
HAL Id: hal-03138948
https://imt-mines-albi.hal.science/hal-03138948v1

Submitted on 13 Apr 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Supported catalysts for induction-heated steam
reforming of methane

Canio Scarfiello, M. Bellusci, L. Pilloni, D. Pietrogiacomi, A. La Barbera, F.
Varsano

To cite this version:
Canio Scarfiello, M. Bellusci, L. Pilloni, D. Pietrogiacomi, A. La Barbera, et al.. Supported catalysts
for induction-heated steam reforming of methane. International Journal of Hydrogen Energy, 2021,
46 (1), pp.134-145. �10.1016/j.ijhydene.2020.09.262�. �hal-03138948�

https://imt-mines-albi.hal.science/hal-03138948v1
https://hal.archives-ouvertes.fr


Supported catalysts for induction-heated steam 
reforming of methane
C. Scarfiello a,1, M. Bellusci a, L. Pilloni a, D. Pietrogiacomi b, A. La 
Barbera a, F. Varsano a,*
a ENEA, Casaccia Research Centre, Via Anguillarese 301, Roma, 00123, Italy
b Chemistry Department, Sapienza University of Rome, P.le A. Moro, 5, Rome, 00185, 

Italy
a

Ni6

ste

the

rem

hea

ferr

hig

(SM

and

Exp

rela

abi

* Corresponding author.
E-mail address: francesca.varsano@enea.

1 Current Affiliations: a) Universit�e de To
cedex 09 (France); b) LPCNO, Universit�e de T
UPR 8241, ENSIACET Universite� de Toulouse

fiel

720
b s t r a c t
lity of ferromagnetic nanoparticles to convert the externally applied radio frequency

d into heat. Catalyst pellets proved their effectiveness reaching the temperature of 
 �C during SMR reaction and 80% methane conversion.
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Ferromagnetic nanoparticles
0Co40 nanoparticles supported on g-Al2O3 capable of simultaneously catalysing the

am reforming reaction of methane and supplying in-situ the heat necessary to activate

reaction by induction heating, have been synthesized and characterized. Energy is

otely and promptly supplied by an alternating radiofrequency magnetic field (induction

ting system) to supported nanoparticles that act as dissipating agents by virtue of their

omagnetic properties. The temperature reached on the NieCo based catalyst surface is

h enough to obtain good catalytic performances for the steam methane reforming

R). By varying synthesis conditions, samples with two different metal loading (17 wt%

30 wt%) and different particle size distribution were prepared and characterized.

erimental results evidence that the temperature reached on the catalyst surface is

ted to the metal loading and to the particles size distribution that strongly affect the
it (F. Varsano).
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Introduction

Magnetic nanoparticles immersed in an alternating electro-
magnetic field dissipate energy, generating heat [1e4]. The 
exploitation of this heat for the purpose of energetically 
feeding chemical reactions is a novelty and has the potential 
to be a revolutionary technique in the construction of highly 
energy-efficient reactors [5e12]. In fact, the ability of radio-
frequency induction to transfer energy directly to the material 
to be heated (catalytic bed), thanks to the selective absorption 
of energy by magnetic materials, allows to supply heat 
exclusively at the solid phase catalysing the reaction, leaving 
the feeding fluid mass and the reactor walls relatively cold. In 
contrast to conventional heating where heat is delivered from 
the outside to the inside of the reactor, induction heating 
generates heat right where is needed overcoming an impor-

tant limit of the heating systems currently in use, where 
impressive thermal gradients between the reactor walls and 
the heart of the catalytic bed are observed. Furthermore, in-
duction heating promotes process intensification since the 
non-catalysed parasitic reactions, however activated by tem-

perature, are considerably reduced. With the instantaneous 
generation of localized heat directly or nearby the chemically 
active site, in principle it is possible to supply only the energy 
necessary to induce the catalytic reaction, considerably 
reducing heat dissipation and waste of material and energy 
with significant advantages in terms of efficiency of produc-
tion processes.

Moreover, the heating rate can reach hundreds of degrees 
per minute allowing rapid reactor heating and shutdown. This 
has enormous advantages in terms of process security, 
allowing greater control in exothermic processes. An addi-
tional innovative aspect is that the high heating rate reached 
by magnetic induction offers the great opportunity to couple 
endothermic processes to discontinuous energy sources. The 
possibility of activating chemical reactions “on-demand” has 

recently attracted a great interest and several examples of 
induction heated, or microwave heated, chemical processes 
have been proposed [13e21].

While on the one hand the possibility of transferring con-
tactless heat to the catalyst is very attractive because it 
immediately suggests energy savings, on the other hand the 
generation of an RF field is an expensive process that requires 
the use of electricity. Almind et al. have recently reported 
considerations on the energy transfer efficiency [22] for the 
steam methane reforming powered by induction. They 
developed a model that extrapolating lab scale experimental 
data to large systems predicted energy efficiency above 80%,
allowing the technology to be competitive with other 
elec-tricity driven routes to hydrogen production.

In our previous research, a mixed metal catalyst with the 
Ni60Co40 (mole ratio) composition has been developed for the 
dry reforming of methane. The catalyst, consisting in nickel-
cobalt alloy powders activated by milling, is able at the same 
time to catalyse the chemical process and deliver the heat 
necessary to run the endothermic reaction, reaching 900 �C 
when heated by induction [23,24]. For such material, consid-
ering the micrometric size of the particles, the heating 
mechanism was predominantly due to eddy currents induced 
on the surface of metallic powders. The catalyst proved to be 
active and initial stability tests were encouraging. On the 
other hand, the use of metal powders as such is uneconomical 
since, being the catalyst specific surface area very low, the 
overall catalytic activity is rather poor.

With the intention of preparing a more performing cata-
lyst, we synthesized Ni60Co40 supported nanoparticles having 
a higher specific surface area of the active phase with respect 
to that of unsupported metal particles. However, unlike what 
has been observed for the nickel cobalt alloy micrometric 
powders [24], for ferromagnetic nanoparticles the dominant 
energy dissipation mechanism causing heat generation is 
unlikely to be attributable to eddy currents but will mainly be 
related to magnetic hysteresis and relaxation losses [2,25]. For 
this class of materials the particle size can significantly in-
fluence the heating properties [26,27]. Therefore, to achieve an 
appropriate temperature and an adequate energy load to feed 
the process, it is desirable to optimize the synthesis of the 
magnetic particles. For this purpose, an impregnation method 
was adopted using commercial g-Al2O3 catalyst support and 
Ni60Co40 metallic nanoparticles were grown by changing 
synthesis parameters.

The steam methane reforming reaction [28] was selected 
as a model reaction to test the performances of the prepared 
samples because most of the industrial hydrogen demand is 
satisfied by the implementation of this highly endothermic 
process (DH� ¼ 206 kJ mol-1).

The process is usually described by Eq. (1), often accom-

panied by competing or side reactions such as the water gas 
shift (2), the methane cracking (3) or carbon gasification (4), 
whose occurrence depends on process conditions:

CH4þH2O ¼ COþ3H2 (1)

CO þ H2O ¼ CO2þH2 (2)

CH4 ¼ Cþ2H2 (3)
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Table.1  List of prepared samples. Effect of synthesis 
conditions on particle size.

Sample Me (wt
%)

T calc
(�C)

Cristallite sizea

(nm)
Particle sizeb

(nm)

NiCo17450 17 450 7 ± 1 9 ± 2

NiCo17600 17 600 9 ± 2 10 ± 2

NiCo17600* 17 600 20 ± 2 23 ± 5

NiCo17750 17 750 24 ± 3 29 ± 5

NiCo17750* 17 750 28 ± 2 29 ± 5

NiCo30450* 30 450 32 ± 1 38 ± 9

NiCo30600 30 600 19 ± 2 18 ± 5

NiCo30600* 30 600 25 ± 2 23 ± 5

NiCo30600
** 30 600 80 ± 2 52 ± 15

NiCo30750 30 750 45 ± 2 35 ± 12
a By XRD Analysis applying the Debye-Scherrer equation.
b By SEM Analysis, applying the Lognormal size distribution curve

to size distribution histograms; statistical analysis from over 400

particles.
* Sample aged in glass desiccator before calcination (6 months).
** Calcination in static atmosphere (air).
C þ H2O ¼ CO þ H2 (4)

The majority of industrial catalysts [29,30] are based on 
nickel, although many catalysts being researched now have 
better performance at laboratory scale [31,32].

In industrial reformers, heat transfer from the furnace to 
the catalyst bed is considered the source of principal energy 
waste [33e36] and an elaborate heat exchange network is 
utilized to increase the process efficiency. In this sense, in-
duction heating could provide a useful solution, delivering 
heat in remote right where is needed and reducing losses.

In the following, we report the preparation of Ni60Co40
nanoparticles supported on commercial g-Al2O3 pellets under 
different synthetic conditions (metal loading and calcination 
temperature) and their performance toward the steam 
methane reforming reaction powered by induction heating. 
The results obtained from the physical-chemical character-
ization on the metal alloy particles are combined with their 
heating performances to discuss the effect on the catalytic 
activity.
Materials and methods

Catalyst preparation and characterization

Catalysts are prepared using cylindrical (1/800) pellets of g-
Al2O3 (Alfa Aesar) as a support. Support specific surface area is 
250 m2 g-1. Catalysts have been prepared by equi-librium 
adsorption [37], dipping alumina pellets (batches of 180 
pellets) in a Ni(NO3)2*6H2O (Merck-EMSURE) and 
Co(NO3)2*6H2O (Merck-EMSURE) aqueous solution at room 
temperature and stirring the solution overnight. Two solu-
tions having different total concentration, 4 M and 8 M 
respectively, with the same Ni:Co ratio were prepared. Excess 
solution was then removed and the samples were dried at 80 
�C overnight. The as prepared samples, loaded with metal 
precursors, were subjected to a calcination treatment to 
remove the nitrates in air flow (50 mL min �1) inside a 
horizontal tubular furnace (Carbolite) for 1 h. Three different 
calcination temperatures, i.e. 450 �C, 600 �C and
750 �C were used to evaluate their effect on the metal

particle size, their distribution and ultimately on the cata-lytic 
activity. One hour was sufficient for the precursor complete 
elimination. Few samples were stored in glass desiccator 
before calcination (6 months) and in the manu-script are 
labeled as “aged”. One sample was calcined in a static air 

atmosphere (see Table 1). Finally, the pellets were reduced by 
Temperature Programmed Reduction technique (TPR) in 
AreH2 (3%vol.) flow (50 mL min�1) with a heating
rate of 10 �C min�1 at 900 �C and maintaining the tem-

perature for 5 h using a Micromeritics Autochem II 2920.

Samples are labeled as NiCoxY, were x stands for the metal

total loading and Y for the calcination temperature.

Atomic Absorption Spectroscopy (AAS) (Varian Spectra AA-

220) was utilized to evaluate the amount of metal in the

sample.

X-ray diffraction (XRD) analyses were carried on powders 
(pellets are easily grinded in a mortar) employing a diffrac-
tometer equipped with a 120 linear simultaneous detector
from INEL and a monochromatized Fe Ka1 source (Italstructure 
X-RED300).

The morphology of the catalyst pellets has been investi-
gated by Scanning Electron Microscopy (SEM) using a high-
resolution microscope HRSEM LEO130. Measurements were 
performed on both external and internal surface of the pellets, 
cleaving the sample into several pieces. To highlight the 
presence of the metallic phase dispersed on the alumina 
substrate, images were collected using a RBSD (backscatter) 
detector. To gain information on metal particles size and its 
distribution SEM images were processed by ImageJ [38] soft-
ware. Size distribution histograms were fitted using a 
lognormal distribution function and evaluated Median parti-
cles diameters are reported. Specific surface area was evalu-
ated by nitrogen adsorption at 77 K (BET method) [39] utilizing 
a Quantachrome NOVA 2200 apparatus.

Induction heating setup

Functional tests have been performed utilizing the catalysis 
flow line equipment schematized in Fig. 1. The core of the line 
is a tubular quartz reactor (internal diameter 2 cm) where the 
catalyst pellets are placed inside and held in place by a quartz 
frit. Typically, 18 catalyst pellets (about 0.5 g) positioned to 
form a single layer on the frit are used. An induction coil is 
positioned around the tube and the samples occupy the center 
of the coil to make the most of the magnetic field. An Ambrell 
EasyHeat 2.4 induction apparatus has been utilized to heat the 
catalysts. The heating module (work head) is connected by r. f. 
cables to the power supply, allowing an easy positioning of 
the coil around the reactor. The coil can be adjusted to have 
the samples positioned at its center. The apparatus can 
deliver a maximum power of 2 kW and operates in the 
150e450 kHz frequency range. In this work, an 8 turns 
inductor coil of 2.5 cm diameter and 4.5 cm high working at 
190 kHz is utilized. Power consumption versus generated 
magnetic field is re-ported in Ref. [23] for the empty coil, the 

linear response being
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Fig.1  Outline of the catalyst testing line. Liquid water is vaporized inside a Vapour Delivery Module and conveyed to the reactor through 
heated lines. To prevent water condensation, the induction-heated reactor is placed inside an air-heated box. Typically, 18 catalyst 
pellets are utilized and placed in the same relative position within the coil. An IR pyrometer, positioned 15 cm from the catalyst, 
continuously measures the value of the average surface temperature of the catalyst (laser beam diameter 0.5 mm).
limited to 35 mT. The use of 18 pellets inside the inductor does 
not change the power consumed appreciably. Field values are 
calculated based on the current applied to the inductor. All 
catalytic activity measurements were performed at 49.1 mT. 
Although from an energy efficiency point of view it would 
have been more convenient to work within 35 mT range [23], it 
was a priority to clarify the limits of the material in terms of 
maximum obtainable temperatures and conversions rather 
than to optimize the energy transfer efficiency.

The temperature was measured continuously by focusing

an IR pyrometer (IRTech Radiamatic IR20CF2150) on the sur-

face of the pellets setting an emissivity value equal to 0.9. In

this way the pyrometer provides the temperature of the

catalyst positioned at the external reactor surface. It is

reasonable to deduce that inner pellets may experience a

higher temperature. A mixture of water vapour and methane

(always in the ratio 2:1, balanced with N2), are conveyed to the

reactor by a Vapour Delivery Module (VDM) (Bronkhorst),

setting different flows. Gas Hourly Space Velocity (GHSV)

values reported in the text are calculated on the basis of the

geometrical volume occupied by catalyst pellets.

To avoid water condensation, the lines connecting the

VDM to the reactor are heated at 110 �C by Omegalux rope

heaters. For the same reason, the quartz reactor is placed in-

side an air-heated box (110 �C) thus avoiding the reflux of

water.

Two traps in series (a water/ice trap and a silica gel one)

condense un-reactedwater to prevent it from reaching the gas
chromatograph. The composition of reactant and product gas

mixtures was analysed by a gas chromatograph Agilent GC490

equipped with two independent columns (MS5A and Plot-U).

The conversion of methane XCH4 is calculated by Eq. (5):

XCH4
¼100*

Fin
tot*CH

in
4 � Fout

tot *CH
out
4

Fin
tot*CH

in
4

(5)

where Ftot
in is the total inlet flow, Ftot

out is the total outlet flow;

CH4
in and CH4

out are the inlet or outlet volume fraction

measured by the gas chromatograph.

The primary energy used by the inductor and transformed 
into chemical energy is reported in terms of energy transfer 
efficiency of the system. This value (equation (6)) has been 
calculated as the ratio between the energy consumed by the 
reaction (per unit time), i.e. the enthalpy content of the 
mixture leaving the reactor subtracted from the enthalpy 
content of the gas entering the reactor, and the power needed 
to generate the magnetic field [22]. Enthalpy content at the 
experimental temperature has been determined on the basis 
of thermodynamic data [40] and the experimental mixture 
molar fraction:

h¼Preaction

Pinput
(6)

where Preaction has been evaluated according to

Preaction ¼
X

i

Hi*Fi (7)
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where Hi is enthalpy content of i’th compound and Fi is its flow

inside (negative) or outside (positive) the reactor. The induc-

tion apparatus displays the value of the input power (Pinput)

once the operator sets the current flowing through the coil.
Results and discussion

Catalyst characterization

In order to dissipate heat in the presence of an alternating 
magnetic field, catalyst nanoparticles must preserve their 
ferromagnetic properties at the reforming operating temper-
ature (T > 700 �C). Nickel alone, although a perfect catalyst for 
reforming reactions, has a Curie temperature Tc (temperature 
at which a transition between the ferromagnetic and para-
magnetic phases occurs) equal to 354 �C, way below the pro-
cess requirements. Addition of cobalt (TC ¼ 1121 �C) to nickel 

in the selected composition (Ni60Co40) raises TC value to ~780 
�C [ 41], preserving at the same time catalytic activity toward 
the selected process [9,42,43].

Since the amount of generated heat is dependent, among

other parameters, on the amount of dissipating agent, catalyst

with considerable metal loading are required. In fact, for this

class of materials the metal alloy particles have a dual task,

acting as catalysts for the chosen reaction and as heat sup-

pliers to reach the appropriate temperatures.

The list of produced samples is shown in Table 1. The re-
sults of AAS showed that two batches with a total metal 
loading of about 17 and 30 wt% respectively were obtained, 
with a metal ratio equal to the nominal composition (60:40) of 
the solution adopted for the catalyst preparation.

An example of nitrogen adsorption/desorption isotherm is 
reported in Fig. 2 for two samples, both calcined at 750 �C and 
subsequently reduced, having two different metal loadings.

Nitrogen adsorption isotherms of all prepared samples

exhibit a type-IV (IUPAC) shape typical of mesoporous solids
Fig.2  Nitrogen adsorption/desorption isotherms recorded at 77 K 
for two samples (calcination temperature 750 �C, reduction 
temperature 900 �C) with different metal loading, 17% and 30% 
(NiCo17750, NiCo30750).
characterized by a large uptake and a wide hysteresis at high 
partial pressure, explainable with the presence of a large 
mesoporous volume typical of the alumina substrate. Small 
differences between the two curves reported in Fig. 2 for the 
17 wt% and 30 wt% Ni60Co40 supported catalysts are likely due 
to minor differences in the porosity distribution. The inset in 
Fig. 2 shows the pores size distribution curve in the meso-

porous region evaluated by the BJH analysis [44].. Both sam-

ples show a relatively narrow distribution curve, a maximum 
in the porosity distribution centered on 10 nm and small dif-
ferences for smaller diameter. The BET surface area of the g-
Al2O3 support was 250 m2 g-1 and drops to 190 m2 g-1 after the 5 
h thermal treatment at 900 �C (AreH2(3%vol.)). The surface 
area of supported catalysts after the same treatment 
decreased further to about 180 m2 g�1 on NiCo17 samples and 
to about 110 m2 g�1 on NiCo30 ones, showing that samples 
surface morphology is measurably affected by the addition of 
increasing amount of nickel and cobalt. Differently, the 
calcination temperature of the catalyst oxidic precursor more 
mildly affects the catalyst surface area. The same effect is 
observed for pore volume that was 0.80 cm3 g-1 for thermally 
treated alumina and decreased by metal addition to about 0.58 
cm3 g-1 on all NiCo17 samples and 0.54 cm3 g-1 on NiCo30. 
Introduction of metal content in the substrate resulted in the 
reduction of the measured adsorbed volume in the pores, 
indicating blockage of pores mouth. Such values are still 
considered appropriate for a catalyst.

XRD patterns for the sample batch with metal loading 17 
wt% calcined at 450 �C, 600 �C and 750 �C ( Fig. 3) showed, 
irrespective of the calcination temperature, the presence of 
diffraction peaks of alumina, nickel and cobalt oxides, and no 
peaks from metal aluminates. The same applies for samples 
with metal loading 30%. The peaks of Co3O4 phase are well 
visible already at the lower calcination temperature, whereas 
those of NiO appeared well resolved only after calcination at 
750 �C, despite the higher relative amount of Ni in the sample. 
This fact suggests that NiO segregation on Al2O3 occurs to a
Fig.3 XRD patterns of samples calcined at three different 
temperatures: 450 �C, 600 �C and 750 �C, metal loading 17%, are 
reported together with pattern relative to bare alumina substrate.
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Fig. 4 XRD patterns of the bare alumina substrate thermally 
treated at 900 �C for 5 h and of the samples calcined at 450 �C, 
600 �C and 750 �C, after reduction at 900 �C for 5 h (NiCo17450, 
NiCo17600, and NiCo17750). Sample metal loading 17%. NieCo 
alloy is determined by comparison with ICCD-JCPDS database 
cards (#4-850 and #15-806).

Fig.5 TPR profiles of samples calcined at 450 �C, 600 �C and 750 
�C measured in in AreH2 (3%vol.). Sample metal loading 17%. 
Temperature scan rate 10 �C m i n ¡1.
lower extent with respect to Co-oxide species, possibly due to 

an interaction of Ni with Al2O3 surface stronger than that of 
Co. XRD patterns for the corresponding reduced samples are 
reported in Fig. 4 together with the diffraction profile of the 
bare support, which underwent the same thermal treatment 
(900 �C, AreH2, 5 h). The three samples show a very similar 
pattern profile, where, together with the substrate, only the 
peaks belonging to a single fcc metallic phase are visible, 
suggesting that the reduction reaction is complete. The cell 
parameter for the metallic phase is the same (3.532(1) �A) for 
all the samples, an evidence of the same stoichiometry. Its 
value is in a good agreement with the one expected for an 
alloy Ni60Co40, for which the cell parameter linearly changes 
with the composition, from 3.5238 �A for pure Ni fcc and 
3.5447 �A for pure Co fcc [45]. The crystallite size of the 
metallic phase is calculated applying the Scherrer’s equation 
on peak broad-ening and listed in Table 1. The crystallite size 
increases with the sample loading, aging time and calcination 
temperature, as expected [46]. At the same temperature, 
calcination in static atmosphere rather than flowing 
conditions produces larger particle size, possibly due to the 
presence of non-negligible water vapour pressure during the 
process [47,48].

The TPR output results for the Nico17 and Nico30 samples 
calcined at different temperatures showed a different 
hydrogen consumption profile as a function of temperature 
(Fig. 5). As the reduction was not complete after reaching 900 
�C, an isotherm reduction for 5 h was required to obtain the 
complete reduction of oxides (total H2 consumption evaluated 
from the peak integrated area, >99%) and the stabilization of 
the support morphology. The peak at lower temperature is 
assigned to Co3O4 reduction to CoO, as confirmed by XRD 
patterns performed on samples reduced at 350 �C (not shown). 
The reduction of nickel oxide phase cannot be easily 

separated from the reduction of cobalt (II) oxide phase and a 
broad peak is detectable starting above
350 �C for samples calcined at 450 �C and 600 �C and above 500 
�C for the sample calcined at 750 �C. The position of such 
broad reduction peak does not change significantly for the 
samples calcined at 600 �C and 750 �C. We assume that the 
broad reaction peak represents the reduction of Ni(II) and 
Co(II) oxides to form a Ni60Co40 alloy. The Tmax of the broad 
peaks shifted towards higher temperature with increasing the 
calcination temperature of the sample, possibly due to a 
greater interaction of catalyst precursors with the support. 
The same trend was found for the NiCo30 samples at different 
calcination temperature.

The SEM images of all samples showed that the metal 
nanoparticles (light gray dots in the image due to their 
elemental composition different from the substrate) are 
evenly distributed within the porous alumina structure. In Fig. 
6 the SEM images showing the morphology of two reduced 
samples NiCo17750 (a) and NiCo30450* (b) are re-ported. 
Particles size distribution histogram, included as an inset in 
the same figure, yielded the particle average diameter (Table 
1) that are in line with crystallite size calculated form XRD 
data, an indication that metallic par-ticles are mostly single 
crystalline domain. The particles diameter and the 
corresponding spreading increase with metal loadings. 
Depending on the synthesis conditions, samples loaded at 
17% show median diameters in the range 9e29 nm while for 
samples loaded at 30% the size distribution curve shifts to 
higher values, 18e52 nm. Correspondingly, the width of the 
size distribution in-creases from 5 to 15 nm, indicating that 
lower metal loading favors also a narrower size distribution.
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Fig.6 SEM images and size distribution histograms (top inset) of 
Ni60Co40 nanoparticles supported on g-Al2O3: (a) sample 
NiCo17750 and (b) sample NiCo30450*.

Fig.7  SEM images of two samples loaded at 30%, calcined under 
different conditions. Section (a) NiCo30600. Section (b) 
NiCo30600** (static calcination).
Two additional SEM images are shown in Fig. 7. I n  Fig.

7a i s  reported an image at low magnification to highlight the
ho-mogeneity of metal particle dispersion on the substrate,
even for samples with high metal loading (30%). In Fig. 7b is
shown an image relative to NiCo30600** whose particles have
the biggest mean diameter obtained (Table 1). For this sample

a static calcination (instead of the one in flow) was adopted
during the preparation procedure. Even in this condition, that
favored the growth of oxide particle size, it is possible to see
that the metallic phase is well dispersed in isolated spherical
particles, indicating a certain interaction alloy-support.

Heating performances and catalytic activity

The temperature reached in the catalytic bed under nitrogen 
flow (90 mL min�1) for different values of applied magnetic 
field is presented in Fig. 8 for NiCo30600. Such trend is typical 
for all the samples, whereas the maximum temperature 
reached by each sample is different (Table 2) and depends on 
nanoparticles features. Indeed, as it will be later discussed, 
the heat generation rate can be governed by the amount of 
magnetic material loaded on the support and by the nano-
particles size. The temperature increases as the applied field 
increases up to a “saturation value”, such that a further raise 

of the external field causes a negligible increase in
temperature, at the expense of a considerable rise in power 
required to generate the field [23]. In the inset of Fig. 8 the 
variation of temperature as a function of time is recorded for a 
fixed input power. A steep increase in temperature is observed 
as soon as the field is switched on. After few minutes the 
observed temperature is the balance between heat dissipated 
by the nanoparticles and radiative and convective losses from 
the surface of the pellets. The heating system let to reach 
about 95% of the maximum temperature value in 2 min. When 
the external field is removed the temperature rapidly drops 
down.

The NiCo catalysts heated by induction were active for the 
methane steam reforming reaction, reaching temperature in 
the range 490e620 �C and correspondent CH4 conversion in 
the range about 20 and 60% (Table 2). Measured values are in 
line with conversion data reported in the literature in this 
temperature range [49]. The effect of the flow rate over the 
methane conversion on the catalyst NiCo30600 is reported in 
Fig. 9 keeping the applied input power constant, where 
essentially it appears that reactions are carried out in the ki-
netic regime.

Fig. 10a shows the composition of the outlet gas mixture 
for NiCo17600 sample on a dry basis at the temperature 
reached by induction heating under reactant flow (525 �C). In 
all cases, the reaction temperature was slightly lower than
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Table 2  Temperature on samples surface when heated by 
induction TN2, and during the reforming reaction, Treac; methane 
conversion, XCH4, and catalyst reaction rate. Data measured on 
18 pellets of catalyst.

Sample TN2(�C)
a Treac(�C)

a,b XCH4(%) Reaction ratec

(MolCH4 gMe
�1h�1)

NiCo17450 520 490 19 0.40

NiCo17600 560 525 36 0.74

NiCo17600* 575 550 44 0.93

NiCo17750 570 535 38 0.80

NiCo17750* 536 510 33 0.69

NiCo30450* 665 618 60 0.58

NiCo30600 570 530 45 0.45

NiCo30600* 630 600 56 0.55

NiCo30600** 415 400 15 0.15

NiCo30750 625 605 48 0.50

a Heating parameters: I ¼ 220 A, B ¼ 49.1 mT, H ¼ 39.19 kAm�1,

P ¼ 0.9 kW in nitrogen flow (N2 ¼ 90 mL min�1). The estimated

error was ± 10 �C due to difficulties in focusing the IR pyrometer

on the pellets external surface.
b Reactant flow: CH4 ¼ 50 mL min�1, H2O ¼ 100 mL min�1.
c Calculated from the amount (moles) of methane converted.

Fig.9  Percent methane conversion as a function of the gas hourly 
space velocity (h¡1) defined as the ratio of the volumetric feed flow 
rate (normal condition) to the volume of the catalyst bed, 
geometrically determined. Sample NiCo30600.

Fig.8 Temperature measured by the pyrometer focused on the 
catalytic bed external surface (18 pellets of NiCo30600*) as a 
function of the magnetic field amplitude. The inset shows the 
heating profile at I ¼ 110 A,
B ¼ 24.6 mT, H ¼ 19.59 kA m¡1, N 2 flow ¼ 90 mL min-1. Once the 
current passing through the inductor is switched off, the 
temperature rapidly drops demonstrating the advantage of a rapid 
on/off switching associated with induction heating.
that measured under N2 flow. In the present experiment, 
when the reactive mixture reaches the catalyst, the temper-
ature decreases from 560 �C to about 525 �C due to contact 
with gas at a higher specific heat (water and methane 
compared to nitrogen) and also due to the absorbed heat of 
reaction (endothermic). As soon as methane and steam reach 
the catalyst, hydrogen and carbon monoxide are produced 
and their values rapidly reach a plateau. On the contrary, 
carbon dioxide is observed only after few minutes and in-
creases with time-on-stream, reaching a plateau in 20 min. 
The conversion of methane was around 35%, in line with the 
equilibrium value corresponding at the measured tempera-

ture indicating the good activity of the catalyst [39]. The 
considerable amount of carbon dioxide observed is also in line 
with the measured temperature values. Actually, at this 
temperature, the water gas shift reaction is favored, and car-
bon dioxide and hydrogen are produced at expenses of carbon 
monoxide, whose quantity in the mixture is limited to 4% by 
volume.

For NiCo30 catalysts (high metal content) it is immediately 
evident that methane conversion and carbon monoxide 
amount are higher compared to those on samples with lower 
metal loading. This is certainly due to the higher values of 
temperature that catalysts reach compared to those of the 
NiCo17 series (see Table 2). Fig. 10b shows the conversion of 
methane and product distribution for the most performing 
sample (NiCo30450*), for which the measured temperature is 
665 �C under nitrogen flow, and 618 �C during the process. The 
measured methane conversion is the one expected at such 
temperature, indicating also for this high metal loading 
catalyst the good catalytic performance. These data showed
that, under the same magnetic field condition, a higher metal

loading favors the attainment of higher temperatures, as the

number of dissipating agents increases.

The capability of magnetic nanoparticles to dissipate en-
ergy in an alternating magnetic field, usually reported as 
Specific Power Loss (SPL i.e. the amount of heat generated per 
unit gram of magnetic material and per unit time) depends on 
several parameters [3,27,50e53]. Essentially, the ability of 
magnetic nanoparticles to act as heat mediators is affected by 
their composition, structural, morphological and magnetic 
properties (intrinsic parameters directly dependent on the 
sample preparation method) and the amplitudes and fre-
quency of the applied field (extrinsic parameters), not 
straightforward predictable because of several mechanisms
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Fig.10  Composition of the outlet mixture and methane conversion at the reaction temperature (Treac) reached upon radiofrequency 
heating. Section (a) sample NiCo17600 (Treac ¼ 525 �C); section (b) NiCo30450* (Treac ¼ 618 �C). Applied magnetic field 49.1 mT, I ¼ 
220 A. Volumetric inlet flow: N2 ¼ 90 mL min-1, C H 4 ¼ 50 mL min-1, H 2O ¼ 100 mL min-1,(GHSV ¼ 28,310 h¡1).

Fig.11  The measured methane conversion as a function of 
Ni60Co40 alloy particle diameter. In the same picture the 
temperature measured on the sample surface (TN2), which 
accounts for the sample ability to dissipate energy under nitrogen 
flow (90 mL min-1) is reported. The dotted line is a guide for the 
eye.
contributing to magnetic losses. Experimental work is there-
fore often required in view of materials optimization. An
attempt to rationalize the results is shown in Fig. 11 reporting
for all the samples the methane conversion and the temper-

ature reached on the sample surface in nitrogen flow,

TN2, a s a  function of the Ni60Co40 particle diameter. All

measurements were carried out keeping constant the number

of catalyst pellets in the reactor, the gas flow and the applied
magnetic field (frequency and amplitude). The data were

grouped ac-cording to the sample metal loading. It is evident a
strong dependence of TN2 (and therefore of the conversion of
methane which directly depends on it) on the size of the
nanoparticles. Considering the samples with lower loading, it
can be observed how for particles smaller than 20 nm TN2

increases as the size increases and then descends as the latter
increases. The same profile can be observed for samples with

higher loading, with the difference that the maximum of the
curve is shifted to 30e35 nm. These temperature profiles
follow the dependence of the Specific Power Loss on particles
size, which has been modeled by Hergt [48] for magnetic iron 
oxide nanoparticles for hyperthermia. Such profile is the 
result of different magnetic loss mechanisms intervening in 
the heat dissipation. It is known [2,4,5,48,54] that hysteresis 
loss and relaxation loss are the two major power loss mech-

anisms of magnetic induction heating and that exists a critical 
particle size below which relaxation loss dominates, or else 
the hysteresis loss prevails. Then, in induction heated cata-
lytic processes, in order to enhance the heat dissipation effi-
ciency of the sample, it is of great importance the control of 
synthesis process to obtain particles with optimal diameter. 
As can be seen in Table 2, for samples loaded with the same 
amount of metal (30%), a very wide range of the TN2 reached 
by induction heating (~200 �C) was measured, indicating very 
different dissipation ability for materials with the same 
nominal composition. For application purposes, the use of a 
sample such as NiCo30600** would be highly inefficient.

What is unexpected is that the trend curve drawn for the 
set of samples loaded at 30% has its maximum moved to 
slightly larger size when instead we would have expected, 
given the same chemical composition of the particles, that the 
two curves showed a parallel trend. It is probable that the 
effect of a wider distribution of particle size for samples with 
30% metal content, compared to samples with 17% is such 
that moves the curve toward larger dimensions [2]. Magnetic 
interaction among nanoparticles can also be taken in 
consideration as a possible cause. In order to uniquely assess 
the cause of such shift a detailed magnetic characterization, 
beyond the scope of the present work, is needed.

To further clarify the role of particle size in determining the

observed catalytic behavior we compare for all catalysts the

rate of CH4 converted per gramofmetal in the catalyst (mol CH4

g�Me
1 h�1) whose values for dilute NiCo17 samples are almost 

all higher than those for concentrated NiCo30 samples (Table 
2). Particles with similar size (~20 nm) NiCo17600* and 
NiCo30600 yield the same TN2 but different rate, higher on 
dilute catalyst where they are in a lower amount. This 
suggests a different nature of the exposed surface in 
concentrated samples. However, samples with the same 
metal content but having particles with different mean 
diameter (i.e. different exposed metal surface values) yield 

similar TN2 and similar CH4
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Fig. 12 (a) Experimental product distribution and methane conversion values for sample NiCo30600. Volumetric inlet flow: N2 ¼ 90 mL 
min-1, C H 4 ¼ 50 mL min-1, H 2O ¼ 100 mL min-1. GHSV ¼ 2800 h¡1. T reac ¼ 720 �C. Section (b): a digital photograph of the NiCo30600 

catalysts heated by induction at work (180 pellets housed in the quartz reactor placed inside the coil). The current applied to the coil was I ¼ 
220 A.
conversions and rates (see Table 2 and Fig. 11, samples 
NiCo17600 and NiCo17750*). These results suggest that the 
dependence of the reaction rate on the exposed metal surface 
value affects the reaction rate less than temperature values.

In the experiments reported so far, approximately 0.5 g of 
catalysts (18 pellets) have been used which occupy a geo-
metric volume equal to 0.5 mL. Such volume it is only a small 
fraction of inductor volume (z20 mL) and indeed the power 
delivered to the inductor does not change appreciably when 
the magnetic catalyst is placed inside. In this configuration, 
the best result in terms of methane conversion (XCH4 ¼ 60%, 
when TN2 was 665 �C, see Table 2) has been obtained with the 
NiCo30450* sample that shows a catalyst productivity in the
range 0.17e0.25 molCH4 g

�
cat

1 h�1 depending on the methane 
flowrate conveyed to the reactor. The reaction rate was 
calculated considering the moles per hour of methane con-
verted during the process over the total mass of the supported 
catalyst (Al2O3eNi60Co40). The reaction rate rises to 0.58e0.84 
mol h�1 g�Me

1 considering the amount of the metal only, as 
reported in Table 2.

In order to better exploit the magnetic field generated in-
side the inductor, the reactor was loaded with a greater 
amount of catalyst (180 pellets of NiCo30600, volume occupied 
in reactor z10 mL, central part of the coil). Results are re-
ported in Fig. 12 together with images of the reactor in oper-
ation. TN2 value rises from 630 �C, obtained using 18 pellets of 
catalyst, to 740 �C, obtained with 180 pellets, because a greater 
number of pellets participate in the dissipative process. It is 
therefore expected that at this thermal level the conversion of 
methane to carbon monoxide and hydrogen is higher than 
what has been seen so far. Indeed, the measured methane 
conversion reaches 80% and the amount of carbon dioxide 
further decreases, since the reaction of water gas shift is less 
favored at this temperature (H2/CO ratio ~6). At the same time, 
the input power needed to generate the magnetic field (49.1 
mT) increases from 900 W (empty coil) to 970 W. In the 
reported experimental conditions, the energy transfer effi-
ciency is around 1.75%. The main factors influencing this 
value are related to our specific experimental set-up, which is 
not optimized. As previously discussed, when the quantity of 
catalyst has been increased ten times, the temperature on the
catalyst surface increases considerably due to minimization 
of thermal losses, leading to an increase of the conversion 
value. At the same time, due to instrumental set-up limita-

tions, it was not possible to increase the flow of reagent sent 
the catalyst and the catalytic activity remains low, the process 
being limited by diffusional reasons. By a simple approxima-

tion, using the same GHSV of the previous experiments the 
efficiency would raise to 16%. An optimization of the catalyst 
test plant from an engineering point of view will certainly 
provide higher efficiency values [22].

Finally, initial stability tests have shown that the catalyst is 
stable in several successive work cycles showing conversion 
values equal to the initial one, an encouraging detail in view of 
long-term stability tests.
Conclusion

The progress in the design and development of materials for 
magnetic catalysis has the potential to allow the imple-

mentation of highly energy-intensive processes on small-

scale, compact reactors, thanks to the rapid and targeted 
response of ferromagnetic nanoparticles to an applied mag-

netic field. Ferromagnetic Ni60Co40 nanoparticles supported on 
commercial g-Al2O3 pellets proved to be active for the steam 
methane reforming reaction, when inductively heated by a 
radiofrequency alternating magnetic field, demonstrating 
their dual function as heat dissipating agent and active cata-
lyst for the chemical process. Despite the high metal loading 
of the synthesized catalysts (17% and 30%), Ni60Co40 nano-

particles are well dispersed on the support, suggesting that 
the selected synthetic methodology, easily scalable to mass 
production, is appropriate. In concentrated catalysts the 
higher concentration of dissipating agent maximizes the 
productivity per mass of catalyst; in dilute catalysts the pres-
ence of small nanoparticles maximizes activity per metal site. 
The measured methane conversion values give indication of 
an important and peculiar dependence on the metal particle 
size distribution that reflects the ability of the nanoparticles to 
dissipate energy into heat upon the application of the mag-

netic field. Indeed, the size of the metal particles is a critical
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key factor to obtain a higher heating rate and an efficient

conversion of magnetic energy into heat, essential to maxi-

mize the overall catalyst performance. This finding is partic-

ularly relevant for high temperature endothermic reactions in

which the effectiveness of heat transfer is a fundamental

parameter in defining the efficiency of the process. Optimi-

zation of synthesis parameters is therefore of utmost impor-

tance to obtain nanoparticles with fine-tuned features in

terms of dissipating agents and active surface. Some of the

materials designed and produced achieve methane conver-

sions close the target value; efficiency must be improved

optimizing operative parameters of reforming reaction func-

tional tests.
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