas type reactions are to be avoided

as the Si in the enamel reacts with hydrogen. This is a similar challenge that the refractory

industry solved with applying high purity alumina.92,117,118 Enamel coatings work best at

lower temperatures but lack mechanical stability above 800 ◦C.35,37 Coating surfaces with
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enamel introduces interesting barrier properties for precise catalyst formulations. Anneal-

ing enamel requires precise operating conditions to minimize Cr migration as the enamel

densifies.87,92,119

3.2 Washcoating of a ready-made catalyst or support

Washcoating with ready-made catalysts and supports has evolved over time to improve

adhesion and loading and to preserve the properties of the powder catalysts. This process

includes:

i) filling the voids of the structured support with a powder slurry or a sol-gel dispersion

(liquid-like material) by dipping it for seconds;

ii) removing the excess fluid;

iii) drying and calcining;

iv) repeating the procedure to reach the desired catalyst loading.

The resulting film thickness depends on the balance between fluid viscosity (rheology),

and the slurry removal procedure.83,86,87 Final cladding adhesion depends on preoxidation,

binder and slurry composition (Figure 11).114,120
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Figure 11: Scanning electron microscope (SEM) image of sample section after 10 h pre-
oxidation at 900 ◦C, sol layer 2 % g g−1 and slurry 25.3% g g−1 deposition. Adapted with
permission from reference.120 Copyright 2017 Elsevier.

High temperature decreases the BET surface area and changes the Al2O3 phase. How-

ever, porosity and superficial area remain constant with stabilizers like CeO2, La2O3, ZrO2

(Figure 12).121 Adding Ce0.68Zr0.32O2 in Al2O3 increases the binding strength with the sup-

port and inhibits the phase transformation of the Al2O3 giving a high and stable surface

area.122,123
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Figure 12: Specific surface area before and after washcoat aging. Percentage mass loss of the
washcoat before and after aging for thermal shock and ultrasonic tests. Sample composition
reported on the table.

Thermal shock tests at 700 ◦C and mechanical test under sonication in petroleum ether
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demonstrated that the support geometry has a stronger influence than pretreatment. The

adheshion of the protective layer was best on the high porosity foam compared to preoxidized

foils, coated foils and coated foams (Figure 13).97,110,114,120,124 In any case, pretreatment

increases the interfacial forces between support and coating. Sol gel coating of fibers with

Al2O3 behaves differently compared to flat foils and alcohol, as a solvent, is better for fibers

because of its lower surface tension and boiling point compared to water.124,125
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Figure 13: Weight loss comparison during mechanical stress test at 40 kHz in ultrasonic bath.
(1),97 (2),114 (3),110 (4)124 and (5).120 Adapted with permission from reference.97 Copyright
2012 Elsevier.

A mass fraction of 2 % g g−1 La in the Al2O3 slurry stabilizes the metastable phase

at 950 ◦C. La also minimizes cracks in the cladding and reacts with the metal substrates

enhancing the adhesion (Figure 14).126 Introducing a LaMnAl11O19 hexaaluminate (HA) in

Al2O3 layer on FeCrAl foil enhances the adhesion stability of the catalyst and maintains its

high activity.127 The HA is vertically embedded in Al2O3 intermediate layer.128
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Figure 14: FeCrAl surface micrographs after 2 h at 1200 ◦C. With (right) and without (left)
2% g g−1 La. Adapted with permission from reference.126 Copyright 2015 Elsevier.

Adhesion of plasma sprayed Al2O3 and TiO2 is superior to that of traditional dip coat-

ing. Plasma electrolytic oxidation is a promising technique, because it creates a protective

cladding without any pretreatment although the dispersion remains more heterogeneous than

traditional deposition methods.129 Silica SBA-15 is an alternative to alumina as a protective

layer, but requires colloidal silica rather than Al2O3 as a binder to favor the interaction be-

tween cladding and the metal support.130 The elements of the slurry that affect its rheology

include: solvent type (usually water), particle size and distribution, binder (e.g. colloidal

silica/alumina), dispersant (mainly acids), and additives (e.g. long-chain surfactants con-

taining hydrophilic and hydrophobic groups).

The recipe depends on the type of powder to be coated and determines the amount,

homogeneity, and adhesion of the film. Low slurry viscosity lead to low loading and high

adhesion, while high-viscosity formulations generate thicker washcoat layers that adhere

poorly.86 A drawback to the coating method is that it modifies catalyst morphology.131 For

instance, SBA-15 agglomerates with a wheat-like appearance break down under magnetic

stirring into rods.132

The preparation method of a colloidal dispersion of a ready-made catalyst is similar to

the binder deposition step. Driving out liquid is easy for simple shaped supports since only

viscous force resists the fluid movement. Blowing (dip-blowing) and centrifugation (spin-

coating) are appropriate for complex shapes like open-cell foams, especially with a high
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pore density. Air jets and centrifugation complement gravitational forces to overcome cap-

illary forces in draining liquid from the channels and cells .132–134 For instance, spin coating

controls the Pd−CeO2 coating formation on FeCrAl open cell foams with cell diameters

down to 500 ➭m. The higher shear stresses induced by rotation during wet film deposition

reduces clogging and increases the film homogeneity with respect to ordinary dip-coating

(Figure 15).134

Figure 15: Optical microscope images of spin-coated (a,d) and dip-coated (b,e) foams of
1200 ➭m (a,b) and 580 ➭m (d,e) cell diameters. Adapted with permission from reference.134

Copyright 2007 Elsevier.

3.3 In situ-growth of active phases

In direct deposition routes, catalyst (metal particles, metal oxide, and zeolites) and pre-

cursor (hydroxides) grow directly on the surface of the structured support. These methods

can be considered as a heterogeneous precipitation where the growing seeds form on the
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metal support surface rather than in the liquid phase. While in-situ growth techniques

avoid modifications of the catalyst during slurry preparation, producing materials like those

from conventional synthesis methods (without a structured metal support), requires special

attention.

3.3.1 Impregnation followed by calcination

The simplest way to develop in situ catalytic materials is to impregnate a solution of a

precursor (mainly metal salts) on a pretreated FeCrAl, i.e with a porous alumina coating,

followed by calcination, like in the conventional preparation of powder catalysts. The im-

mersion of a pretreated foil in a solution containing La3+ and Mn2+ leads to their adsorption

on the porous Al2O3 layer, which generates a firmly adhered LaMnAl11O19 hexa-aluminate

after calcination due to solid state reactions.127,128 Alternatively, when dealing with more

complex shapes, such as fibers, wherein the immersion may lead to inhomogenous species

adsorption, the precursor solutions can be sprayed on the support, which oxidizes to Al2O3

or Al2O3-CeO2 during calcination.135

3.3.2 Solution combustion synthesis

Solution combustion synthesis (SCS) produces adhesive coatings of inorganic nanomaterials.

It is a self-propagating redox reaction between metal precursors (oxidizers) and organic

fuel in aqueous solution.136,137 The solution heated until 300 ◦C to 600 ◦C initiates reaction

that rises to temperature from 750 ◦C to 1500 ◦C, for a very short time. Consequently, a

highly crystalline and pure film develops consisting of nanosized powder with relative high

specific surface area and low tendency to sinter. The fuel-to-oxidizer ratio, ϕ (elemental

stoichiometric coefficient), controls the heat released and the crystalline structure of the

final product. Metal nitrates are common oxidizers while urea and glycine are conventional

fuels. Compared to washcoating, in SCS crystal lattice parameters can be regulated and

reactants are cheaper.
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CuO-CeO2 on FeCrAl monolith thermally pretreated are prepared from Cu/Ce nitrate

and urea. The solid loading increases with the concentration of the solution but the detach-

ment of the film is also more noticeable—200 g L−1 concentration balances both phenomena.

Pr and La improve the adhesion of the catalytic film as Nd and Zr influence copper and

CeO2 dispersion.138,139

The aqueous solution of the nitrate precursors with glycine as fuel is sprayed over the

gauze surface at 400 ◦C. One step in situ spray pyrolysis SCS on pre-oxidized gauzes pro-

duces a highly corrugated and porous Pd(LaMnO3 · 2ZrO2) catalytic layer (Figure 16).140

Pt-Rh/MgO on pretreated woven fibers are prepared by a two-step SCS; MgO first de-

posits from a Mg(NO3)2 and urea solution and afterwards the SCS of Pt-Rh is done using

Pt(NH3)4(NO3)2, RhCl3 with the same fuel.141 Usually after SCS the material is calcined

to confer additional stability. To achieve the desired catalyst loadings, the deposition cycles

are repeated several times, as in the case of washcoating.

Solution Combustion Synthesis as intriguing technique 65 

 
Figure 4. SEM images of FeCrAlloy® fibers catalyzed with Pd(LaMnO3·2ZrO2) by in situ SCS. 

Tests under realistic operating conditions were performed on a partially modified 
commercial condensing boiler test rig for domestic application (Giannoni France), 
mounting a round flat catalytic burner. A bare burner was also tested as a reference 
counterpart to assess the effectiveness of catalyzed burner. CH4 was fed to a modulating 
electrovalve, able to vary its volumetric flow rate (max power output: 30 kW). Air 
coming from a blower was mixed with CH4 in a Venturi positioned so that a proper 
mixing was achieved before entering the burner. The cylindrical fiber-mat burner, fitted 
vertically in the combustion chamber, fired through the heat exchanger coils. The burner 
diameter was approximately 10 cm. Figures of the catalytic burner firing in two 
different combustion regimes are shown in Fig. 5.  

 

 
Figure 5. Pictures of the FeCrAlloy® catalyzed burners at high (left) and low (right) power. 

Tests were carried out over a wide range of operating conditions by varying the 
nominal power (Q) from 12 to 28 kW and the air excess (Ea) from 5 to 45% (i.e.  from 
1.05 to 1.45). The flue gases composition (O2, CO2, CO, and NO) was monitored by 
means of a multiple gas continuous analyzer (ABB Company). Figure 6 shows the CO 
and NO concentrations attained in the flue gases for both burners. When the  
approached stoichiometric condition, the non-catalytically assisted combustion was 
strongly penalized, given that the reduced O2 partial pressure can be a limiting factor for 
the conversion of CO into CO2, while in the presence of the catalyst those unacceptable 
CO emissions were lowered significantly. The beneficial effect of the catalyst was 
slightly less evident at higher both Ea and Q values. Considering the NO emissions, the 
contributions of the catalyst to the combustion was less evident, independently of Ea and 
Q: the NO emissions from the catalytic burner were only slightly lower compared to 
those of the bare counterpart. 

Figure 16: SEM micro-graphs of FeCrAl fibers supporting Pd(LaMnO3 · 2ZrO2) prepared
by in situ SCS.140

3.3.3 Hydrothermal methods

The synthesis and deposition of catalytic species under hydrothermal conditions is typically

used to prepare zeolites or the urea assisted co-precipitation of single or mixed hydroxides on

structured supports. Its main advantage is the control of the crystal growth and, therefore,

the orientation of the particles on the coating. On the other hand, yield on the support is
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low, since the solids precipitate in the bulk solution at the same time as on the support.

This is particularly costly when dealing with noble-metal catalysts.

The in situ synthesis of zeolites on the surface of structured supports generates a binder-

less and oriented microporous film of zeolite crystals, while washcoating forms a disordered

meso- (due to the binders) and microporous zeolite film.83,84,142 The coating procedure con-

sists of immersing the pretreated support in a zeolite gel that is hydrothermally treated at

140 ◦C to 160 ◦C. The gel is prepared from an aqueous solution containing zeolite precur-

sors (e.g. sodium silicate, SiO2, Na2Al2O4), a structure directing or pore filling agent and

a base mobilizing agent (e.g. OH– , F– ). Zeolite nucleates and grows homogeneously in the

mother liquid while nucleation and nuclei growth on the support surface, relevant for the in

situ zeolite synthesis, is heterogeneous. The subsequent calcination step removes structure

directing agents and binders.

Likewise for conventional (homogeneous) preparation of zeolites, type of precursors, Si/Al

and H2O/Si ratio, pH, type and amount of additives as well as crystallization temperature

and time determine the growth kinetics and, therefore, the properties of the zeolitic mate-

rials. These parameters control the shape and size of crystals and, as a consequence, the

coating stability. Zeolitic material properties depend on Si/Al ratio, which also determines

nucleation and crystallization rates.143 The concentration of the gel controls the ratio homo-

geneous/heterogeneous precipitation; the hydrothermal treatment pH can dissolve the Al2O3

from FeCrAl.142,144

The surface accessibility and the support pretreatment affect the synthesis of the zeolite,

but in micro-channels and pores, diffusive limitations of the gel may create non-homogeneous

coatings with unstable over-growths. The FeCrAl pretreatment provides chemical compat-

ibility, increases hydrophilicity and irregularities (roughness) on the surface that favor the

zeolite growth and promote coating adhesion. At the same time α-Al2O3, formed during

pretreatments, acts as an Al precursor in the zeolite synthesis.142,144,145,145–147

Crystals of ferrierite are synthesized on foils pretreated at 800 ◦C starting from alumina,
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silica and piperidine. Nucleation time and temperature are two factors that control crystal

size, small crystals improve contact with the metal foil.147

Seeding pretreated supports avoid organic templates.146,148 In the synthesis of ZSM-5 over

sheets, the alumina layer increases the amount and stability of zeolite. Similarly, ZSM-5 and

SSZ-13 bind to the Al2O3 layer developed on open-cell foams pretreated at 1000 ◦C.149,150

In the synthesis of mordenite, the preoxidized surface at 700 ◦C of corrugated foils

is impregnated with a cationic polymer (poly-diallyldimethilammonium chloride) prior to

seeding—charge reversion procedure.144 Deposits are polycrystalline, dense, continuous, ad-

herent, and producible quickly with a c-axis orientation perpendicular to the support surface.

A marked preferential growth on the metallic surface at the expense of a negligible growth

within the synthesis solution is an advantage of seeding, but the type and concentration

of the seed as well as the calcination temperature influence the properties of the film (Fig-

ure 17).144 To obtain Cu-Ce/mordenite coatings, Cu is introduced by ionic exchange, while

Ce by impregnation.

Table 1: Zeolite synthesis performed on FeCrAl foils pretreated at 900 ◦C.

Catalyst name Synthesis time Seeding suspension Mass variation
h g L−1 %g g−1

F900-1 3 5 0.3
F900-2 6 5 1.5
F900-3 24 5 14.3
F900-4 24 10 8.4
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Figure 17: Growths obtained under various syntheses conditions (Table 1): (a) F900-1, (b)
F900-2, (c) F900-3, (d) close view on sample F900-1, (e) seeding of nanocrystals on substrate
with alumina whiskers and (f) F900-4.144 Copyright 2013 Elsevier.

The precipitation of hydroxides on FeCralloys with urea as a homogeneous base is also

conducted under hydrothermal conditions. Like for zeolite synthesis, the pretreatment of the

support plays a key role. Ni/Mg/Al layered double hydroxides (LDHs), catalyst precursors,

do not crystallize onto pristine FeCrAl-fiber, while through a γ−Al2O3/water interface-
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assisted method homogeneously distributed and vertically aligned LDH nanoplatelets de-

posit.88 The process involves:

i) FeCrAl preoxidation;

ii) hydrothermal reaction to embed AlOOH nanosheets on the α−Al2O3 film and calcination

from 450 ◦C to 600 ◦C;

iii) LDHs synthesis under hydrothermal conditions at about 150 ◦C for several hours (∼12 h)

starting from nitrate salts and urea later calcinated above 500 ◦C.

The method strongly depends on the Al2O3 nanosheets, which are grown from a solution of

sodium aluminate and urea at 160 ◦C for 12 h. Increasing the amount of Al2O3 nanosheets

improves the LDH growth. AlOOH can also be obtained starting from a suspension of Al

powder in a NaOH aqueous solution, while the in situ growth of LDH can be performed in

the absence of Al in the mixture, since the Al2O3 layer acts as an Al source (Figure 18).88
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Figure 18: Fabrication strategy (a) of the NiO−MgO−Al2O3/FeCrAl-fiber-900 catalyst de-
rived from the NiMgAl−LDHs/FeCrAl-fiber-900 precursor. XRD pattern (b), SEM (c,d)
and TEM micro-graphs (e) of the NiMgAl−LDHs/FeCrAl-fiber-900 precursor.88 Copyright
2017 American Chemical Society.

The method is modified to synthesize Ni@SiO2/Al2O3/FeCrAl-fiber core shell catalysts.

A “top-down” from “macro-micro-nano” self-assembly strategy adds to the two first steps

(oxidation and AlOOH nanosheet deposition), the wet impregnation with Ni2+ using 3-
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aminopropyltriethoxysilane as bridge molecules and as a source of SiO2, after hydrolysis in

water. Calcination at 550 ◦C is finally necessary to obtain the actual catalyst.151

3.3.4 Galvanic displacement and electrochemical processes

The methods explained in previous sections are also applied to coat ceramic supports. Indeed,

besides the treatment of the FeCrAl and the migration of alloy elements into the coating,

the other preparation parameters can be considered support-independent. On the contrary,

in galvanic displacement and electrochemical deposition, the spontaneous reactivity of the

support and its electrical conductivity are exploited to deposit catalysts or precursors.

Galvanic displacement occurs when a less noble metal template contacts a more noble

metal cation and it begins as soon as the support is immersed in the solution (also called

spontaneous deposition). The morphology and mass of particles deposited depends on time,

precursor, concentration, and pH of the solution. The method is effective to deposit noble

metals on FeCrAl, because the galvanic potentials of reductant/oxidant between two pairs

are different.

Pd deposits on foam surfaces in an O2-free aqueous solution of PdCl2 in HCl; Fe, Cr, and

Al are all displaced by Pd2+. Concentration of the precursor, time, passive oxides on FeCrAl

surface, and pH influence the Pd loading and the particle size (Figure 19).152,153 At pH= 3,

Pd loading increases with time from 5 min to 120 min, nonetheless the metal nucleates in a

rather low number of sites that preferentially keep growing, resulting in large Pd particles.152

Decreasing the pH to 1, reduces the Pd particle size and improve the dispersion.153
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Figure 19: SEM micrographs of FeCrAl foams obtained by spontaneous deposition of Pd as
a function pH. Adapted with permission from reference.153 Copyright 2013 Elsevier.

Coating of foam surfaces with nanometric Rh requires 24 h starting from an O2-free

RhCl3 in HCl aqueous solution at pH 2; however, these conditions deteriorate the mechanical

properties of the foam.154

Electrochemical deposition coats conductive FeCrAl supports with metallic particles,

hydroxides and oxides, and their combinations in one-step, at room temperature. A cathodic

potential is applied in continuous or pulse mode to the metal substrate to be coated (working

electrode). Rh and Pt metallic particles are deposited on bare foams (untreated) as an

alternative to galvanic displacement.154,155 Metal precursors are electrochemically reduced
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at a selected cathodic potential. The concentration of the salts, applied potential, deposition

charge, and roughness of the support control the nucleation and growth of metallic deposits,

and therefore the particle size and distribution. Diluted chloride baths (mM concentrations)

promote nucleation, while acidic pH (around 2-3) minimizes the hydrolysis of the ions of

noble metals. The deposition charge controls the noble metal loading; however, under these

electrodeposition conditions hydrogen evolution reaction is favored, decreasing the current

efficiency.

Electroreduction of RhCl3 at −0.4 V vs saturated calomel electrode (SCE) forms Rh

particles of ca. 25 nm, homogeneously deposited on the surface, even if in 2.44 mL foam

cylinders the local Rh loading at peripheral positions is higher than in the center. The

loading and the morphology are better compared to galvanic displacement (Figure 20).154
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Figure 20: SEM micro-graphs of Rh-FeCrAl samples prepared following electro-deposition
(a,b) or spontaneous deposition (c).154 Copyright 2014 Elsevier.

Starting form H2PtCl6, the inhomogeneous reactivity of the FeCrAl surface produces a

low surface density of large Pt particles (0.1 ➭m to 1 ➭m), which are composed of assemblies

of small and spiky crystallites; Pt loading grows with the deposition charge.155 Like Pd

particles obtained by galvanic displacement, most Pt particles simultaneously nucleate on

reactive positions and keep growing without generating new ones when increasing the noble
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metal loading and/or upon prolonged electrolyses.

The electrodeposition of hydroxides or oxides occurs through the electro-base generation

method—the generation of a basic medium at the electrode-electrolyte interface provokes

the chemical precipitation of cations on the electrode surface. This method, consisting of

applying a cathodic pulse at the foam dipped in a solution containing nitrates and cations,

was developed to coat untreated open-cell foams of small pore sizes. LDHs (Ni/Al156 and

Rh/Mg/Al157) and PdCeO2, coatings are prepared avoiding pore blockage.158 Nitrate, water

and O2 reduction contribute to the pH increase159 while OH– generated from dissolved O2

has a minor contribution. Although H2O and NO –
3 reduction increase the pH, the former

produces H2 bubbles that detach the coating and the pH generated is low.160 The quality of

the electrodeposited catalysts is determined by:

i) the support, including electrical conductivity and roughness159 and geometrical parame-

ters (size and shape160,161);

ii) electrochemical set-up, namely electrical contact between the working electrode and the

potentiostat162 and type of cell157

iii) type and concentration of metal precursors, pH of the electrolyte, applied potential, and

synthesis time.161,163–166

The potential applied controls the electrochemical reactions, though the presence of pre-

cipitating cations catalyzes the reduction processes. Prolonging the synthesis time usually

increases the solid loading, but it can change the composition of the precipitates. Reach-

ing 15 ➭m to 20 ➭m Rh/Mg/Al LDHs layers with controlled properties also depends on the

size of the foam piece. For highly reducible Rh3+ adjusting the initial pH minimizes Rh

metallic precipitation. For PdCeO2 catalysts, selecting a suitable Pd2+ complex precur-

sor like (Pd(NH3)4(NO3)2 or PdCl2 in HCl), minimizes precipitation. In the synthesis of

Rh/Mg/Al-LDHs, modifying the total metal concentration determines the amount of solid

deposited, composition, and crystalline phases. However, as in the case of Rh/Mg/Al films
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with coprecipitated-like features (Figure 21), it is required to optimize potential (−1.2 V vs

SCE), time (2000 s), total metal concentration (0.06 M), number of electrical contacts, re-

plenishment of the solution, and separation of working and counter electrode with a double-

compartment flow cell. However, since actual catalysts only develop after calcination at

900 ◦C the properties of the materials also depend on the interaction of the coating with

the metallic support.167 Cubic fluorite CeO2 forms on the surface and is highly reproducible

(compact and platelet-like), while the task is more challenging for PdCeO2 coatings. Ad-

justing the Pd precursor, PdCl2 concentration (0.15 M), applied potential and time (−1.1 V

vs SCE for 500 s) disperses well Pd species on the CeO2 coating; Applied Catalysis A, General 560 (2018) 12–20

15

Figure 21: SEM micro-graphs and composition of Rh5 catalyst precursor: a) medium mag-
nification; b) high magnification; c and d) cross-section of an embedded foam; e) of the
prepared coated foam; f) XRD of the fresh coating. In the table EDS composition of the
spots identified with the numbers 1, 2, 3, 4, 5.157 Copyright 2018 Elsevier.

depositing of Pt-CeO2 on foams faces similar challenges too.168 Pulsed deposition, instead

of constant-potential electrodeposition, controls size and surface distribution of nanoparticles

(ca. 30 nm to 50 nm at −1.0 V and 100 nm at −0.7 V vs SCE).

In variance to electrochemical processes, electroless plating relies on redox reactions to

deposit metals on objects without an electric current. The metal substrate is immersed in a

solution of the metal precursor and a reducing agent is added. For the deposition of Pd and
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Pt on FeCrAl wire mesh substrate with robust adhesion and uniform dispersion, electroless

plating is applied after an initial galvanic displacement step on a cleaned surface to remove

passivated oxides.169,170

4 Applications in emission control

Catalytic devices drastically reduce CO, NOx, uncombusted hydrocarbons, and particulate

emissions from gasoline and diesel engines.171–173 Gas hourly space velocities (GHSV) in the

catalytic converters approach 1 000 000 h−1. They operate with noble metals (active phase)

and structured supports with a high void volume, such as honeycomb monoliths, to mini-

mize pressure drop. Cordierite (Mg2Al4Si5O18) has the added benefit of negligible thermal

expansion. In the last 10 years, most research has focused on replacing ceramic supports

with metallic ones that withstand 1000 ◦C, expand catalytic functionality and reduce noise.

This configuration is easier to manufacture and it is more facile to recover precious met-

als. Fibres, monoliths and foam of FeCrAl have been tested and most being coated with

an Al2O3 layer (Figure 22). Coatings are more prevalent for monoliths and include ZSM5,

SBA15, modenite, bentonite, ZrO2, CeO2, and TiO2. They promote the interaction with the

active phase, reduce sintering and supply lattice oxygen.

Cost remains a limiting factor.93,174,175 During the metallic support preparation Ni coming

from the brazing material modifies the structure of FeCrAl. Transition metals enters the alloy

and creates regions of NixAly, that strength the support in a similar way to the precipitation

hardening technique.176 Although the deactivation strongly depends on the nature of the

support, FeCrAl supporting Pt behaves in the same way as Pt supported on cordierite

(Figure 23), while the same active phase on FeCrNi is poorer.93

FeCrAl wire meshes supporting K, from vapor chemical deposition, suppress soot emis-

sion. It combusts soot above 330 ◦C and remains active with a difference in the CO2 peak of

only 25 ◦C between the first and the fifth cycle.177 Catalytic converters with diesel particulate
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filters, currently also made of cordierite, trap the particulate matter by physical separation;

when the pressure drop increases, ceria catalytically oxidizes the carbon and temperature

increases.

4.1 Automotive tail gas treatment

Figure 22: Catalyst structure, formulation and active phase for automotive tail gas treat-
ment.
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Figure 23: Conversion of NO as function of the residence time for FeCrAl hollow sphere
structured bed (blue) and ceramic monolith (red). Adapted with permission from reference.93

Copyright 2009 Elsevier.

In FeCrAl the alumina layer, formed on the surface, blocks the negative effect of the Cr that

otherwise diffuses or migrates from the bulk to the active phase.93 With Al−Fe pillared ben-

tonites or CeO2 coatings, cations move between external and protective oxide layers, which

is deleterious in the case of precise catalyst formulations. These movements vary with ele-

ments, protective coating, ions, and the process/reaction conditions.91,178 When supported

on bentonites, Au blocks Cr in the alloy, while the contrary occurs with CeO2 as the inter-

mediate layer.91 In-situ combustion synthesis produces Cu−CeO2 on FeCrAl catalysts for

the preferential oxidation of CO. Adding Pr or La improves the stability of the catalyst but

La decreases CO oxidation.138

Oxygen treatment of silver nanoparticles on FeCrAl plate with a diameter smaller than 3 nm

creates AgOx that are active in transforming nitrite to nitrate. When the metal particles

are bigger, the grains are more stable; the activation of O2 and its consequent interaction
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with the active phase does not occur, that is why only particles with a certain maximum

diameter are active in the nitrogen reduction.179 Ba and TiO2 or ZrO2 are active at room

temperature in the reduction of NOx and their interactions generate superficial nitrites fol-

lowed by the oxidation of superficial barium or carbon. The formation of these components

is more efficient in presence of zirconia.180

4.1.1 Noble metals

Noble metals are the most active component in catalytic automotive converters. In cycling

NOx storage-reduction (NSR) catalysts to treat diesel tail gases, Pt particles deposited on

external coating of BaO, work both in lean and rich conditions. In the first case, Pt catalyzes

the full oxidation of nitrogen oxides to NO2 while forming BaNO3; in the second, it catalyzes

the reaction between nitrates and excess fuel.171–173,181–184 With time, NOx oxidizes Pt,

but thermally treating the system produces coarse particles, which minimizes the oxidation

rate.185 Activity and thermal stability are higher for Pt−Pd and Pt−Rh bimetallic particles

or three way catalysts (TWC)171–173,186,187 and where successfully deposited by ionic exchange

on γ-Al2O3 or on a mixture CeO2-ZrO2-γ-Al2O3 on preoxidized FeCrAl fibers.184 Together

with the design of the geometry of the mesh, it combines high catalytic and filtration ability

without affecting the pressure drop at high flow rate.184

In the preparation of metallic foams, like TWC supports, spontaneous deposition of Pd

avoids problems during the preparation. The specific surface area, sA, of the active metal

increases at pH= 1 (Figure 19) but sA is higher on Ni-based foams. However, with FeCrAl

the interaction with the substrates preserves the activity and the final efficiency is 10 times

higher than the traditional Pd alumina washcoating.153
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4.1.2 Copper-Indium

Although Cu has not been applied industrially in pollution control devices for vehicle ex-

haust, Cu is an alternative to precious metals for CO oxidation or selective catalytic reduction

(SCR) of NOx, as it is inexpensive, has acceptable mechanical properties, and is relatively

stable to poisoning.188 SCR use ammonia or urea to reduce NOx and are usually combined

with oxidation catalysts to prevent prevent leakage after the reduction step.189 Cu is forbid-

den in North America because it produces traces of dioxin190 but bulk Cu, while activates

both carbon and nitrogen species, is constrained by it low melting point. When on FeCrAl

fibers prepared via chemical and electrochemical methods, it has comparable performance

to bulk copper fibers (Figure 24) but can operate at higher temperatures. A spinel phase

forms between the Cu and fiber under layers that stabilizes Cu/CuOx nanoparticles in or

on its crystallites.188 Corrugated FeCrAl metal foils coated with 30 % (g g−1) Ce/mordenite

impregnated with 2 % (g g−1) Cu efficiently oxidize CO in micro reactors.144
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Figure 24: CO conversion vs. temperature: for bulk metal fibers (above) and for Cu-coated
FeCrAl fibers (below). Adapted with permission from reference.188 Copyright 2018 Elsevier.
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Monolithic catalysts on FeCrAl foils are pretreated with basic, acidic, and ethanol solu-

tions; boehmite primer sol improved the adhesion between the calcined metallic support and

the washcoat layers of SBA-15 (mesoporous silica) co-impregnated with Cu and Ce nitrates.

The strong interactions between CeO2, CuO and the metallic substrate improve catalytic

activity such that CO oxidizes completely at 160 ◦C.191

Pressure drop in FeCrAl converters are lower and the catalytic beds are shorter than

ceramic monoliths for the SCR of NOx in stationary applications.146,150 Mechanical stability

of short channel structured converters prepared by in situ synthesis of Cu-exchanged ZSM-5

zeolite on FeCrAl was superior to dip-coating. The high activity and selectivity confirm the

active phase is highly dispersed.146 FeCrAl foams (Table 2) are very active (Figure 25) in the

SCR of NOx because the deposited thin zeolite layer enhances the mass transfer. Pressure

drop was 200 times lower than in traditional packed beds operating at the same conversion

and catalyst loading.192

Table 2: Preparation conditions and composition of ZSM-5 supported on FeCrAl plate. C
calcined, N no calcined metal support. S in-situ, D dip-coating.

Catalyst name Support Deposition Si/Al Cu/Al Loading, g m−2

25 CSO C S 25 0.25 14
25 NSO N S 25 0.35 101
15 CSO C S 15 0.13 10
15 CSI C S 15 0.25 13
37 CDO C D 37 1.06 4
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Figure 25: NO conversion vs temperature of samples (Table 2). Adapted with permission
from reference.146

Polycrystalline ZSM5 as a dense and continuous phase on FeCrAl has c-axis preferred

orientation orthogonal to the support surface. After In ion-exchange, it becomes less active in

the SCR reaction compared to the same powdered catalyst. The orientation of the channels

decreases the accessibility of the active sites with a consequent drop in performance. At

the same time, the selectivity increased due to a decrease of the non-selective In and to the

presence of oxidized Fe.148 Similar results have been reported from the test of a mordenite

grown on monolithic support. In this case, the b-axis was orthogonal to the surface; the

metal support gives better results not only because of the orientation of the zeolite but

also of the nature of In active sites compared to the results with a cordierite monolith.193

Cu/SSZ-13 zeolite on a foam, synthesized in situ via hydro-thermal synthesis, was as active

as in a packed bed reactor. This system operates at higher temperature (to the point where

mass transfer rather than kinetics limits reaction rates), while maintaining a pressure drop

two orders of magnitude lower than a packed bed at the same flow rate.150
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4.1.3 Nickel

NiO catalysts obtained by electroplating combined with ultrasonic treatment of FeCrAl

washcoated γ-Al2O3 were proposed as catalytic converters for exhaust emission control.

Oxidation exhaust gas tests at 1100 ◦C for 100 h in a tube demonstrated the potential of Ni as

the active phase.194 It not only catalyzed the reaction but also improved the thermal stability

of the FeCrAl. Al2O3 deposited at the same time as the electroplating, as an ultrasonic

bath effectively replaces a magnetic impeller. The final material had a homogeneous layer

of alumina with higher superficial roughness.195 The mass of a FeCrAl monolith support

after three 20 h cycles in a furnace at 1100 ◦C changed marginally, indicating it is resistant

toward support oxidation. Combined coating and electroplating in the catalyst preparation

performed best.196

4.2 CH
4
oxidation

The global warming potential of CH4 is 21 times greater than CO2,
197,198 so it has stricter

emission limits for natural gas power plants, automotive engines, chemical industry flares,

landfills, and oil operations.197,198 Standard flares operate readily at methane concentrations

above ∼30 % (L L−1) but generate NOx because of the high temperature flame. Reacting

low methane concentrations requires catalysts, which, coincidentally, reduces the operating

temperature thus minimizing NOx.
199–202 Active metals include Pd and Pt supported on

SiO2 or Al2O3, but also rare earth oxides and perovskites have proven high effictive at lower

cost.203–205

Below 800 ◦C, intrinsic surface kinetics control the reaction rate in coventional packed

bed reactors and at higher temperature, mass-transfer limits the activity. Structured beds

operate better at both low and high CH4 concentration. In the first case, pressure drop

is lower at high volumetric flow rates, and in the second case adapting the structured bed

geometry to the reaction conditions increases heat transfer rates.11,206 FeCrAl as fibers and

a monolith have been applied more than foams to support both noble and and transition
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metals for such applications (Figure. 26).

Figure 26: Catalyst structure, formulation and active phase for CH4 oxidation.

4.2.1 Pd and Pt-based catalysts

Catalytic FeCrAl fibers supporting perovskite/zirconia (LaMnO3-2 ZrO2) with and without

Pd synthesized via in situ SCS with glycerine have a higher specific surface area than sam-
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ples prepared using urea.207 The combustion with these catalytic converters—burners— is

more stable, maximizes heat transfer by radiation, and improves natural gas combustion

performance.140,208
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Figure 27: SEM micrographs of fresh (A.1/A.2), 1 week old (B.1/B.2), and 3 week old
(C.1/C.2) aged burners at 2500 × magnification (.1 fig) and 40 000 × (.2 fig). Micro-fractures
are evident in the oval region of C.2. Adapted with permission from reference.209 Copyright
2007 American Chemical Society.

Burner aging study demonstrated that after 3-weeks under a flow of 200 ppm SO2, cor-

responding to one-year of routine operation, CO and NO emissions remained acceptable:
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the burner resisted poisoning and catalytic activity was constant. Cracks (Figure 27) in

the coating that formed with time exposed more β-type oxygen desorption sites.209 Spray

pyrolysis disperses catalyst better compared to wash-coating thus NO and CO emissions are

between 25 % to 50 % lower.210
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Figure 28: CH4 conversion vs temperature as a function of co-reactant (O2 and H2O) con-
centration. Adapted with permission from reference.211 Copyright 2015 Elsevier.

Pd-Co/α-Al2O3 catalyst was highly active and stable in CH4 combustion, because surface

Co oxides stored O2 and stabilize Pd oxides. Adding 1 % (L L−1) water to the gas mixtures

delays the light off temperature by 50 ◦C. CH4 conversion decreases with increasing inlet

concentration, but is relatively insensitive to O2 concentration (Figure 28).211

ZrO2 improves activity and stability of Pd-based FeCrAl monolithic catalyst. With

Pd/ZrO2/SBA-15/Al2O3 on FeCrAl, the methane conversion is complete at 450 ◦C even

after 700 h operation.212 At low temperature, CH4 oxidation activity increases with pre-

calcination temperature and washcoat loading as the amount of Al2O3, promoter for Pd,
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changes; Pd/Al2O3 activity was higher than Pd/SnO2.
213

ZSM-5 with isolated metal ions supported on FeCrAl monoliths promote heterogeneous-

homogeneous reactions. The most active metals are Pd, Mn, and Co. Increasing either

the temperature or the residence time improves conversion. The final performance depends

not only on the catalyst composition, but also on physical properties like surface area and

reactor volume. Because of the high heat transfer rates in these monoliths, reactants reach

a higher temperature faster, thus, initiating homogeneous reactions.214 Bimetallic Pd-Rh/γ-

Al2O3 dip-coated felts with at least 1 % Pd are insensitive to oxidizing or reducing gaseous

pretreatments, since they exhibit higher CH4 conversion than monometallic Rh and Pd.215

Pd-Pt bimetallic catalysts are also more active than the monometallic catalysts. Impreg-

nated Pd/SBA-15 dipcoated on fibers combust methane entirely below 400 ◦C; activity is

greater in the presence of Ce−Zr oxide.216 Pt deposited on FeCrAl honeycombs is suitable

for CH4 oxidation. The reaction rate depends mainly on the Pt loading rather than on the

mesh density, which is incongruous with the metal ions on ZSM-5 catalyst that promote

heterogeneous-homogeneous reactions.217,218

4.2.2 La and Ce based catalysts

CO and hydrocarbon emissions are 3 to 5 times lower with catalytic burners based on

perovskite-type catalyst (LaMnO3) compared to non catalytic burners operating below 800 kW m−2.219

Contrary to a La2O3 layer, an intermediate layer of Al2O3 interacts with the dipcoated LaMn-

hexaaluminate catalyst on FeCrAl foil.124 The conversion is highest (at constant tempera-

ture) when the mole fraction of Fe equals that of Mg (x = 0.5) in LaFe1− xMgxO3/Al2O3/FeCrAl

catalyst, where Fe and Mg components enhance the thermal stability (Figure 29).
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Figure 29: Methane conversion vs temperature over LaFe1-xMgxO3/Al2O3/FeCrAl catalysts.
GHSV = 36 000 mL g−1 h−1. Adapted with permission from reference.220 Copyright 2006
Elsevier.

With this catalyst, CH4 combustion to CO2 is complete at 640 ◦C and 9000 mL g−1 h−1.220

In the context of catalytic micro-combustors using a FeCrAl catalyst support with LaMnO3/γ-

Al2O3 paintbrushed on alloy foils better oxidize CH4 than Pt/γ-Al2O3. Co-feeding CH4 with

H2 enhances the combustion because H2 activates CH4 radicals above 700 ◦C.221

Varying the cerium and lantanium ratio in Ce1− xLaxO2− x/2/Al2O3/FeCrAl dipcoated

monolithic achieves the best activity at x = 0.3; at this value, the surface is homogeneous

and the particles are smaller than 0.1 ➭m. The strong interaction among the rare earth solid

solutions, the Al2O3 washcoats and the FeCrAl support improves the redox properties of

the catalysts, and therefore their activity.222 After replacing La with Cu, the final catalytic

system maintains similar behavior.223
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4.3 VOC oxidation—Volatile organic components

Volatile organic compounds (VOC), besides being the main contributor to the tropospheric

ozone levels, are hazardous for human health.224,225 Thermal and catalytic combustion oxi-

dize VOC, limiting their emissions. Traditional VOC combustion catalysts are noble metals,

such as Pt and Pd supported on Al2O3 or TiO2. Supported transition metal oxides offer an

alternative, because they are less expensive and more resistant to Cl2 and HCl than noble

metals.226,227 Not only they are more tolerant towards poisons but they exhibit the same or

higher activity than noble metals: MnOx,228 Mn in combination with Fe,229 Ni,229 Cu,230,231

are examples.

Because of the high volume of exhaust gases to treat linear velocities are high in industrial

processes, therefore catalysts geometries must minimize pressure drop. Catalyst supports

include ceramic honeycomb monoliths, and metal supports. The latter has the extra ad-

vantage of having high mechanical properties, material ductility and electrical resistance.

Indeed, the Joule effect makes the temperature of the catalyst more easily controllable, and

introduces an additional process design variable that minimize capital and operating costs.

In this context, FeCrAl is an active catalyst support for VOC oxidation (Figure 30): Pt, for

example, is deposited either on the base FeCrAl (foam and fibre) or on FeCrAl with a CeO2

layer.155,170,232
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Figure 30: Catalyst structure, formulation and active phase for volatile organic components
oxidation.

4.3.1 Pt-based catalysts

Pt electrodeposited cathodically on FeCrAl foams oxidize methanol. The reaction starts at

80 ◦C at the highest Pt loading (> 13 %) and at about 140 ◦C with the lowest metal loading

(< 1 %). Yield of CO was negligible at all conditions during multiple oxidation cycles while

even loading of 0.8 mg cm−3 approached 100 % yield to CO2 above 320 ◦C (Figure 31).
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Figure 31: Methanol yield to CO2 vs reaction temperature over Pt/FeCrAl foam catalysts at
increasing Pt loading. Feed conditions: CH3OH 0.5 % in air, GHSV = 16 500 h−1. Adapted
with permission from reference.155 Copyright 2016 Elsevier.

Cimino et al. reported no correlation between Pt surface area and CO2 formation

rate, characterized by constant apparent activation energy (independing of Pt loading and

methanol concentration). It is indeed the FeCrAl support that plays an important role in the

oxidation: in particular, the metal oxides next to the noble metal particles activate oxygen,

thus, favoring oxygen spillover.155

Although the addition of a CeO2 film onto the Pt-FeCrAl decreases the surface area of

the active metal, the activity of the catalyst in methanol oxidation improves, because addi-

tional active sites located at the CeO2–Pt nanoparticle interface are formed. This confirmed

previous results that underlined the importance of the interaction support-active phase.

Moreover, at the same Pt loading, FeCrAl with CeO2 produces 10 % more CO2 at 10 ◦C

lower than Pt-FeCrAl (Figure 32).168

63



T, °C

100 150 200 250 300 350 400 450

Y C
O

2, %

0

20

40

60

80

100
CeO2-Pt
CeO2

FeCrAl
Pt

CeO2-Pt

MeOH 0.5% vol.

MeOH 1.0% vol.

Figure 32: Methanol yield to CO2 vs reaction temperature over several catalysts. Feed
conditions: GHSV = 16 500 h−1, CH3OH = 0.5 % to 1 % in air. Adapted with permission
from reference.168 Copyright 2017 Elsevier.

Despite the fundamental role of ceria in increasing catalytic performance, the metal

support has a much greater influence. This suggests that not only the promotion of the

active sites is beneficial to the final catalyst performance but also the structures itself that

can also be characterized by different thermal conductivity. Changing the batch or supplier

of the metal support maintaining the same alloy composition, apparent density and pores per

inch, not only the specific surface can strongly change but also the temperature to achieve

the same performance.155,168

Electroless plating deposits 0.15 % to 0.20 % (g g−1) Pt active particles on the wire mesh

substrate. The resulting sample after calcination at 450 ◦C has homogeneously distributed

micro particles that enhances the transformation of Pt and PtO and completely oxidizes

toluene at 180 ◦C;170 simply spraying a solution of Pt precursor on preoxidized metal fibers

result in lower activity catalyst that requires between 50 ◦C to 100 ◦C to achieve complete
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toluene conversion.232

4.3.2 Pd-based catalysts

Pd deposited via electroless plating on non-oxidized FeCrAl wire mesh completely oxidizes

toluene at temperatures just above 200 ◦C. The activity comes from 0.3 % to 0.4 % (g g−1)

PdO particles formed during catalyst calcination at 800 ◦C,169 and results more active com-

pared to catalyst with Pt.170,232 Electroplated Pd catalyst was also used as Joule-heated

reactors to combust ethylene. The FeCrAl calcined structure usually gives better activity

and promotion to the active phase (Figure 33(b)) compared to catalysts deposited on an-

odized or untreated supports (Figure 33(a)), even though resulting noble metal particles are

often bigger. This is attributed to the surface oxides that supply active oxygen species to

the neighbor Pd.

Figure 33: Electroplated palladium particles on virgin (a) and oxidized (b) FeCrAl substrate.
Adapted with permission from reference.233 Copyright 2017 American Chemical Society.

Electroplated catalysts on a calcined surface is the most active combination after compar-

ing the noble metal on an anodized or untreated surface; in this case both intimate contact

between Pd and Al2O3 and small particles of active species improve supply of oxygen species

that facilitates VOC oxidation.233
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4.3.3 Mn and Cu based catalysts

FeCrAl wires dipcoated with MnO and heated up exploiting their electrical resistance also

catalyze the oxidation of toluene. Anodized FeCrAl supports are more active than oxidized

ones to increase MnO loading. Precoating with Al2O3 further favors active metal oxide

loading and dispersion. The mechanical stability increases adding Zr in the Mn precur-

sors.111 Heating these catalyst above 14 kW m−2 oxidizes CO completely and toluene above

90 % (Figure 34). Even though Oshima et al.111,234 suggested that the electric field affects

the chemical equilibrium, in this case, this difference comes from an incongruence between

measured and real temperature, given the different heating method.
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Figure 34: CO and C7H8 conversion over Mn supported FeCrAl wire as a function of heating
methods. Adapted with permission from reference.111 Copyright 2017 Elsevier.

67



FeCrAl monoliths with Mn and MnCu also combust ethyl acetate and toluene. Multiple

dipcoating steps increase the amount of Mn and MnCu, thus increasing the catalytic activ-

ity but decreasing the adhesion of the active species.230,235 Powder catalysts, prepared via

co-precipitation, with a Mn:Cu ratio of 9:1 have higher conversion compared to FeCrAl struc-

tured cataysts.231 While washocated and impregnated monoliths have similar yield in the

oxidation of a variety of VOC, anodized monoliths are more active at the same temperature

(Figure 35).
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Figure 35: Conversion of toluene (top) and n-hexane vs. reaction temperature on FeCrAl
washcoated monolith, impregnated AM-2IS and powder Mn9Cu1 catalyst. Adapted with
permission from reference.231 Copyright 2011 Springer Nature.

69



5 Syngas

Syngas production via steam methane reforming (SMR), auto-thermal reforming (ATR), dry

methane reforming (DMR), and catalytic partial oxidation (CPOX) operate above 700 ◦C,

for which the thermal and mechanical properties of FeCrAl are well suited. Methane reacting

under extreme conditions destabilizes high temperature resistant metals as Fe−Cr and Ni−Cr

alloys.15 In FeCrAl, the superficial segregated Al2O3 isolates the reactive atmosphere and

the support, while the thermal conductivity of the bulk material (higher than the majority

of the usual ceramic supports) reduces the temperature gradients within the catalytic bed,

limiting secondary reactions that decrease selectivity. In the case of CPOX, the heat transfer

coefficients of structured bed catalysts is sufficient to dissipate energy and to minimize local

hot spots. To keep adiabatic conditions, the gas velocity must not exceed a threshold value

to maintain an ignited steady state.236

Metal supports with low porosity, induced by thin coating layer, minimize internal mass

transfer resistance, one of the governing factor for fast reactions.

5.1 SMR—Steam methane reforming

SMR is the most common chemical process to produce H2 and is highly endothermic:

CH4 + H2O −−⇀↽−− CO + 3 H2 (∆HR=205 kJ mol−1). Multi-tubular reactors operate from

700 ◦C to 1000 ◦C, 5 bar to 30 bar, and with a steam to carbon ratio (S/C) from 2.5 to 5.0.

Industrially, the catalyst consists of Ni supported on cylindrical hollow pellets 1 cm to 3 cm

in diameter.237 The high capital costs, related to the large reactor volume and energy recov-

ery units, discourage applying this technology to small decentralized production facilities.

FeCrAl mitigates drawbacks of heat exchange rates in current technology,238 but this single

improvement is insufficient for shut-down economics for existing facilities. Exploiting its

high resistance (1.45 Ω mm2 m−1 at 20 ◦C) and thermal conductivity minimize energy con-

sumption, reactor volumes, start-up time, and replace burners and heat exchange reactors
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using the Joule heating effect.239 All these advantages are more appealing and might push

forward current technology retrofit; these have already led to the synthesis of more than 20

different catalysts supported on FeCrAl (Figure 36).

Figure 36: Catalyst structure, formulation and active phase for natural gas steam reforming
and water gas shift.

5.1.1 Ni-based catalysts

Ni/MgAl2O4, a well-known catalyst for SMR, coats the surface of a metal monolith previously

preoxidized and electrochemically pretreated. Addition of binders in the milled catalyst
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slurry modifies the physico-chemical properties of the catalyst like surface area, degree of

reduction, and effective dispersion. These changes decrease the conversion (from 5 % to

10 %) of a FeCrAl structured bed compared to the traditional fixed one that uses the same

catalyst.240 In contrast deposition-precipitation produces a 1 ➭m thick uniform and highly

dispersed nanosheet that increases the availability of surface active metal sites on the FeCrAl

monolith (Figure 37), leading to higher activity and stability compared to catalyst pellets.241
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Figure 37: CH4 conversion vs GHSV for Ni/MgAl2O4 catalyst. Adapted with permission
from reference.241 Copyright 2016 Elsevier.

Percolation-blowing deposition of Ni/MgAl2O4 on FeCrAl foams is more reproducible

compared to dip-blowing,242 which is important for industrial applications. Above 450 ◦C

the catalyst operates at 130 000 mL h−1 g−1 reaching equilibrium performance.243 Thermally

sprayed Al2O3 on FeCrAl, afterward impregnated with Ni, is suitable for millisecond SMR

micro-channel reactors and is stable for 500 h at a S/C ratio of 3.0 above 700 ◦C.244 A metal-
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monolith with anodic alumina and Ni promoted Pt catalyst was Joule-heated : the start-up

time decreased from 30 min to 30 s (Figure 38).245
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Figure 38: Catalyst temperature profile vs time for electrified support (top) and outside
heated (bottom).245 Copyright 2011 Elsevier.
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Ni-Al2O3 on microchannel FeCrAl was more active and stable compared to Ni on MgO

or CeO2/Al2O3.
246 10 % Ni/Ce0.5Zr0.5O2/SBA-15 was the most active and stable among

the Ni/SBA-15 monolith catalysts. All the CH4 reacts at 800 ◦C for 110 h of time-on-

stream.247 Calcination of Ni/Al hydrotalcite-like compounds electrodeposited on FeCrAl

foams at −1.2 V, optimum synthesis conditions,164 vs. SCE for 1000 s produces a thin and

strongly adherent film that has higher density of active sites per unit of mass. Ni metal crys-

tallites dispersed on α-Al2O3 prove the catalyst layer is stable after reduction and catalytic

tests. Coating stability is related to the intermediate Al2O3 scale developed from the foam

during calcination. Compared with a commercial pelletized Ni catalyst, under industrial

conditions, coated foams reacts more CH4 even though the catalyst loading is lower.156,248

Methane conversion was also higher over monolith wash-coated Ni compared to powders

because of the better heat transfer and catalyst effectiveness factor.249

5.1.2 Ru and Pt-based catalysts

Ru FeCrAl monolith, prepared via deposition-precipitation, outperforms commercial Ru/Al2O3

at higher GHSV (Figure. 39) even when the active metal content is 14 times lower. These

outstanding results come from the high availability of Ru that leads to long-term stability

of the structured bed.250
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Figure 39: Conversion vs space velocity (flow over weight F/W) over commericial 2 %
Ru/Al2O3 pellet and Ru-coated FeCrAl monolith in SMR at 700 ◦C, S/C = 3.0, F/W =
430 L g−1 h−1 to 15 100 L g−1 h−1.250 Copyright 2017 Elsevier.

Pt-Zr on FeCrAl mesh ignited hydrogen in a microchannel reactor, in which hydrogen

provides the start-up fuel. This configuration increases both SMR capacity and energy

efficiency without an external energy source from a furnace or burner.251 Another type of

reformer uses metallic heat exchangers coated with catalyst. Compared to conventional

reformers, this design minimizes reactor dimensions, heat transfer resistance, and pressure

drop.252 These types of operation are possible because of the high temperature stability and

the low heat capacity of the FeCrAl structured catalyst.

5.2 CH
4
CPOX—Catalytic partial oxidation

The partial oxidation of CH4 to syngas is mildly exothermic 2 CH4 + O2
−−⇀↽−− 2CO + 4H2

(∆HR=−36 kJ mol−1) and is suitable for Fisher Tropsch (gas to liquid technologies) because

it produces syngas with a H2/CO ratio of two.253,254 Even if the reaction mechanism and

kinetics are widely accepted in the literature, the economics remain unfavourable because
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the catalyst deactivates or produces CO2 at high selectivity while hot spots irreversibly

damage the catalyst.253,255–257 Metal supports minimize hotspots and in the case of FeCrAl

the superficial α-Al2O3 not only protect the material but also stabilizes the active sites

reducing the deactivation rate. Noble metals are more active and less prone to oxidation

and carbon deactivation than Ni258–262 but both have been supported on FeCrAl (Figure 40).

Figure 40: Catalyst structure, formulation and active phase for catalytic partial oxidation
of methane.
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5.2.1 Rh-based catalysts

Because of their higher surface area (compared to monoliths), electrical conductivity, efficient

heat transfer, and resistance to oxidation, FeCrAl foams are excellent supports for methane

CPOX.263 The in situ synthesis of Rh/Mg/Al hydrotalcite-type (HT) compounds on foams

by electrodeposition is as an alternative to the conventional washcoating.162,163,264

Figure 41: Production method and micrograph of electrosynthesized Rh foam. Adapted
with permission from reference.167 Copyright 2014 American Chemical Society.

These catalysts combine the properties of HT compounds and open cell foams. Thermally

stable nano MgO and spinel-type phases contain Rh highly dispersed and stabilized against

sintering, with better mass and heat transfer. MgAl2O4 thin films in the support-coating

interface, formed via chemical reaction between Mg2+ from the coating and Al3+ from the

support during calcination, improves catalyst adhesion (Figure 41).159,167 After 50 h on-

stream, the coat is stable and the 2 nm Rh nanoparticles are still well dispersed.165 Partially

substituting Mg2+ with Ni2+ in the synthesis solution produce an active bimetallic Rh/Ni

catalyst with CH4 conversion and selectivity to syngas higher than 90 %.165

Complementary to the electro-base generation method, direct cathodic electrodeposition

of Rh on foams produces an active phase that undergoes constant deactivation mainly coming

form the growing Al2O3 layer. In this case the catalyst stability result lower compared to a

77



washcoated catalyst sample.154 Traditional methods impregnate the thermally grown Al2O3

on the surface of a microchannel reactor, where dispersed Rh on the porous surface improves

H2 selectivity.265 Washcoating of a Nicrofer reactor with alumina via a sol-gel technique forms

a surface coating with low stability; during operation, Cr species cover the Rh particles and

channel surface.266 Even if hydrocarbons ignition at the entrance of the monolith leads to

lower syngas production, higher GHSV limits this phenomenon.267

Catalytic modules based on Rh/θ-Al2O3/FeCrAl fiber mesh with both radial and axial

intermixing (Figure 42), as an alternative to open-cell foams, increase heat transfer. This

configuration, coming from a FeCrAl nets, is less expensive and more accessible in the market.

Strongly bound θ-Al2O3 coating create a porous support for incipient wetness impregnation

of Rh. The composite architecture maintains Rh highly dispersed with good adhesion despite

operating above 900 ◦C for 20 h on stream with 4 start-up/shut-down cycles.268

Figure 42: Structured catalyst overview and cross section.268 Copyright 2019 Elsevier.
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Rh impregnated on γ-Al2O3 support on FeCrAl foam performed as good as a packed bed

in the partial oxidation of dimethyl ether at a catalyst loading 10 times lower for 1200 h.269

5.2.2 Pt and Ni-based catalysts

Pt-catalyst deposited on woven fibers partially oxidize CH4, reaching almost equilibrium

performance at 20 bar and 800 ◦C. Compared to commercial Pt-gauzes, H2 and CO selec-

tivities were higher.135 CPOX forms more coke with increasing pressure and deactivates the

catalyst. MgO layers, produced via SCS on the alloy fibers, supports a 1 % mass fraction of

Pt-Rh that adheres to the support based on an ultrasonic stress test.141

Bimetallic Ni-Pt/La0.2Zr0.4Ce0.4Ox partially oxidizes methane in a microchannel reactor

containing ten corrugated FeCrAl foil plates. The efficiency of this reactor type is propor-

tional to the number of plates, as both CH4 conversion and CO selectivity remain constant.

All the methane combusts at the inlet and corrodes the plate; complete oxidation in these

zones suggests that the oxide layer cracks and exposes Fe. Despite the corrosion, after

40 h on-stream at 840 ◦C hydrogen yield only dropped by 10 %.270 Preoxidized FeCrAl fibers

supporting Ni-CeAlO3-Al2O3 synthesized via hydrothermal growth of LDHs achieving CH4

conversion higher than 85 % while reacting at 700 ◦C. Decomposition of NiAl-LDHs stabi-

lizes Ni nanoparticle for more than 350 h on stream, while the presence of CeAl2O3−CeO2

minimizes carbon.271

5.3 DMR—Dry methane reforming

In DMR methane and carbon dioxied react to form carbon monoxide and hydrgen: CH4 +

CO2
−−⇀↽−− 2CO + 2H2 (∆HR=247 kJ mol−1). The high concentration of carbon favors coke

and the reaction rate to coke increases with increasing pressure, particularly above 10 bar,

which is required to achieve attractive process economics.272 Even if Pt and Ru are more

active and resist coke better, the low cost of base metals like Ni are preferred industrial-

lly.258,273,274 Cold spots (rather than hot spots), reduce conversion and promote coke, while
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a highly conductive, permeable 3-D metal support minimizes thermal gradients.275–277 3-

Aminopropyltriethoxysilane facilitates creating a macro-meso-nano scale structure in a single

step, starting from a fiber felt. The resulting Ni on SiO2/Al2O3/FeCrAl contains cross links

that are active, selective, and stable even after operating 500 h at 800 ◦C and a gas hourly

space velocity of 5 L g−1 h−1.278

At these conditions, another promising FeCrAl-fiber-structured nanocomposite, NiO-

MgO-Al2O3, maintained CH4 conversion constant at 90 % during the initial 90 h, but de-

creased to 10 % over the following 180 h.88 Among the various Ni/SBA-15 catalysts synthe-

sized via wet impregnation and waschoated on FeCrAl monolith, the ones with a Ni loading

of 8 % was active and stable at 800 ◦C for over 1400 h time on stream. The hexagonal meso-

porous structure of SBA-15, which minimizes coke formation, together with the benefits

coming from the higher thermal conductivity of the support enhance the performance.279,280

A laboratory-scale tubular reactor, consisting of two coaxial monolith cylinders, combines

two reactions: the heat produced by the catalytic combustion of CH4 over LaFe0.5Mg0.5O3/Al2O3/FeCrAl

(inner monolith) moves to the endothermic CO2-CH4 reforming over Ni/SBA-15/Al2O3/FeCrAl.

The conversion of methane and carbon dioxide exceeds 90 % while the energy efficiency

reaches 82 %.281 FeCrAl’s ability to be shaped allows creative shapes to create flow paths

in reactors to achieve the performance prescribed by process intensification. An electrically

heated reactor with LaNi0.95Ru0.05O3 catalyzed CH4 conversion; conversion increased with

temperature but plateaued at 900 ◦C.282

5.4 ATR—Autothermal reforming

While SMR is strongly endothermic and CPOX is mildly exothermic, oxygen is co-fed to-

gether with steam so that the ATR operates isothermally and absent of a external heat source

or cooling. Like SMR, CPOX, and DMR, ATR requires catalyst supports that operate at

high temperature in the presence of H2O and O2 rich atmospheres. FeCrAl and traditional

ceramic supports are among the few materials that meet these conditions. Methane conver-
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sion reaches 88 % over a NiO-Al2O3/FeCrAl-fiber catalyst at a H2/CO selectivity of 90 % at

700 ◦C. NiO was highly dispersed on Al2O3/FeCrAl-fiber prepared via incipient wetness im-

pregnation. Overall the catalyst was stable for more than 30 h, which was 24 h more than a

washcoated NiO on FeCrAl-fiber.283 Rh particles, prepared through sorption-hydrolytic de-

position, on Ce0.75Zr0.25O2-δ mixed with alumina powder show 100 % conversion during the

first 6 h on stream that afterward decreases following carbon deposition. When supported

on FeCrAl, it achieved 100 % conversion for 12 h without forming coke on the surface.284

Ni/Ce0.75Zr0.25O2 washcoated on FeCrAl foams autothermally reform iso-octane in stainless

steel and quartz microreactors. Quartz and insulated (no contact between reactor walls and

catalyst support) reactors reached light off at 150 ◦C and 100 ◦C, respectively, lower than the

standard assembly configurations, which demonstrates the strong effect of the heat transfer

through the reactor walls.285

5.5 Methanol steam reforming

The advantages of methanol versus methane as a fuel to produce syngas via steam reformn-

ing CH3OH+H2O −−⇀↽−− CO2+3H2 (∆HR=49 kJ mol−1) relates to logistics and infrastructure

capital investment.286 The major catalyst systems for this process include Cu, Pd/ZnO, Ir

and Pd-Zn. A 2.5 % Pd on ZnO prepared via wet impregnation is more active than the

same catalyst washcoated on FeCrAl monolith. The catalyst appeared homogeneous and

adheres well to the surface, but its activity suffers because of the additional aqueous dis-

solution and re-precipitation process occurring during washcoating (surface area decreases).

Impregnating and washcoating the monolith simultaneously with an aqueous soultion of the

ZnO support, colloidal zinc oxide, and palladium nitrate overcome these drawbacks. This

all-in-one strategy eliminates also the intermediate calcination step.287 Performance of alu-

minum and brass supports were higher than the FeCrAl which was imputed to the formation

of cracks or Fe migration that deactivates the active phase but also because of the higher

thermal conductivity of the two materials. The surface Al2O3 coating dehydrates methanol
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to dimethyl ether but none was detected during the tests with the Pd/ZnO coated FeCrAl

monolith, which suggests the catalyst homogeneously covered the Al2O3.
288
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Figure 43: Methanol conversion vs of GHSV on different metal foam.289 Copyright 2007
Elsevier.

Catalyst poisoning by metal support elements is also reported for Cu/Zn/Al/Zr active

phases on foams tested in microcatalytic reformers at 600 ◦C (Figure 44,43). The calcination

temperature during preparation was too low to form a stable and uniform superficial pro-

tective alumina coating; however, interactions between active metals and support minimize

the WGS, resulting in a higher CO selectivity.289
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Figure 44: Reactor mechanical drawing: (a) integrated operative reactor (b).289 Copyright
2007 Elsevier.

Pd/Zn have also activity similar to Cu/Zr.290 Ir on Al2O3 or on CexZr1-xO2 with or with-

out Al2O3 are active in the production of H2 from methanol. Washcoating with boehmite as

primer for the combination of these metal oxides as superficial layers well resisted ultrasonic

vibration mechanical tests; the final catalyst was active for more than 120 h.291

5.6 WGS—Water gas shift reaction

Hydrogen is the desired product in SMR and to increase yield carbon monoxide and water

present in the syngas further reacts following the water gas shift reaction (WGS) CO +

H2O −−⇀↽−− CO2 + H2 (∆HR=−42 kJ mol−1).237 Industry applies Cu promoted Fe−Cr or

Cu−Zn at 250 ◦C to 400 ◦C.292 The interests of FeCrAl for this reaction come for the tighter

temperature control combined with a lower pressure drop across the catalytic bed. The

possibility of electrifying syngas synthesis introduces novel reactor designs with multiple

zones and catalysts simultaneously. In this way it is possible to both reform CH4 and

shift CO in the same unit to intensify the process, decreasing capital cost and making it

possible to scale down H2 production avoiding expensive fired furnaces and decreasing the
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land footprint.239,293 Alternate layers of plasma-polymerized precursors form an active layer

with Pt and zirconia. During the calcination step, catalyst detaches from the surface and the

remaining fraction forms cubic phases and thus requires higher temperatures to activate the

WGS.294 3 % Ru/TiO2 and 6 % Ru/CeO2-ZrO2 supported on microchannel FeCrAl convert

78 % of the CO2 in the revers WGS at 365 ◦C and a GHSV of 30 500 h−1.295

5.7 CO PROX—CO preferential oxidation

The increasing demand of H2 to replace fossil fuel triggers the interest in preferential CO

oxidation. In the case of fuel cells for automotives, the upper CO limit, to minimize catalyst

deactivation, is 5 ppm.296 FeCrAl is suitable for this reaction as it is stable at the maximum

operating temperatures ( 400 ◦C) with a minimal pressure drop. CuO-CeO2/Al2O3 prepared

by sol-pyrolysis adheres well to FeCrAl monolith surfaces based on ultrasonic and thermal

stress tests. While in this case the catalytic activity is independent of the nature of the

support (FeCrAl monolith), the interaction and distribution of the active phase depends on

it.297 Nd and Zr improve the catalytic performance in the selective oxidation of CO−H2

mixtures. They influence CeO2 and CuO, decreasing the oxidation of H2 in favor of CO;

the higher thermal properties of FeCrAl decrese temperature gradients limiting the reverse

water gas shift reaction.139 Pt on metal foam is also active in the selective oxidation and

the results are similar to those of Pt/Al2O3. Fe impurities on the surface creates peculiar

features that can be reproduced in the Al2O3 powders when Fe is added. Considering the two

different materials the metallic foam was more active because of its physical properties (low

porosity and low surface area) and of Fe impurities.298 At 72 000 cm3 g−1 h−1 bimetallic Pt-Co

impregnated on η-Al2O3 on FeCrAl gauze activate CO oxidation at 140 ◦C, 75 % conversion

was achieved at 200 ◦C.299
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6 Other applications

Other than for high temperature oxidation (TWC, SMR, CPOX, CO and CH4 oxidation)

FeCrAl structured supports catalyze reactions like oxidative coupling of methane (OCM),

Fischer-Tropsch (FT) or mild exothermicity as transesterification and hydrogenation. The

excellent mechanical properties, the easy support functionalization, and the benefit of shap-

ing have brought FeCrAl to these lower temperature and non-oxidative applications.’ FeCrAl

supports improve micro channels reactors, that Velocys R© has already exploited in the design

of FT production units.300,301 The wide variety of producible geometries of FeCrAl tune mass

and heat transfer increasing yield toward desired products.

6.1 OCM—Oxidative coupling of methane

An alternative to high-temperature processes based on syngas is the oxidative coupling of

methane (OCM) (2 CH4 + O2
−−⇀↽−− C2H4 + 2H2O, ∆HR = −165 kJ mol−1).302,303 Catalyst

development stalled because of the poor yields and the research community shifted their focus

towards Fischer-Tropsch, with world-scale plants built by Shell and Sasol.304,305 Recently new

studies on OCM are underway.306

Na2WO4, Mn2O3, and PbO catalysts on FeCrAl foil coated with Al2O3 and SiO2 are can-

didates for the oxidative condensation of methane. SiO2 is sensitive to calcination conditions

and less stable than Al2O3 coating, given the chemical affinity.307 Bulk Mn-Na2WO4/SiO2

catalyst converts 12 % CH4, this performance was matched by electrophoresis-deposition

of the bulk catalyst on SiO2/FeCrAl monolith. Structured catalyst shows 50 % lower ac-

tivity compared to bulk catalyst because of the modification induced during electrophoresis

deposition.308 Placing 5 % (g g−1) Na2WO4-2 % Mn/SiO2 in tandem with Ce/Na2WO4/SBA-

15/Al2O3 as a dual bed reactor increased conversion when a tube fed oxygen at the interface

between the two beds. Optimized temperature distribution of this configuration improved

C2H4 selectivity (2 %) compared to the powder fixed bed.309
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Joule heated fibers convert methane to acetylene either in the absence of oxygen or

at CH4:O2 ratios greater than 9.310 Zirconia or alumina (on FeCrAl) together with silicon

carbide catalyzed the reaction. Activation started at 600 ◦C producing ethane and ethylene.

FeCrAl (without any active metal) reached 45 % selectivity at 1200 ◦C which is 7 times higher

compared to the results with carborundum;311 this is stable but do not contribute to the

catalyst activity.

6.2 FT—Fischer Tropsch

Fe and Co are the active catalysts to polymerize CO to hydrocarbons (nCO+(2n+1)H2 −−→

CnH2n+2 + nH2O, ∆HR = −165 kJ mol−1) in the range 200 ◦C to 350 ◦C and 10 bar to

25 bar.312 Slurry reactor technology has displaced Sasol’s synthol reactors because of their

higher productivity and yield. Recent work, on the other hand, has explored fixed bed re-

actors with inserts to increase the thermal heat transfer to remove the high amount of heat

released during the reaction.313 FeCrAl and microfibrous structures increase heat transfer

from the centre of the bed towards the walls. A new type of engineered catalyst based on

multilayer thin film of Al2O3 and carbon nanotube arrays over FeCrAl foam showed notewor-

thy catalytic performance in an associated microchannel reactor (Figure 45). This catalyst

enhanced Fischer-Tropsch (FT) synthesis activity by a factor of 4 compared to a catalyst

structure without the carbon nanotube arrays. Because of the superior thermal conductiv-

ity, carbon nanotubes enhance the heat removal from catalytic active sites during the highly

exothermic reaction, the reactor operates at 265 ◦C without runaway phenomena.314
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Figure 45: Schematic of engineered catalyst based on multilayer carbon nanotube arrays for
Fischer-Tropsch synthesis in a microchannel reactor (left). Micrograph of the prepared foam
(right).314 Copyright 2005 Elsevier.

Activity and selectivity with 20 % (g g−1) Co/γ-Al2O3 catalyst washcoated on monolith

operating at 250 ◦C, 10 bar and H2/CO=2 were the same as the powder sample.315 Wash-

coated Co-Re/Al2O3 on monolith catalyzed the FT reaction at 20 bar and 220 ◦C. Higher

average catalyst layer thickness resulted in higher CH4 and lower C5+ selectivities; the local

heat removal capacity decreases as the heat transfer in the porous ceramic layer decreases.

Overall reactor thermal conductivity, both on a micro and macro scale, must be tuned to re-

move the heat from the active sites (via coating layer) and to transfer it through the reactor

wall (via metal support). In the case of foams, the thermal properties are proportional to

cell density and tuning this parameter together with the catalyst activity plays an important

role in the reaction yield.316

6.3 Biodiesel

Heterogeneous catalysts for biodiesel synthesis and post-treatment potentially decrease op-

erating cost and waste; however, the main challenge is slow mass transfer of the bulky

triglycerides and leaching. Anchoring the catalytic active phase on a structured support

with tunable pores size addresses both mass transfer and leaching. Ca/Ce oxides on FeCrAl

monoliths activate the transesterification of sunflower oil to biodiesel. Metal citrated as

precursors and isopropanol as solvent produced the most active catalyst.317 Transesterifica-
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tion with 2 % Mg-Al HT compounds on a similar support reached 62 % to 77 % triglyceride

conversion after 10 h in a monolithic stirred reactor at 60 ◦C. The main challenges for the

washcoating are the low surface area coming form the low porosity, and adhesion. Reyero et

al. found that a binder is essential to limit the leaching of the active phase: the mass loss

of catalyst prepared with a 0.05 g g−1 to 0.10 g g−1 methanol washcoating slurry was only

4 % after a 30 min ultrasonic stress test.318 FeCrAl catalyst have yet to achieve commercial

activity for biodiesel where commercial technologies convert 95 % of the triglycerides after

2 h. Often, biodiesel derived from unsaturated triglycerides is unstable to oxidation; a mild

hydrogenation of the double bonds increases its stability and FeCrAl can be adopted also

as a support for hydrogenation catalysts. FeCrAl monolith washcoated with Pd/Al2O3 par-

tially hydrogenated sunflower oil at 100 ◦C and 4 bar. Compared to powder catalysts, the

structured ones had lower selectivity to trans-isomers, while the equivalent ceramic mono-

liths were stable, FeCrAl based catalyst lost 10 % in activity after 3 reaction cycles, because

of the active phase leached.319 Multiple FeCrAl oxidation steps formed Al2O3 whiskers (Fig-

ure 46); the advantage of this micro structure support is the improved mass transfer and

reduced catalyst pore mouth blocking.320
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Figure 46: SEM micrograph of sintered micro fibers oxidized at various temperatures.320

Copyright 2011 Elsevier.

6.4 Miscellaneous

Cr/SBA-15/Al2O3 on a FeCrAl monolith oxidatively dehydrogenated ethane with CO2 for

over 1130 h. Ethane conversion and ethylene selectivity were respectively 66.5 % and 99.5 %

at 750 ◦C with a 5 % Cr loading. Cr6+ species were the most likely reason the activity was so

high.321 Well adhered catalytic films of zeolites (ZSM-5 and Y) and alumina pre-impregnated

with 1 % Pt on metal fibers cracked n-heptane and dehydrogenated methylcyclohexane, re-

spectivel. Yield was comparable to traditional pellet and powder catalyst but these coated

structure improved temperature distribution and mass transfer.

Rh in microchannel reactors is active to produce alcohols and C2+ oxygenates from

biomass-derived syngas. CH4 formation is suppressed at low temperature, high pressure

and low H2/CO ratio. A hybrid catalyst of CuZnAl and Rh-Mn/SiO2 showed increasing
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activity after redox cycles. Rh-Mn/SiO2 coated on FeCrAl doubles the catalyst activity

considering the moles of CO converted.322

Mo and W oxides coated FeCrAl for the thiophene hydrodesulfuration reaction at 400 ◦C

and 1 atm. The slurry of Mo implied higher catalytic activity than the W slurry. Oxidiz-

ing atmosphere or concentration of electrolytic solution, long time and high temperature

treatment fostered the roughness of the coated layer. In addition to fixing the catalyst, the

oxidizing layer contributes to the thiophene conversion.323

Gas phase propylene epoxidation on gold catalysts exhibits high selectivity. However, propy-

lene conversion was low and the catalyst deactivated rapidly. These issues led to the design

of new microchannel reactors, allowing catalyst regeneration thanks to a fast electric heating.

Exploiting FeCrAl resistance, Au/TiO2 dip-coated on alloy served as catalyst for the reac-

tion.324 Application of FeCrAl materials has also been reported in the methanation of CO

as this metal fibers and monolith offer additional benefits like higher thermal conductivity

and mechanical resistance compared to other ceramic supports.325–327 Washcoating a FeCrAl

monolith after preoxidation at 900 ◦C with RuO2/Al2O3 produced a more active structure

compared to the primary particles. The preparation of the slurry and the calcination of the

structured catalyst after washcoating modified the active phase. Conversion was higher than

93 ◦C and the optimal temperature of the metal supported catalyst was shifted to a lower

temperature compared to RuO2/Al2O3.
325

7 Future applications

One of the most promising applications of FeCrAl supported catalysts is the possibility of

exploiting the electrical resistance of the support.328,329 This will make it possible to switch

from fuel combustion as a heat source to renewable electricity in the chemical industry.330

Only recently SMR electrification has been reported in the scientific literature,239,331 while

a similar technology has been reported in the patent literature.293 The high mass and heat
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transferring properties of FeCrAl structures, combined with the in-situ generation of heat,

would reduce land and carbon footprint of the chemical industry. The remaining problems

limiting these applications are:

• unsatisfactory stability and adhesion of the catalyst coatings with the bulk metal sup-

port that limits operating lifetime;

• low electrical resistance of the macroscopic structure given the considerable cross sec-

tion that requires prohibitive currents at low potential to achieve required wattage per

volume.

Different high resistivity and high temperature materials such as SiC and tungsten could

also be used but in this case their ceramic-behaving mechanical properties limit their appli-

cation and transformation into macroscopic structures.332 Achieving a more environmentally

friendly chemical industry through electrification will require tighter collaboration between

chemical engineering, catalysis, surface science, metallurgy and electrical engineering

8 Conclusions

FeCrAl as a catalytic support has a tremendous potential for energetic reactions operating

in challenging environments not only because of its exceptional thermal characteristics and

superior mechanical properties but also because it is flexible and can be formed into many

shapes. 3-D printing represents an opportunity to optimize reactor configuration and flow

patterns to minimize mass transfer resistance and maximize heat transfer area; FeCrAl offers

similar flexibility but with the advantage of economies of scale in the manufacturing process.

Pressure drop across FeCrAl structured supports are orders of magnitude lower than in

packed beds. Exploiting Joule heating in SMR minimizes reactor volume and catalyst mass

and would decrease the annual world wide CO2 emission by 1 %.239

Mobile micro-gas-to-liquids units that convert flared natural gas to fuel and chemicals exploit
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FeCrAl features to partially oxidize methane to syngas at 1000 ◦C and milli-second residence

times.

The potential of FeCrAl relates to it ability to operate at high temperature—Three-

Way-Catalysts and syngas production, for example—but also for Fischer-Tropsch synthesis,

transesterification, and hydrogenation. The bulk of the published literature is still mainly

focused on the metallurgical aspects of the material and uptake in the chemical field is

lagging. Austenitic FeNiCr covered with Al combines mechanical and oxidation resistance

features,333 but requires an additional step in the production process that increases further

the cost of this high temperature alloy; adhesion between Al2O3 coating and bulk metal

also requires additional improvement. FeCrAl has already been applied to more than 10

chemical processes and improved yield while reducing the physical footprint. The possibility

of washcoating and even more of synthesizing in situ zeolite, hydrotalcites, bentonites and

metal oxides will further enhance the application of this material in the chemical industry

and in the development on new catalysts and processes.

Operating at higher temperature increases reaction rates and by controlling heat transfer

and mass transfer, yield improves. Introducing structure to reactor design reduces spatial

randomness and these features correspond to the principles of process intensification to

reduce the equipment scale by improving efficiency while meeting the goals of sustainability.
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11 Abbreviations

ψ elemental stoichiometric coefficient

σB Stefan-Boltzmann constant

τ tortuosity

ε void fraction

b constant varies from 0.63 to 0.65

Cr constant equal to 2.65

dc foam cell diameter
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df diameter fiber

ds,av average strut diameter

dh hydraulic diameter

dsauter Sauter mean diameter

Er Rosseland extinction coefficient

h heat transfer rate coefficient

Kr constant equal to 16.67, 14.5 or 8

Kr radial dispersion coefficient

keff,ax axial effective conductivity

keff,cond effective conduction

keff,conv effective convection

keff,rad effective radiation

keff effective conductivity

kg intrinsic gas conductivity

km mass transfer rate coefficient

kparallel in-series conductivity

ks intrinsic solid conductivity

kserial in-parallel conductivity

NNu Nusselt number

NPe Peclet number

NPr Prandtl number

NRe Reynolds number

NSc Schmidt number

NSh Sherwood number
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SV surface to volume ratio

sA specific surface area

T temperature

x characteristic length

z axial coordinate

A air

ATR auto-thermal reforming

BET Brunauer–Emmett–Teller surface area

C carbon

CFD computational fluid dynamics

CPOX catalytic partial oxidation

DC direct current

DMR dry methane reforming

EDS energy dispersive X-ray spectroscopy

F flow

F fuel

FT Fisher Tropsch

GHSV gas hourly space velocity

GTL gas-to-liquid

HA hexaaluminate

HT hydrotalcite-type

KIER Korea Institute of Energy Research

LDHs layered double hydroxides

NSR NOx storage-reduction
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OCM Oxidative coupling of methane

PI process intensification

PROX preferential CO oxidation

PVA polyvinyl alcohol

RF radio frequency

S steam

SCE saturated calomel electrode

SCR selective catalytic reduction

SCS solution combustion synthesis

SEM scanning electron microscope

SMR steam methane reforming

TEM transmission electron microscope

TWC three way catalysts

VOC volatile organic compounds

W weight

WGS water gas shift

WHSV weight hourly space velocity

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction
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