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1 EXECUTIVE SUMMARY

This deliverable contains a detailed description of the synthesis of non-precious metal oxide
particles (MO-NPs) based on Mn, Fe, Ni, Cu or their binary/ternary mixtures, together with
an overview of their comprehensive characterization. In particular, the ability to absorb
microwaves in ionic liquids (ILs) under experimental conditions mimicking the catalytic
tests is reported. The present document focuses exclusively on MW-heating behaviour of
the MO-NPs under various experimental conditions and does not describe their ability to
promote any catalytic valorisation of the plastic wastes. Catalytic activity and reaction
performance are intentionally excluded from this investigation whose aim is to provide an
appraisal of the contribution of MO-NPs to the absorption of MWs and reach the working
temperature set within the WASTE2H?2 project (250°C).

Considering the high complexity of the initial reaction mixture comprising the MO catalyst,
the ILs and the polymer waste, the single components were studied alone and in
combination. The results are structured within three experimental conditions, comprising
only the catalyst, the mixture of solid catalyst and polymer, and the solid catalyst dispersed
in various ILs, respectively. In all cases, the materials were irradiated with MWs at a
frequency of 2.45 GHz and, simultaneously, the temperature profile was recorded to
compare the time needed to reach the set temperature. Where relevant, the MO-NPs were
characterized after the MW-irradiation to ascertain if the materials underwent a change in
the crystalline phase upon irradiation. Finally, for few materials dielectric property
measurements were carried out.

The overarching goal was to support the development and optimisation of MW-assisted
catalytic plastic deconstruction processes.
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2 INTRODUCTION
Scientific background

A review of the literature on the topic of plastic valorisation under MW-irradiation shows
that most studies make use of pyrolysis and gasification processes, at much higher
temperatures than those targeted in our project (T > 600°C vs T < 300°C in
WASTE2H2).! In few cases, MWs were used as promoters of the pyrolysis step. Typical
catalysts used in thermal pyrolysis are metal oxides (Fe203, Co and Ni oxides, and various
metal titanates) supported on y-alumina, metal NPs (Pt, Rh or Ru supported onto various
metal oxides),? and bimetallic systems based on Ni-Fe and Ni-Co oxides.? Moving from the
high temperature thermal processes described above to the MW-promoted conditions
pursued in the WASTE2H2 project, we decided to evaluate the ability of most catalytic
systems reported in the literature to absorb MWs.

MW dielectric heating originates from the interaction between an oscillating
electromagnetic field and the permanent dipoles and mobile charge carriers present in a
material. The heating efficiency depends primarily on the dielectric properties of the
medium, particularly the dielectric constant (g’), dielectric loss (¢”), and loss tangent (tan
0 =¢g"/e):

« €' (epsilon prime): represents the ability to absorb MW energy.

« e” (epsilon second): describes the ability to transform absorbed MW energy to heat.

« tan 0 (tangent delta) = ¢'"/¢": indicates the efficiency to transform electromagnetic
energy into heat at a given frequency. If:

- tan 0 = 0: the material is a perfect dielectric with no energy loss, meaning
it is insulating and will not heat up via MW energy (transparent to MWs).

- 0 < tan & < 1: the material is a good dielectric, and the temperature
increases rapidly.

- tan & > 1: the material is a poor dielectric, and a good conductor, meaning
it efficiently absorbs and dissipates energy.

Knowing the value of tan §, it is possible to predict the ability of any material to absorb the
MW energy and release it in form of heat, enabling to define the degree of interaction
between MWs and the materials involved. However, while the tan & values of organic
substances such as typical organic solvents are well-known, the tan § of inorganic materials
are very seldom reported in the literature. Instead, the dielectric constant is a more
accessible parameter that can be used for a first evaluation of the ability of inorganic
materials to interact with MWs.

1 a) Acomb et al., Appl. Cat. B: Env., 2014, 147, 571-584; b) Acomb et al., J. Anal. Appl. Pyrol. 2015, 113,
231-238; c) Acomb et al., Appl. Catal. B : Environ., 2016, 180, 497-510.

2 a) Chen et al., ACS Catalysis, 2022, 12, 4618-4627; b) Guan et al., Fuel Processing Technology, 2020, 203,
106392; c) Celik et al., ACS Central Science, 2019, 5, 1795-1803.

3 J. Zhao et al. Microwave-intensified catalytic upcycling of plastic waste into hydrogen and carbon nanotubes
over self-dispersing bimetallic catalysts. Chem. Eng. J. 2024, 483, 149270.
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Table 3.1 reports the dielectric constants and the tan § values, when known, for various
organic and inorganic materials. It is interesting to note that high dielectric constants do
not necessarily translates into high tan 3. A classic example is water, that has the highest
dielectric constant among solvents but belongs to the category of medium MW absorbers.
This means that the energy absorbed is not effectively converted into heat. Similarly, the
very high dielectric constants of the ferroelectric materials, do not necessarily translate
into high tan & values. Concerning the metal oxides, low values of the tan & are expected
based on the data reported in the literature.* In this category, fall the materials that are
targeted in our project, either as catalysts or as catalytic supports. Additionally, for
inorganic materials, the dielectric constants depend also on particle size, whereas the
values reported in Table 3.1 are referred to bulk materials.

Table 3.1. Comparison of dielectric constants and tan & for selected organic solvents and inorganic
materials.

Organic solvents / Dielectric
) . Comments
Inorganic material constant, ¢ (-)

Ethylene Glycol (EG) 37 1.350 High MW absorbers

Ethanol 24.5 0.941 High MW absorbers

Dimethyl sulfoxide (DMSO) 47 0.825 High MW absorbers

[BMIN]PFs 14 (est.y’ 0.185 Medium MW absorbers

11.8 (exp.)®

Water 80 0.123 Medium MW absorbers

Toluene 2.38 0.040 Low MW absorbers

Hexane 1.88 0.020 Low MW absorbers

SiO> 3.9 -

Al203 9 -

ZFOZ 29 -

HfO, 25 - Metal oxides with non-polar

HfSiO4 11 - atomic arrangement,

Taz0s 26 - typically show low loss tan &

La>0s3 30 - values.

LaAIOs 30 -

Nb,Os 35 -

TiO2 95 -

BaTiO3 1700 - Ferroelectric materials,

SrTiOs 2000 - typically with perovskite
2500 - structures. Residual qlpoles

result from atomic
Pb(Zr,Ti)0s, (Pb,La)(Zr,Ti)0Os displacements. High tan &
values expected.

CaCusTisO12 80,000 -

[BMIN][PFs] = 1-butyl-3-methylimidazolium hexafluorophosphate;

* Data recorded at 2.45 GHz and 20 °C.

4 Azadmanijiri et al. J. Mater. Chem. A, 2014, 2, 3695.
5 M. Baghbanzadeh et al. Angew. Chem. Int. Ed. 2011, 50, 11312 - 11359.
6 C. Wen et al. J. Mater. Chem. A, 2014, 2, 3695-3708.
7 Singh et al, J. Phys. Chem. B 2008, 112, 12968-12972.
8 Stoppa et al. J. Phys. Chem. B 2008, 112, 4854.
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Additionally, heterogeneous catalysts may significantly influence MW absorption through
the dielectric properties of the oxide support as well as through the electrical and dielectric
characteristics of the supported metal or metal-oxide phases. Understanding the combined
MW response of ILs and catalysts is therefore essential for optimising MW-assisted catalytic
reactors. Therefore, the measurement of the dielectric constant of MO-NPs was limited to
few experimental systems, and their ability to interact with MWs was investigated by
monitoring the increase of temperature observed upon irradiation under various power
inputs. These results set the basis to prepare the IL-based catalytic systems.

Luropean “ Funded by No 101130249 Page 9 of 49

Council the European Union

D3.1 - Synthesis and characterization of MO-NPs

with enhance properties towards MW irradiation - PU



&

waste

3 RESULTS

3.1 Synthesis and characterization of MO particles

In this part of the deliverable, we describe the methodology that has been used to
synthesize a broad range of monometallic and bimetallic oxides based on cheap and
abundant transition metals, supported on alumina, ceria, SiC, or ZnO. The materials were
characterized using state-of-the-art methodologies. These results set the basis for
understanding their properties under MW irradiation, in the presence and in the absence
of polymer or ILs.

3.1.1 Experimental part: Materials

Aluminium oxide (~Al20s3, surface area: 100-200 m2/g, average particle size: 20 nm) was
purchased from Thermo Scientific and used as the catalytic support. CeO2 was purchased
from Carl Roth with 299% purity, SiC was a product from Alfa Aesar and ZnO was a product
of Sigma-Aldrich. Iron (III) nitrate nonahydrate (Fe(NOs)3x9H.0, EMSURE analytical
grade) was sourced from Merck/Millipore Sigma, whereas Nickel (II) nitrate hexahydrate
(Ni(NO3)2x6H20) was purchased from Sigma-Aldrich. Nickel (II) acetate tetrahydrate was
obtained from Carl Roth with >97.5% purity. Cobalt(II) nitrate hexahydrate,
Co(NO3)2:6H20 was acquired from Sigma-Aldrich with a purity of 298%, Manganese(II)
nitrate tetrahydrate, Mn(NO3)-4H20 was bought from Sigma-Aldrich with a purity of 298%,
and Copper(II) nitrate trihydrate, Cu(NOs)2-3H20 was purchased from Merck with a purity
of 299.9%. Ultrapure water was used as the solvent for all aqueous precursor solution
preparations (Milli-Q). Absolute ethanol was acquired from VWR. All chemicals were used
as received without further purification.

3.1.2 Preparation of Monometallic and Bimetallic Catalysts

A series of supported monometallic and bimetallic catalysts was synthesized via a modified
wet impregnation method comprising the control of pH. In a typical catalyst synthesis, a
diluted solution of the metal precursors was placed in contact with the catalytic support
under controlled acidic or alkaline conditions. In some cases, the iron precursor was
solubilized in ethanol to tune the wettability of the surface and improve the dispersity of
the particles. Independent of the solvent used, the suspension was left under stirring for 6
hours at RT. After this time, the suspension was filtered, and the solid was dried overnight
in an over at 60 °C under air conditions. The target loadings were 5, 7, 15, 25 and 30
wt.%. The as-obtained solids were ground using a mortar and pestle and calcined at
various temperatures under air or reducing hydrogen atmosphere. Five temperatures were
considered, namely 400, 450, 500, 525 and 550 °C, for a fixed heating ramp of 5 K/min
and calcination time of 6 h. The calcination under hydrogen atmosphere was carried out at
400 and 550 °C, for variable time of 6 and 4 h, respectively. Finally, the solids were
characterized by XRD and Scanning Electron Microscopy (SEM). Other planned and ongoing
characterization methods are XPS, TEM and Inductive Coupled Plasma-Optical Emission
Spectrometry (ICP-OES).

3.1.3 Description of the characterization methods

The crystalline structure of the catalysts was determined by powder X-ray diffraction (XRD)
using X’Pert PRO MPD diffractometer equipped with Cu Ka, radiation (A = 1.54056 R),
operated at 40 kV and 40 mA. The instrument was fitted with an X’Celerator detector, and

Innovation .
Coundl the European Union

European m Funded by No 101130249 Page 10 of 49
D3.1 - Synthesis and characterization of MO-NPs

with enhance properties towards MW irradiation - PU



&

waste

measurements were performed in Bragg-Brentano reflection geometry. The back-loading
method was used to prepare samples, in which the sample holder is gently packed with
the powder and is pressed to give a homogeneous and flat surface. The 26 range of 10 -
80° was used to obtain the diffraction patterns, with a scan rate of 0.02° s™1 and 0.017°
of an angular step size. The HighScore Plus software was used in the end to analyse the
sample patterns. The reference data from the databases COD and ICSD were used to
compare the experimental diffraction patterns and identify the crystallite phases present.

The textural properties of the catalysts were assessed by nitrogen adsorption desorption
analysis using a NOVA 4000e surface area and pore size analyser (Quantachrome
Instruments). Specific surface areas were calculated using the multipoint Brunauer Emmett
Teller (BET) method, while pore size distributions were determined by the Barrett Joyner
Halenda (BJH) method.

Inductively coupled plasma-optical emission spectroscopy (ICP-OES) was used to
determine the actual metal loading of catalysts being synthesized using a SPECTRO Ciros
CCD instrument. The actual metal loading was reported in wt.%, and the samples were
subjected to microwave-assisted digestion using hydrofluoric acid (HF) before analysis.

The morphology, structural characteristics, and elemental dispersion of the catalysts on
the alumina support were investigated by high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) using a Talos F200i microscope (Thermo
Fisher Scientific) equipped with a Schottky-type field-emission gun (X-FEG) and operated
at an accelerating voltage of 200 kV. STEM energy-dispersive X-ray spectroscopy (STEM-
EDXS) and elemental mapping were performed using Bruker XFlash 6100 detectors
installed on the same microscope. For the bimetallic catalyst, average particle size and
particle size distribution were determined directly from STEM micrographs, whereas for the
monometallic catalysts, average particle size was estimated using the Scherrer equation
from the XRD patterns.

Scanning electron microscopy (SEM) was used to examine the morphology of the solid
residues obtained after the reaction using a ZEISS ULTRA 55 microscope equipped with
Gemini electron optics. The images were taken using an SE2 detector at an accelerating
voltage of 10kV and a working distance of around 6.6- 6.7 mm. All the images taken were
further edited using the freeware software ImageJ®.

For more details on synthesis and characterization of all samples, please consult Mahnoor
Riaz ( )

3.1.4 Results of the monometallic catalysts

Following our literature survey, we have synthesized various catalysts based on iron oxide
(hematite a-Fe203 and magnetite Fes04, Table 3.2), (NiO, Table 3.3), (CuO, Table 3.4),
(Co304, Table 3.5), manganese oxide (Mn203 and MnOz, Table 3.6). For each material
synthesized, the experimental conditions of the synthesis are specified, together with a
summary of the characterization, namely the actual loading of the catalyst, the crystallite
size estimated from the XRD pattern, and the results of the nitrogen sorption analysis.

% W. S. Rasband. Imagel: U.S. National Institutes of Health.
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Iron oxide was the first material we started to investigate. The data reported in Table 3.2
show that when the synthesis was carried out in water, iron oxide nanoparticles from 5 to
25 nm diameter were obtained, according to the target metal loading. The porosity of the
support was retained, attaining surface area larger than 100 m2/g. In contrast, when
ethanol was used as solvent the surface area decreased remarkably, and the XRD pattern
did not show any reflections that could be attributed to either hematite nanoparticles or
another iron oxide polymorph. Concerning the calcination temperature, in the beginning of
our work the catalysts were calcined at various temperatures, from 400°C to 550°C.
Calcination temperatures of at least 450 °C are necessary to achieve crystalline materials
when the calcination is carried out in air. In fact, the solids calcined at 400 °C were found
to be amorphous or poorly crystalline.

Table 3.2. Selection of iron-based catalysts on different supports. The calcination time was 6 h.
N2 sorption
BET BJH Pore

Internal q . Calcination
Identification Support SozClla | ReECly Solvent Temperature| XRD

(%)* | (%)* r volum
coce ¢ (:127:1) (c(:nl;lge)
MR30 y-Al203 7 5.2 Water 400 § 5
MR30 y-Al203 7 5.1 | Water 450 § §

MR30 y-Al203 7 5.21 | Water 500 § 5
MR30 y-Al203 7 5.3 | Water 525 5 5
MR30 v-Al203 7 5.3 | Water 550 § §
MR31 y-Al203 7 4.3 |Ethanol 400 § 5
MR31 y-Al203 7 4.3 |Ethanol 450 5 5
MR31 y-Al203 7 4.3 |Ethanol 500 § §
MR31 y-Al203 7 4.3 |Ethanol 525 § 5
MR31 y-Al203 7 4.2 |Ethanol 550 5 5
MR84 y-Al203 14 11.2 | Water 550 9 nm 137 0.40
MR34 y-Al203 15 13.01 | Water 400
MR34 y-Al203 15 13.2 | Water 450

6 nm 138 0.401
MR34 y-Al203 15 13.10 | Water 500
MR34 y-Al203 15 13.18 | Water 525
MR34 y-Al203 15 13.2 | Water 550
MR35 y-Al203 15 9.3 |Ethanol 400
MR35 y-Al203 15 9.0 |Ethanol 450

No 43.46 0.267

MR35 |y-Al20s| 15 | 9.65 |Ethanol 500 peak
MR35 v-Al203 15 9.01 |Ethanol 525
MR35 y-Al203 15 9.2 |Ethanol 550
MR35 v-Al203 25 20.79 | Water 400
MR35 y-Al203 25 20.81 | Water 450

29 nm| 119 0.285
MR35 v-Al203 25 20.80 | Water 500
MR35 v-Al203 25 20.82 | Water 525
MR35 v-Al203 25 20.83 | Water 550
MR16 v-Al203 25 20.1 | Water 550 19 nm 5 5

'Ecpt. - Pondedby o No 101130249 Page 12 of 49
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N2 sorption

Internal - . Calcination
Identification/Support Lo:/dn:g '-°:',“’";9 Solvent Temperature| XRD  BET  BJH Pore
Code ( 0) ( /0) (oc) area volume
(m?/g) (cm3/g)
MR17 y-Al203 15 12.6 | Water 550 5nm 5 5
MR36 y-Al203| 25 11.01 |Ethanol 400 5
MR36 y-Al203 25 11.2 |Ethanol 450 No
MR36 y-Al203| 25 11.03 |Ethanol 500 peak
MR36 y-Al203| 25 11.23 |Ethanol 525
MR36 y-Al203 25 11.32 |Ethanol 550
MR26 y-Al203 30 27.61 | Water 400 No 5
peak
MR10* y-Al203 30 27 Water 400 No §
peak
MR27* y-Al203 30 27.74 | Water 400* Fe20s3 §
and
Fes304
MR26 y-Al203 30 27.71 | Water 450
MR26 y-Al203| 30 27.65 | Water 500
15 nm| 113 0.214
MR26 y-Al203 30 27.7 | Water 525
MR26 y-Al203| 30 27.75 | Water 550
MRO7* y-Al203| 30 26.9 | Water 550 No 5
Fes04
AR_1Fe/A-01|y-Al203 14 6.76 | Water 550 15 nm 5
(no pH)
AR_1Fe/A-02|y-Al203| 14 12.49 | Water 550 17 nm 5
MR15 ZSM5 7 - Water 550 19 nm 5
MR14 ZSM5 7 - Water 550 12 nm 5
MR95 ZSM5 15 - Water 550 - 5
MR96 ZSM5 3 - Water 550 - 5
AR_1Fe/C-01| CeO2 14 0.41 | Water 550 - 5
(no pH)
AR_1Fe/C-02| CeO: 14 13.02 | Water 550 24 nm| 13.68 0.07

°Sample prepared by incipient wet impregnation; *thermal treatment was carried out under|
hydrogen; *the thermal treatment time was 4 h; *Theoretical loading values; $ Experimental
loading value determined via ICP-OES; § ongoing measurements.

Additionally, the calcination atmosphere has been identified as an effective experimental
parameter to tune the phase composition of the target materials. Namely, calcination in
air lead to formation of hematite particles, whereas under hydrogen atmosphere the
formation of magnetite and iron particles was observed (Figure 3.1).
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Figure 3.1 XRD characterization of iron-based catalysts calcined under air (MR26) or hydrogen
atmosphere (MR27) under the experimental conditions reported. The patterns were recorded using
the Cu Ka radiation (I = 1.5406 ﬂ). The high noise of the patterns is due to iron fluorescence promoted
by the copper source.

Figure 3.2 shows an overview of the iron oxide particles supported on y-alumina calcined
in air.

Intensity / Counts

Figure 3.2 Structural and textural characterization of the y-Al203 support and 14 wt.% Fe203/y-
Al203 catalyst (sample MR84 in Table 3.2). (1) XRD patterns of a (black, y-Al203) and c (red, 14
wt.% Fe203/y-Al203), confirming the formation of the hematite (a-Fe203) phase. (2) N2 adsorption-
desorption isotherms and corresponding BJH pore size distribution. (3) SEM images and EDX
elemental mapping of the Fe203/y-Al203 catalyst.
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Table 3.3 Selected nickel-based catalyst on different supports.

Size N2 sorption
(XRD) BJH Pore

Internal Calcination

tre e Loading Loading
Idenélt::;::tlon Support (%)* (%)s Solvent Temperature BET area

(°C) Nio | (m2/g) volume

(cm3/g)

MR32 y-Al203 7 2.48 Water 400 7 nm 8

MR32 y-Al203 7 2.49 Water 450 g 8

MR32 y-Al203 7 2.6 Water 500 § 8

MR32 y-Al203 7 2.58 Water 525 § 184.9 0.692

MR32 y-Al203 7 2.6 Water 550 g 227.3 0.833

MR54 y-Al203| 3.5 2.9 Ethanol 550 § 8

MR33 y-Al203 7 5.4 Ethanol 400 § 8

MR33 y-Al203 7 5.4 Ethanol 450 § 8

MR33 y-Al203 7 5.4 Ethanol 500 9 nm 8

MR33 y-Al203 7 5.4 Ethanol 525 § 160.4 0.686

MR33 y-Al203 7 5.34 Ethanol 550 § 171.77 0.78

MR80 y-Al203| 7** 6.7 Ethanol 550 § 174.17 0.78

MR82 y-AlO3| 14 13.3 Ethanol 550 g -8 8

MR83 y-Al203| 14 13.0 Water 550 5nm 185.0 0.64

MR85 y-Al03| 15 13.5 Ethanol 550 § 8 8

MR86 y-Al03| 15 13.4 Water 550 § 8 8
AR_14Ni/A-01|y-Al203| 14 5.63 Water 550 8 nm 8 8

(no pH)

AR_14Ni/A-02 |y-Al203| 14 13.26 Water 550 3 nm 8 8
MR64 CeO2 7 7.0 Ethanol 550* g 17.684 0.07
MR67 CeO2 7 6.9 Ethanol 550%* § 2.470 0.011

AR_14Ni/C-01| CeO:2 14 0.05 Water 550 8 8 8

AR_14Ni/C-02| CeO:2 14 10.70 Water 550 § 12.83 0.05
MR20 ZSM5 7 - Ethanol 550 § 8 8
MR21 ZSM5 7 5.2 Ethanol 400*** § 148.99 0.80
MR97 ZSM5 15 - Ethanol 550 § 8 8
MR98 ZSM5 3 - Ethanol 550 g 8 8

*Calcination time was 8 h instead of 6; **Acetate precursor was used instead of nitrate; ***

Hydrogen reduction for 3 h

*Theoretical loading values; $ Experimental loading value determined via ICP-OES; § ongoing

measurements

Following the approach developed for the iron oxide particles, the synthesis of NiO catalysts was
carried out targeting loading between 3.5 and 14 wt.%, using both water and ethanol as solvent,

and except for few samples (MR32 and MR33), keeping a calcination temperature above 500°C
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(Table 3.3). For the NiO system, variation of the catalytic support was also carried out. Namely,
the zeolite ZSM5 and a commercial CeO2 were used. An example of the characterization of the

NiO/Al203 system is reported in Figure 3.3.

™)

s

—e—v-ALO,
—e—(14) NiO/AL,0,

3

@2)

Adsorbed Volume (cm* g STP)
8 8 8

3

Intensity / Counts

10 20 30 40 50 60 70
20/°

Figure 3.3 Structural and textural characterization of the y-Al203 support and 14 wt.% NiO/y-Al203
catalyst (sample MR83, Table 3.2). (1) XRD patterns of a (black, y-Al203) and b (brown, 14 wt.%
NiO/y-Al203), confirming the formation of the Nickel oxide phase. (2) N2 ad adsorption-desorption
isotherms and corresponding BJH pore size distribution. (3) SEM images and EDX elemental mapping
of the NiO/y-Al203 catalyst, showing good dispersion of Ni species in the y-Al203 support.

Moving on with our monometallic series, the synthesis of copper oxide on g-alumina and
Ce02 was targeted (Table 3.4). For this system, calcination temperatures above 500 °C
were preferred, with the exception of the synthesis MR42. The results in Table 3.4 show
that in general, the high surface area and porosity of the supports were preserved. The
results show that the theoretical loading of 7 wt.% could be reached when the synthesis
was carried out by controlling the pH in the alkaline regime, whereas no control of the pH
lead to poor adsorption of the metal precursors onto the surface of the alumina or on CeO2
supports. The XRD characterization showed that copper oxide was always found as CuO in
all patterns, with crystallite sizes below 10 nm onto alumina, and larger than 20 nm on
Ce02. The synthesis in ethanol lead to very narrow reflections at the studied calcination
temperature, suggesting the presence of bulk materials.

Table 3.4 Selected copper-based catalyst on different supports
Internal [SupportlLoadinglLoading Solvent Calcination Size N2 sorption

Identification (%)* | (%)% Temperature (XRD) |BET area| BJH Pore
Code (°c) (m2/g) | volume
© (cm3/g)
MR40 v-Al203 7 6.8 Water 400 6 nm 177.61 0.82
MR40 v-Al203 7 6.79 | Water 450 8 8
MR40 y-Al203 7 6.81 | Water 500 8 8
MR40 v-Al203 7 6.85 | Water 525 8 8
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Internal [SupportlLoadinglLoading Solvent Calcination Size N2 sorption
Identification (%)* (%)% Temperature (XRD) |BET area| BJH Pore
Code (°c) (m2/g) | volume
CuO (cm3/g)
MR40 y-Al203 7 6.9 Water 550 8 178.2 0.83
MR41 y-Al203 7 4.3 Water 550 No CuO | 177.6 0.812
(No pH) present.
AR_14Cu/A- |y-AlO3| 14 6.72 | Water 550 - - -
01 (no pH)
AR_14Cu/A- |y-Al203| 14 14 Water 550 3 nm 144.2 0.82
02
AR_14Cu/C-| CeO2 14 0.14 | Water 550 - - -
01 (no pH)
AR_14Cu/C- | CeO2 14 12.52 | Water 550 24 nm - -
02
MR43 y-Al203 7 - Ethanol 550 - - -
(no pH)
MR42 y-Al203 7 5.1 |Ethanol 400 12-15 | 110.83 0.586
nm
MR42 y-Al203 7 5.15 |Ethanol 450 Very -
sharp
peaks
MR42 y-Al203 7 5.3 |Ethanol 500 Very -
sharp
peaks
MR42 y-Al203 7 5.3 |Ethanol 525 Very -
sharp
peaks
MR42 y-Al203 7 5.4 |Ethanol 550 Very 120.82 0.62
sharp
peaks
*Theoretical loading values; $ Experimental loading value determined via ICP-OES; §
ongoing measurements

Table 3.5 summarizes the results obtained for the cobalt oxide systems and highlight the
importance of controlling pH, the achievement of small particle sizes and of materials with
high surface area and porosity when alumina was used as catalytic support. In this case,
cobalt oxide was always observed as Co030a.

In the case of manganese oxide a mixture of phases was obtained, namely MnO2 and
Mn20s, the latter particles were relatively larger than the former (Table 3.6).

Table 3.5. Cobalt-based catalyst on different supports

Internal Calcination Size faisotption
i i XRD
Identification Support Lof/d':g Logdmg Solvent Temperature ( ) BET  BJH Pore
Code (%) (%)$ (°C) area volume
Co304 | (m?/g) (cm3/g)
MR44 y-Al203 7 6.9 Water 400 9 nm 193 0.75
MR44 y-Al203 7 6.9 Water 450 8 8
MR44 y-Al203 7 6.8 Water 500 8 8
European unde
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Si
Internal . - Calcination
Identification Support Lo:/dl:g Logdlng Solvent Temperature (XRD) BET  BJH Pore
Code (%) (%)% (°C) area volume
Co0304 | (m?/g) (cm3/g)
MR44 y-Al203 7 6.7 Water 525 § 8
MR44 v-ALOs | 7 6.7 | Water 550 § 197 | 0.75
MR45 v-Al203 7 4.3 Water 550 § 8
(No pH)
AR_14Co/A- | y-Al203 14 1.69 | Water 550 § 8
01 (No pH)
AR_14Co/A- | y-Al203 14 12.18 | Water 550 10 nm | 156 0.72
02
AR_14Co/C- CeO2 14 0.09 | Water 550 26-28 13 0.04
01 (no pH) nm
AR_14Co/C- CeO2 14 13.78 | Water 550 § 8
02
MR47 y-Al203 7 - Ethanol 550 - -
(no pH)
MR46 y-Al203 7 5.1 |Ethanol 400 7 nm 184 ‘ 0.92
MR46 y-Al203 7 5.2 |Ethanol 450 § -
MR46 y-Al203 7 5.2 |Ethanol 500 8 -
MR46 y-Al203 7 5.3 |Ethanol 525 § -
MR46 v-Al203 | 7 5.6 | Ethanol 550 § 188 | 0.95
*Theoretical loading values; $ Experimental loading value determined via ICP-OES; §
ongoing measurements

Table 3.6. Manganese-based catalyst on different supports.
Loading

N2 sorption

Internal €Ok . Calcination .
Identification Loa:/du;lg Solvent Temperature Size BJH Pore
[ofY: [) (%) (°C) (XRD) | BET area volume
(M*/9)  (em3/q)
MR48 7 4.0 Water 400 Mn203 187 0.74
7-9 nm
MnO:2
6 nm
MR48 7 4.02 | Water 450
MR48 7 4.21 | Water 500 - -
MR48 7 4.3 Water 525
MR48 7 4.4 Water 550 8 186 0.74
MR49 7 1.3 Water 550 g 190 0.76
(No pH)
AR_14Mn/C- 14 1.2 Water 550 8 8 8
01 (No pH)
MR51 7 - Ethanol 550 - - -
(no pH)
MR50 7 4.0 |Ethanol 400 Mn20s3 185 0.90
9-11 nm
European
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Loading

Internal (%)* Loading Calcination size N2 sorption
Iden(t:g:jc:hon (%)$ Solvent Tem?oeéa;ture (XRD) | BET area B‘;I(I’-IluPnczge
(m2/g) (cm3/g)
MR50 7 4.1 |Ethanol 450 § §
MR50 7 4.1 |Ethanol 500 § §
MR50 7 4.1 |Ethanol 525 § §
MR50 7 4.1 |Ethanol 550 § 181 | 0.86

*Theoretical loading value; $ Experimental loading value determined via ICP-OES; §
ongoing measurements

3.1.5 Results of the bimetallic catalysts

Based on the results obtained for the monometallic systems, the synthesis of bimetallic
catalysts was carried out to exploit the synergistic effect of the single metals. Starting from
the most widely studied bimetallic catalyst based on iron and nickel oxide (Fe-Ni, Table
3.7), the other bimetallic systems investigated were iron and copper oxide (Fe-Cu, Table
3.8), nickel and copper oxide (Ni-Cu, Table 3.8), nickel and cobalt oxide (Ni-Co, Table 3.8),
and iron and cobalt oxide (Fe-Co, Table 3.8). The results related to the synthesis and
characterization of FeNi-bimetallic catalysts are reported in Table 3.7.

Table 3.7. Summary of the characterization of NiO-Fe;03/Al,03 catalysts. The sample MR and AR
were calcined at 550°C in air, for 6 hours.

N2 sorption |

Internal Loadin Loadin
Identification Support (%)"g (%)f’g =y s [EE
Code (Ni:Fe) (Ni:Fe) (XRD) area volume
(m2/g) (cm3/g)
MR72 y-Al203 7:7 6.4:6.4 NiO 155 0.48
4-5 nm
Fe20s3
11 nm
MR74 y-Al203 14:7 11:5.6 NiO 159 0.46
20-28 nm
Fe203
2-4 nm
MR73 y-Al203 14:7 7.0:3.5 NiO §
15-17 nm
Fe203
21-24 nm
MR75 y-Al203 7:14 5.2:10.7 | NiO 155 0.42
20-31 nm
Fe203
2 nm
MR76 y-Al203 7:14 3.1:6.4 NiO §
15 nm
Fe203
20-23 nm
MR69 y-Al203 10:4 7.3:3.2 NiO 200 0.56
6 nm
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Identification
(o, [

Loading
(%)*

Loading -
(%)$ Size

Support (XRD)

area

&y

waste

N2 sorption |
BET

volume

(Ni:Fe)  (Ni:Fe)

Fe20s3
(not
reliable)

(m2/g)

BJH Pore

(cm3/g)

MR68

y-AlOs | 4:10 § 192

0.56

MR92

12:2

oo

y-Al203 8§ 8

MR93

y-Al203 2:12 8 §

A-01

B (=o)\w

N[00 [N (U1
[o)INeRI )]

y-Al203 7:7

o

NiO
3-4 nm
Fe203

9 nm

0.40

A-03

y-Al203 7:7 3:2.8 NiO (not | 158
reliable)
Fe203

10 nm

0.57

C-01

CeO2 7:7 0.04:0.3 | No peaks | 12

4 visible

0.04

SC-01

SiC 7:7 0.22:0.3 | No peaks | 28

7 visible

0.28

S0-01

SiO2 7:7 0.8:1.33 | No peaks

visible

419

0.73

Z-01

Zn0O 7:7 2.2:8.83 | NiO 12
15 nm
Fe203

15-18 nm

0.07

A-WC

7:7:0.02 | NiO
4-7
Fe203
4-7 nm

v-AbOs | 7:7 171

nm

0.64

A-CW

6.9:6.88
(+1.2wt.
%K)

NiO
2-3
Fe203
20-24 nm

y-Al203 7:7 158

nm

0.59

A-NW

v-Al203 7:7 5.9:6.0
(+3.34w

t.%K)

NiO

4 nm

Fe20s3
18 nm

131

0.53

CeO2 7:7 0.07:1.2 -

Ce0O2 7:7 6.7:6.7 NiO 23
10-13 nm
Fe203

13 nm

0.07

C-05

CeO2 7:7 7.8:7.9 NiO 25
6-7 nm
Fe20s3

15 nm

0.07

C-06

CeO2 7:7 4:4:11.9 | NiO 8
2-3 nm
Fe203

21 nm

VC4

7:7

CeO2 4:4:0.82 | § §
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N2 sorption

: : |
Internal Loading Loading -

Identification ~Support  (%)* (%)% ()S(II:S) :r': B:;‘:upn‘:;e
Code (Ni:Fe)  (Ni:Fe) (m*/g) (em*/g)

AR_7Fe7Ni/A- | y-Al203 7:7 6.6:6.7 8 8 8

NT

AR_7Fe7Ni/A- | y-Al203 7:7 6.8:7.0 8 8 8

ST

*Theoretical value; $ Experimental value determined via ICP-OES; § ongoing
measurements

In all cases, a mixture of the two metal oxides observed in the corresponding monometallic
system was obtained. The particles show crystallite size below 20 nm (Table 3.7 and 3.8).

—a| 2« @n |—=—A1,0, (Support)
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Figure 3.4 Structural and textural characterization of the y-Al203 support and (7:7) Fe-Ni/y-Al203
catalyst (Sample MR72, Table 3.7). (1) XRD patterns of a (black, y-Al203) and d (purple, (7:7)
Fe203-NiO/y-Al203), confirming the presence of both hematite (a-Fe203) and NiO phases. (2) N2
adsorption—-desorption isotherms and corresponding BJH pore size distribution. (3) STEM images and
EDX elemental mapping of the Fe203-NiO/y-Al203 catalyst, showing the distribution of Fe and Ni
species in the y-Al203 support.

nnguation - Funded by No 101130249 Page 21 of 49
Council the European Union

D3.1 - Synthesis and characterization of MO-NPs

with enhance properties towards MW irradiation - PU



&y

waste

Table 3.8. Summary of the characterization of other bimetallic nanoparticles (Fe-Cu, Ni-Cu, Ni-Co,
Fe-Co) on y-Al;03 or CeO; catalytic supports under the experimental conditions reported. The
calcination temperature was 550 °C in all cases. The solvent was water, pH = 9.

Internal Loading Loading Size BET BJH Pore

Idenén::jc:tlon Support (%) * (%)$ (XRD) :;tja \ét:‘:t;Te
AR_7Fe7Cu/A-01 | y-Al203 Fe=7 Fe = 8 g 8
Cu=7 6.75

Cu =
6.84
AR_7Ni7Cu/A-01 | y-Al203 Ni =7 Ni = 8 g )
Cu=7 6.75
Cu =
6.84
AR_7Ni7Cu/C-01 CeO2 Ni =7 Ni = 5.8 8 8 8
Cu=7 Cu =
6.85
AR_7Ni7Co/C-01 CeO2 Ni =7 Ni = 6.7 | NiO 14 0.07
Co=7 | Co=6.6|16-18
nm
Co304
18-19
nm
AR_7Fe7Co/C-01 CeO2 Fe=7 Fe = 6.7 | Fe20s 17 0.09
Co=7 |Co=6.4| 16 nm
*Theoretical value; $ Experimental value determined via ICP-OES; § ongoing
measurements

3.2 Measurements of the dielectric properties of NPs

3.2.1 Experimental part

Dielectric measurements were performed using a vector network analyser (VNA), recording
the reflection coefficient S11 over the frequency range from 20 MHz to 3 GHz. The NPs
pellets were introduced into a measurement cell consisting of two parallel gold electrodes
with a diameter of 5 mm, located at the end of a modified coaxial line based on an HP
16091A fixture. The distance between the electrodes was determined by the thickness of
the NP pellet. Temperature control was carried out using a Quatro cooling and heating
system (Novocontrol GmbH). Thermal sweeps were started at room temperature and
performed at a heating rate of 3 °C min~1.

As outputs of these measurements, values for the real permittivity (¢’) and the dielectric
loss factor (¢”) were obtained. From these values, the loss tangent (tan &) was calculated.
Based on our discussion in the introduction, high ¢ indicates strong interaction with the
microwave field, while high €” and tan d indicate more effective microwave heating.

3.2.2 Results

The dielectric response of five MO-NPs supported on alumina based on copper oxide
(synthesized either in ethanol or water, MR042 and MR040, respectively), cobalt oxide
(MR046 and MR044, synthesized in ethanol and water, respectively), and manganese oxide
(MR048, synthesized in water) were characterized in depth. The results showed klear
differences in both magnitude and temperature/frequency dependence. Overall, all
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materials exhibited temperature-dependent dielectric behaviour, with maxima or broad
response regions dgenerally appearing at intermediate temperatures. However, the
intensity and regularity of the response varied significantly between samples, indicating
that the nature of the NP strongly affects its potential contribution to microwave heating.
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Figure 3.5 Dielectric response of the systems MR040 (copper oxide, Table 3.4), MR042 (copper
oxide, Table 3.4), MR044 (cobalt oxide, Table 3.5), MR046 (cobalt oxide, Table 3.5), MR048
(manganese oxide, Table 3.6).

The results (Figure 3.5) can be summarized as follows:

¢ MRO046 consisting of manganese oxide showed the most relevant dielectric response
among the five NPs, suggesting a higher potential contribution to microwave
absorption and heating.

e MRO040, MR042, and MR048 showed intermediate behaviour, with temperature-
dependent dielectric responses that may still contribute to the heating behaviour of
the IL-NP system.

¢ MRO044 consisting of cobalt oxide showed the lowest or least pronounced dielectric
response, suggesting a more limited direct contribution to microwave heating.

The differences observed throughout the measurements indicate that the NPs should not
be considered passive additives under microwave irradiation. Depending on their dielectric
response, they may significantly affect heating homogeneity, local temperature
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distribution, and IL-NP stability. Therefore, these results support the need to evaluate the
final IL-NP combinations under microwave conditions to confirm if the dielectric properties
of the NPs may influence the performance of the catalytic system beyond their catalytic
function.

Based on these results, the following analysis focuses specifically on 2.45 GHz (Figure
3.6). This frequency corresponds to the fixed operating frequency of the monomodal
microwave equipment used in this project and is therefore the most relevant for evaluating
the interaction of the nanoparticles with the applied microwave field, particularly their
microwave absorption and heating behaviour.

At 2.45 GHz, the real component of the permittivity (€') is considerably higher than the
dielectric loss factor (&) for all »-Al203-supported samples. This indicates that the materials
exhibit appreciable polarization under the applied microwave field but dissipate only a
relatively small fraction of the stored electromagnetic energy as heat. Accordingly, the
dielectric loss tangent remains generally low, suggesting limited dielectric microwave-
heating efficiency. Among the studied samples the solid MR046 consisting of manganese
oxide showed the highest overall €’ and tan 8, and therefore the most favourable dielectric-
heating response. In contrast, MR048 displays the highest €, but in comparison, it shows
comparatively low € which is translated into inefficient energy dissipation.
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Figure 3.6. Dielectric response of the systems MR040 (copper oxide, Table 3.4), MR042 (copper
oxide, Table 3.4), MR044 (cobalt oxide, Table 3.5), MR046 (cobalt oxide, Table 3.5), MR048
(manganese oxide, Table 3.6) measured at 2.45 GHz.

Overall, for the most samples, € and €"” increase until 50-100 °C and subsequently
decrease at temperatures above 100 °C, indicating a progressive loss of the polarization
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and charge-transport mechanisms responsible for microwave energy dissipation. The
observed decrease may be related to the reduction of the supported metal species, the
Al203 support, or both. Leading to changes in the polarization and energy-dissipation
mechanisms. Nevertheless, further characterization (e.g., XPS, XRD, TPR) would be
required to confirm or rule out this hypothesis.

It is worth noting that the near-zero or slightly negative € and tan & values observed for
some samples at 150-200 °C are likely within the experimental or calibration uncertainty
and should not be interpreted as physically negative dielectric losses. Moreover, the €’
values cannot be classified as high or favourable without direct comparison with the
corresponding untreated Al203 support, which would allow the contribution of the supported
species to the dielectric response to be distinguished from that of the support itself. This
comparative study is currently ongoing.

The main limitation identified during the electrical characterization was poor electrode-
pellet contact, which is particularly critical at high frequencies. This issue appears to be
largely related to the surface finish of the pellets: they must be highly flat and uniform,
but these materials tend to delaminate or flake at the surface. Consequently, the
measurements are affected by two main sources of uncertainty:

e Parasitic effects caused by imperfect electrical contact, which become more
significant at elevated temperatures.

e The effective sample volume includes both the pellet and air gaps, introducing
substantial uncertainty into the quantitative determination of permittivity.

Although the measured permittivity values are likely correct in terms of order of magnitude,
their absolute values should be regarded as estimates. In contrast, parameters such as the
dielectric loss, expressed as 0 or tan 8, may be more reliable because they are not directly
dependent on the sample thickness.

The pellets also exhibited irreversible changes upon heating, possibly associated with
thermal degradation or structural evolution. Measurement quality at the frequency of
interest, 2.45 GHz, deteriorated significantly above approximately 200-210 °C; therefore,
data acquired above this temperature were discarded. In addition, an artificial resonance
was observed at approximately 1.8 GHz. Although it does not directly affect the
measurements at 2.45 GHz, it introduces an artefact in the three-dimensional frequency-
temperature plots.

Although the results are promising, further work is required to establish a robust and
reproducible methodology and understand the NP behaviour at different temperatures that
enables reliable comparison between the different nanoparticle systems.

3.3 Interaction of MO-NPs with MWs

3.3.1 Microwave Experimental Setups

MW-heating experiments were performed using a Sairem monomode microwave system
operating at 2.45 GHz. The set-up consists of a GMS450 solid-state microwave generator
(maximum output power 450 W), a TEo1 monomode cavity, an AI3S manual three-stub
impedance tuner, a manually adjustable sliding short circuit for resonance tuning, a T-
control unit, an Optris CT 3M infrared pyrometer and an external cooling system (Figure
3.7).
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All experiments were performed in batch mode using quartz reactors. Temperature,
incident and reflected MW power were continuously monitored throughout each
experiment. The monomode configuration allowed control of the applied power and
monitoring of the incident and reflected microwave powers. Because impedance matching
was adjusted manually, operator intervention may have contributed to the run-to-run
variability.

Temperature was measured using an Optris CT 3M infrared pyrometer operating between
150 and 1000 °C. Consequently, temperatures below 150 °C could not be recorded. The
apparent plateau observed at approximately 150 °C in several heating profiles therefore
reflects the lower detection limit of the pyrometer rather than an actual isothermal stage.

Figure 3.7 Sairem monomode microwave system used for the heating experiments at i-CLeHS.

In parallel, experiments were carried out also at CICe facility using the experimental setup
reported in Figures 3.8 and 3.9.

The experiments were carried out in a quartz reactor with a diameter of the reaction
chamber of 0.5 cm (Figure 3.8, left). At the top, there are three openings with screw
threads to be able to connect sensors or pipes. The reactor is custom-made and was
commissioned by Jonatan Perez ( ).

In previous experiments, problems with sudden, uncontrollable temperature spikes
occurred, that lead to damages (e.g. melting) of normal glass reactors. Compared to glass,
quartz has a higher stability and heat resistance. At the same time, it is transparent to
microwaves.

The reaction setup consists of a microwave generator that generates monomodal
microwaves at a frequency of 2.45 GHz which are directed to the reaction chamber. On
the other side of the system there is a piston to adjust the wavelength of the microwaves.
The piston can be moved manually, and the system also has an automatic control system
to minimize the reflected power of the sample. The reactor held by a clamp is placed in the
reaction chamber so that the sample is in the center. This is important to ensure that the
sample receives the microwaves properly. At the same time, the reactor needs to be
correctly placed in front of the pyrometer for accurate temperature measurement. Since
the pyrometer measures radiation, it can only measure the surface temperature. For these
experiments, a thermocouple inside the reactor could pose a risk for hotspot formation.
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Figure 3.8 Setup from the company Sairem available at the partner CICe Left: quartz tube reactor
used to carry out the experiment. Right: detail of the reactor introduced in the center of the chamber.

Reaction Chamber with

Temperature Sensor L SONONN
(Pyrometer) I \
.

Figure 3.9 Overview of the experimental setup from the company Sairem available at the partner
CICe showing: the reaction chamber, equipped with a pyrometer placed in the back of the reaction
chamber for the measurement of the temperature, the connection to an argon line equipped with a
flow meter to ensure an inert atmosphere. At the outlet, there are a voltage-based hydrogen and an
oxygen sensors. This set-up was used for the MW-induced cracking reactions of polyethylene and for
studying the interaction of MWs with commercial NPs.
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The reactor is connected to an argon pipe to create an inert reaction atmosphere. The
outlet is connected to both hydrogen and an oxygen sensor in series. Both sensors measure
an electric potential.

The whole setup is positioned inside a fume hood. The quartz reactors do not withstand
high pressures, so the experiments are carried out in an open system to avoid any pressure
building up. During the whole experiment, argon is flowing through the reactor. Any gases
that might be formed during the reaction are transported to the sensors and out of the
system by the flowing argon.

3.3.2 Behaviour of the commercial NPs under MW irradiation

In a first instance commercial particles were used to establish a protocol for the analysis.
All nanoparticles (NPs) were purchased from Nanograph. They were dried at 105 °C under
10 mbar overnight prior to use. Table 3.9 reports the material, their size and shape.

Table 3.9. Overview of the commercial particles (Nanograph) studied within these experiments

Manganese oxide Mn203 28 nm Spherical
Iron Oxide, _ .
hematite o-Fe203 28 nm Spherical
Iron Oxide, _ _
magnetite Fes04
Cobalt Oxide Co304 8-28 nm -
Nickel Oxide NiO 8-18 Spherical
Copper Oxide CuO 15-45 nm Spherical

The behaviour of the commercial nanoparticles (NPs) under microwave (MW) irradiation
was evaluated using a procedure comprising the following stages:

Step 1 (Initial low-power): 1.5 g of NPs were irradiated for 1 h at a constant power of
15 W to characterise their initial response under moderate irradiation conditions.

Step 2 (Stepwise power-increase): After step 1, irradiation was initiated at 25 W for
15 min. The power was then increased in 25 W increments, with each power maintained
for 15 min until hot spots were observed.

Step 3 (Low-power stage): In some experiments, a third step was included to determine
whether hot-spot formation altered the subsequent activity of the NPs. For this purpose,
the samples were irradiated again for 1 h at 15 W, and their response was compared with
that observed during the initial stage.

These experiments aimed to determine how the nature of the metal influences its
interaction with MWs, with particular emphasis on its ability to absorb energy, generate
localised heating, and form hot spots. The typical power profile applied is shown in Figure
3.10.
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Figure 3.10 Power profile used to characterise the commercial NPs using the experimental set-up
reported in Figures 3.7-3.9.

Step 1: Study of the NPs behavior under low-power irradiation (15 W; 1 h)

Under microwave irradiation at 15 W, the NPs exhibited the following order of microwave
absorption (see Table 3.10): Mn203 = NiO > CuO > Fe304 > C0304 > Fe203. This order was
consistent with the maximum temperatures reached by the different NPs (Table 3.10). The
NPs exhibiting the greatest microwave absorption also attained the highest temperatures,
confirming a direct relationship between energy absorption and heating performance under
the applied conditions.

All NPs samples reached a temperature plateau within the first 0.5 h of irradiation. Although
the NiO and Mn203 NPs reached similar maximum temperatures, the NiO NPs reached the
plateau more rapidly than the Mn203 NPs, indicating a faster initial heating response.

Table 3.10: Temperature, time to reach maximum temperature, absorbed power % and
reflected power at 15 W after 15 minutes for the commercial NPs.

com o cmines Temperature Time Absorbed Reflected ‘
(°C) (min) (%) (W)

Mn203 216-244 26-35 80-86.7 2-3
a-Fe203 50 7 33.3 10
Fe304 180 14 66.7 5
Co304 53-54 14-17 40 9
NiO 195-219 8 80-86.7 2-3
CuO 142-176 25-30 53.3-73.3 4-7

Overall, the NiO and Mn203 NPs showed the strongest response to microwave irradiation
and were therefore identified as the most microwave-active materials. In contrast, the
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Co304 and Fe203 NPs exhibited the weakest response and were considered the least
microwave-active systems under these experimental conditions.

Step 2: Study stepwise-power increase

During the stepwise power-increase step according to Figure 3.10, all NPs the onset of hot-
spot formation, was accompanied by a pronounced increase in temperature (Table 3.11).
Most NPs developed hot spots at 50 W, indicating efficient coupling with the microwave
field. NiO and Fe203 exhibited different responses and therefore are exceptions to this
general trend. NiO NPs showed the strongest response at low applied power, with hot-spot
formation already observed at 25 W. By contrast, Fe203 NP required an applied power of
up to 200 W before hot spots and a significant increase in temperature were observed.

Consistent with the results obtained during the initial 15 W irradiation stage, the Mn- and
Ni-based NPs exhibited the highest microwave activity. Fe203 NPs showed the weakest
response, as they required higher applied power to induce significant localised heating.

Table 3.11 Applied power, reflected power, and the time to observe a temperature increase
in the stepwise power study.

Commercial Nps Forward  Reflected ‘ Absorbed = Time
(W) (W) (%) (min)

Mn203 50 8-13 74-84 5-9

a-Fe20s3 200 24 88 10

Fe304 50 12 76 1

Co304 50 12-20 60-76 3-9

NiO 25 5 80 6-9

CuO 50-75 18-27 64 1-4

Step 3: Effect of hot-spot formation on the subsequent microwave response

To determine whether hot-spot formation influenced the subsequent behaviour of the NPs
under microwave irradiation, Fe203, Co304 and NiO were selected for a third step. This step
reproduced the conditions of the Step 1, applying 15 W of power (Figure 3.10).

For Fe203, an evident difference was observed between the first and third steps (Figure
3.11). During step 1, the maximum reflected power was 10 W out of the 15 W applied,
corresponding to an absorbed power of approximately 33%. Under these conditions, the
sample reached a maximum temperature of 49 °C. After hot-spot formation, reapplication
of 15 W reduced the reflected power to 4 W, corresponding to an absorbed power of
approximately 73%. This substantial increase in microwave absorption was accompanied
by an increase in the maximum temperature up to 202 °C. These results demonstrate that
hot-spot formation induced a pronounced and persistent increase in the microwave activity
of the Fe203 NPs. This change may have resulted from a phase change occurring in the
material during the MW-irradiation due to the localised heating of the powder (Figure 3.11).
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Figure 3.11 The behaviour of temperature and reflected power for Fe203 nanoparticles in Steps 1
and 3.

Co304 exhibited similar behaviour (Figure 3.12). During step 1, the sample reached a
maximum temperature of 53 °C and exhibited a reflected power of 9 W, corresponding to
a maximum absorbed power of 40%. In step 3, following hot-spot formation, the maximum
temperature increased to 190 °C, while the reflected power decreased to 4 W. The
corresponding absorbed power therefore increased to approximately 73%. As observed for
Fe203, these findings indicate that hot-spot formation enhanced the subsequent microwave
response of Co30a4. Also in this case, this behaviour may also be associated with a phase
change occurring during the MW irradiation (Figure 3.12).

Co,0, nanograp_1 Co,0, nanograp_3

- Foward Powse = Lo
2004 | - Refiactad Power ]

Temperature (*C)
Temperature (*C)
Power (W)
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Figure 3.12 Temperature and reflected power for Co304 nanoparticles in Steps 1 and 3.

In contrast, NiO NPs showed no appreciable difference between the first and third steps
(Figure 3.13). Similar values of the maximum temperature, and of the reflected power and
absorbed-power % were obtained before and after hot-spot formation. Hot-spot formation
therefore did not produce a persistent change in the microwave response of NiO under the
conditions investigated. The contrasting behaviour of NiO, Fe203 and Cos304 is an
interesting effect and will be further corroborated through X-ray diffraction. These results
set the basis for studying the behaviour of the catalysts developed within the project upon
irradiation with MWs.
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Figure 3.13 Temperature and reflected power for NiO nanoparticles in Steps 1 and 3.

3.3.3 Behaviour of the WASTE2H?Z2 catalysts under MW irradiation

In light of the results obtained with the commercial particles reported in the previous
paragraph, it was interesting to test the solids developed within this project under similar
experimental conditions. Table 3.12 shows an overview of the materials that were
investigated.

The metal oxide catalysts are supported on Al203 with a loading of 7 wt-%. Synthesis was
carried out in Ethanol at a pH of 9.5. The material was then calcined at 400°C (Experiments
Series 1, pure MNPs) and 450°C (Experiment Series 2, ratio 1:1 (MNPs: PE), respectively.
The MNPs tested are based on the elements : Copper (Cu), Cobalt (Co), Manganese (Mn),
Nickel (Ni) and Iron (Fe).

For more details on synthesis, material composition, particle size of the samples, please
consult the Tables 3.2-3.6 or ask Mahnoor Riaz ( ).

For the experiments, 330 mg of the respective MNPs are directly weighed and loaded into
the reactor (Figure.3.8 and 3.9). The forwarded power is set to 20 W and increased up to
50 W in steps of 10 W. At each step, the forwarded power remains unchanged for 15
minutes while the temperature change is observed.

Table 3.12 Experiments carried out in the Sairem microwave setup (Figure 3.8 and 3.9). In these
experiments, 330 mg of each catalyst were filled into the reactor. The synthesis of the catalysts was
carried out in ethanol at a pH of 9.5.

Internal Metal Theoretical Calcination
Identification Code oxide/Al203 Loading (%) Tempreature
MR042 CuO 7% 400°C
MR046 Co304 7% 400°C
MRO0O50 Mn203+Mn0O2 7% 400°C
MR033 NiO 7% 400°C
MR031 Fe203 7% 400°C
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In the first series of experiments, the pure catalysts are subjected to microwave irradiation
at different power levels. Table 3.13 shows the maximum temperature reached for each
catalyst at each power level and the temperature after 15 minutes. After each increase in
the forwarded power, all materials display an increase in temperature. Notably, after the
initial increase, the temperature drops again and seems to stabilize around a certain level.
This behaviour is observed in all materials. In case of manganese, due to safety precautions
the forwarded power is only increased to 40 W, since the temperature already rises to a
very high level.

Table 3.13 Experiments Series 1 (pure catalyst): Maximum temperature reached (Tmax) and
temperatures reached after 15 minutes (Tis) at 30, 40 and 50 W of forwarded power.

Internal Metal 30 W 40 W 50 w
Identification oxide/AI203 Tmax Tis Tmax Tis Tmax Tis
Code

MR042 CuO 344°C | 322°C | 392°C | 369°C | 424°C | 392°C
MR046 Co304 350°C | 327°C | 394°C | 359°C | 418°C | 383°C
MRO50 Mn203+Mn0O2 | 415°C | 388°C | 457°C | 429°C | - -
MRO033 NiO 98°C 83°C 346°C | 318°C | 385°C | 334°C
MRO31 Fe203 379°C | 365°C | 422°C | 404°C | 455°C | 431°C

In general, the catalyst containing manganese displays the highest temperature levels at
each forwarded power, followed by iron. The temperatures reached by copper and cobalt
are quite close to each other, with a maximum difference of 10°C, confirming the trend
observed in the measurements of the tan(s) reported in Figure 3.6. Nickel reaches the
lowest temperature at each level of forwarded power.

For all materials, a small amount of oxygen is detected after each temperature increase.
For the Fe- and Ni-catalysts, the signal is a lot smaller than for the Cu-, Co- and Mn-
catalysts. It has to be further investigated if this behaviour stems from the catalyst or from
the support material itself.

For further information, the forwarded and reflected power, the temperature as well as the
signal of the oxygen sensor are plotted over time, as shown in Figures S1, S2, S3, S4 and
S5 in the appendix.

The data reveal an interesting result when compared to similar measurements conducted
with commercially available structured nanomaterials. Namely, for the NiO/Al.03, a strong
restructuring occurs, as evident from the XRD pattern in Figure 3.14 even though the
maximum temperature upon MW irradiation attained low values (96°C, Table 3.13). This
material was evaluated by an independent measurement carried out by Romain Torlotin at
i-CLeSh ( ) using the Sairem device shown in Figure
3.7.

For these measurements, 500 mg of 15 wt.% NiO/Al203 sample synthesized by aqueous
impregnation route and calcined at 550 °C was used. The powder was irradiated at 450 W.
This power irradiation was selected because preliminary experiments indicated that 100 W
was insufficient to heat the catalyst beyond approximately 150 °C under the selected
conditions. Consequently, the maximum applied MW power was increased to 450 W. The
temperature profiles obtained during three successive MW-heating cycles making use of
the same initial powder are presented in Figure 3.14, together with the corresponding
times required to reach 300 °C.
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Figure 3.14 Temperature profiles recorded during three successive heating cycles on the same 500
mg sample of 15 wt.% NiO/Al203 at 450 W. Times required to reach 300 °C: Cycle 1 = 164 s; Cycle
2 =156 s; Cycle 3 = 104 s.

Cycles 1 and 2 showed similar heating behaviour, reaching 300 °C in 164 and 156 s,
respectively, whereas Cycle 3 reached 300 °C considerably faster, in 104 s. This suggests
that the NiO/Al203 sample undergoes substantial restructuring upon the first two heating
cycles and this, in turn, produces a material with stronger MW absorbing ability than the
original solid. The occurrence of a phase change is confirmed by the XRD analysis through
a comparison of the solids before and after microwave irradiation (Figure 3.15). The
appearance of new peaks at 19 °, 31.7 ° and 60.3 ° 20 suggests the formation of the
NiAl204 phase. Additional characterization of the solids are necessary to confirm this result.
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Figure 3.15 XRD pattern of the NiO/Al,O3 after Cycle 3 in Figure 3.15 (MW Power 450 W, time 104
s). The pattern is compared with the pristine as-synthesized material. The peaks of alumina are
indicated with A, NiO peaks are visible at 43.6 °, 63.15 °, and 75.5 © 20 (COD: 96-101-0094). New
peaks appear upon irradiation at 19 ©, 31.7 © and 60.3 ° 26, that are compatible with a NiAl,O4 phase
(COD:96-900-1437).
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3.4 Interaction of MWs in the presence of polymer polyethylene

In this series of experiments, the same metal oxide nanoparticles reported in Table 3.12
were used, the only difference is that these materials were calcined at 450°C. The reactant
for the cracking reactions was polyethylene (PE) powder with a weight average molecular
weight of Mw = 4000 g/mol, purchased from Sigma-Aldrich. The material was sieved and
the fraction of 100-200 pm was used for this study.

For the experiments, a uniform mixture of the MNPs and the PE powder has to be ensured.
Thus, 180 mg of MNPs and 180 mg of PE powder are weighed into a glass vial with a
volume of 5 ml. The vial is then closed and shaken by hand for one minute (or until the
powder mixture appears homogenous to the naked eye). Afterwards, 330 mg of the 1:1
powder mixture are weighed and loaded into the reactor.

The sample was subjected to microwave irradiation at different power levels. In this case,
the forwarded power ranges from 20 to 120 W. Because there is more microwave-inactive
material (polyethylene) present, the forwarded power and the increase with each step are
larger. The maximum temperature reached within each step and the temperature after 15
minutes are presented in Table 3.14.

Table 3.14 Cracking experiments carried out using a 1:1 mass ratio of PE and catalyst: maximum
temperature reached (Tmax) and temperatures reached after 15 minutes (Tis) at increasing levels of
forwarded power (20 W - 120 W).

Internal 20W 100W 120W

Identification | Tmax Tmax T15 Tmax Tis
Code
MRO042 95 85 168 | 159 | 212 | 78 92 90 90 101 | 101

MRO046 97 71 | 101 |82 |211 |86 |98 91°C | 109 | 104 | 420 | -
MRO050 106 |65 | 168 | 143|203 | 103 | 117 | 111 | 121 | 117 | 369 | -
MRO33 104 | 104 | 508 | - - - - - - - - -
MRO031 105 [ 81 | 182 | 131|188 | 150 | 233 | 202 | 395 | - - -

In general, the temperature levels that can be reached at each power level are significantly
lower than for the pure catalysts. At 60 W, the Cu-, Co- and Mn-Catalysts show a strong
increase in temperature, which is followed by a strong decrease in temperature. In all
cases, the temperature after 15 minutes drops to a lower level than the maximum
temperature of the mixture at 20 W of forwarded power. For example, the mixture with
the cobalt catalyst reaches 97 °C at 20 W, but after 15 minutes at 60 W, the measured
temperature is only 86 °C.

In all experiments, a hotspot formed at a certain point. This is characterized by a sudden
increase in temperature, strong smoke formation, and in some cases, glowing of the
reactor. Once this happened, the reaction was stopped by setting the forwarded power to
0 W. In all cases, the hotspot formation was followed by a detection of hydrogen in the
hydrogen sensor. At no point in time during the reaction, oxygen was detected. For Co, Cu
and Mn, the hotspot occurred at 120 W of forwarded power. For Fe, it formed at 100 W
and for Ni at 40 W. The maximum temperatures reached are not characteristic, since the
experiment is stopped manually once the hotspot is observed by the researcher and the
maximum temperature reached or detected strongly depends on the reaction time.
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For further information, the forwarded and reflected power, the temperature as well as the
signals of the hydrogen and oxygen sensors are plotted over time, as shown in Figures S6,
S7, S8, S9 and S10 in the Appendix.

In all cracking reactions, a significant weight loss was observed, as presented in Table
3.15. It is attributed to the formation of gaseous cracking products, of which a certain
fraction might be liquid at ambient temperature. Due to the sudden rise in temperature
during hotspot formation, the substances evaporate and are flushed out of the reactor with
the argon stream.

Half of each reaction mixture consists of the catalytic material, which is not leaving the
reactor. Additionally, during the cracking reaction, coke is forming, which is deposited on
the catalyst and also does not leave the reactor, so the observed weight losses are
significant.

Table 3.15 Weight loss of the content of the reactor after the cracking reaction with each catalyst.

Internal Identification Metal oxide/Al203 Weight loss
Code %

MR042-450 CuO 32.93%
MR046-450 Co304 27.19%
MR050-450 Mn203+Mn0O2 30.30%
MR033-450 NiO 34.24%
MR031-450 o-Fe203 26.97%

3.5 Interaction of MO-NPs with MW in the presence of ILs

In the previous paragraphs, we have reported the study carried out either on the pristine
solid alone or embedded in the polymer matrix. In the current session, we will investigate
the behaviour of the solids in the presence of ILs.

3.5.1 Experiments in the presence of ILs

In ILs, ionic conduction provides an additional, and often dominant, mechanism for MW
energy dissipation, making these media particularly attractive for MW-assisted catalytic
processes.

The objectives of the present part of the work were:

1. to determine whether the addition of 5 wt.% catalyst modifies the MW-heating
behaviour of ILs;

2. to investigate whether the addition of small amounts of IL enhances MW heating in
catalyst-rich systems. Therefore, two kinds of experiments were carried out, the catalyst
dominant experiment, where small amount of ILs were added to the catalyst, and one IL
dominant experiments where the catalyst was added to the IL. The two configurations were
complementary: the IL-dominant experiments examined the influence of catalyst addition
on the heating of the ILs, whereas the catalyst-dominant experiments examined the
influence of IL loading on the heating of the catalyst-rich system.

3.5.2 Catalyst-dominant experiments

Catalyst-dominant experiments were carried out using a 500 mg sample of 15 wt.%
NiO/AlLO; prepared by the aqueous impregnation route and calcined at 550 °C. Preliminary
experiments indicated that 100 W was insufficient to heat the catalyst beyond
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approximately 150 °C under the selected conditions. Consequently, the maximum applied
MW power was increased to 450 W.

Two complementary studies were conducted. The first investigated the influence of three
successive MW-heating cycles on the same catalyst sample. The results of these
experiments have been described in Figure 3.14. The second evaluated the effect of adding
[TBTDP][DBS] at nominal loadings of 0, 5 and 10 wt.%. The corresponding experimental
conditions are summarised in Table 3.16.

3.5.3 IL-dominant screening

In this configuration, a 3 g sample of IL was irradiated at a maximum applied MW power
of 100 W until a target temperature of 300 °C was reached. For each catalyst, two
independent experiments were performed: one using a freshly prepared pure IL sample
and another using an independently prepared sample containing 3 g of the same IL and 5
wt.% catalyst. A new sample was prepared for each experiment, and catalysts were never
added to previously irradiated ILs (Table 3.16).

The principal comparison criterion was the time required to reach 300 °C. Individual
repetitions are reported separately rather than averaged because the number of repetitions
differed between conditions and the observed variability itself constitutes an important
outcome of the study.

Table 3.16 Summary of the experimental conditions used in the two configurations.

IL-dominant Catalyst-dominant
Parameter A h
screening experiments
500 mg 15 wt.% NiO/Al20s3,
Sample 391L water route, calcined at 550 °C
Additive 5 wt.% catalyst [TBTDP][DBS] at 0, 5 and 10
wt.%
Max applied power 100 W 450 W
Target temperature 300 °C
Frequency / cavity 2.45 GHz, TEo1 monomode
Operating mode Batch, quartz glassware
Cqmp_arlson Time required to reach 300 °C
criterion

3.5.4 Selection of ILs

Five ILs were selected because their dielectric properties had previously been characterised
at i-CLeHS, enabling the present heating observations to be interpreted in relation to the
previously reported dielectric behaviour.

The numbering and abbreviations follow those of the previous study. [TBTDP][DBS] was
selected as the reference IL owing to its favourable MW-heating characteristics. Although
[TBMA][NTf2] was initially included in the experimental plan, it had not yet been
investigated at the time of writing. Consequently, the present report focuses on
[TBMP][DBS], [TBTDP][DBS], [THTDP][NTf2] and [TPP][NTf2] (Table 3.17).

The selected compounds span different cation and anion families and therefore provide a
chemically diverse set for exploratory comparison.
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3.5.5 Selection of the catalysts

24 catalysts were available at i-CLeHS and 8 of those were selected for MW screening at i-
CLeHS based on metal-family diversity, material availability and sufficient quantities for
the planned experiments (Table 3.17).

All catalysts were supported on alumina (»~Al203), allowing the influence of the active metal

phase to be investigated while maintaining a common support.

The selected catalysts cover several transition-metal families and two preparation routes
while retaining y~Al203 as a common support.

The time required to reach 300 °C for the pure ILs and their corresponding IL-catalyst
mixtures are summarised in h’able 3.19. Individual repetitions are reported separately in
order to illustrate the experimental variability observed under each condition.
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Table 3.18 Catalysts selected and tested for the MW-study. The support was Al20s.

Internal gi,zr;tlflcatlon Metal Oxide/Al203 Lo(aozl)ng So;\‘l,i:;:sfi:he
MR34 o-Fe203 15% Water
MR35 o-Fe203 15% Ethanol
MR86 NiO 15% Water
MR85 NiO 15% Ethanol
MR40 CuO 7% Water
MR46 Co0304 7% Ethanol
MR44 Co0304 7% Water
MR48 MnO2 + Mn203 7% Water

3.5.6 Influence of the IL loading

The influence of IL loading on the MW heating of the catalyst-rich system was investigated
using nominal [TBTDP][DBS] loadings of 0, 5 and 10 wt.%. The corresponding heating
profiles are shown in Figure 3.16. The experiments performed without IL and with 5 wt.%
[TBTDP][DBS] gave almost identical heating times (164 and 165 s, respectively). The
experiment performed with 10 wt.% [TBTDP][DBS] reached 300 °C considerably faster (50
s) than the experiments performed at 0 and 5 wt.%. This result suggests that
[TBTDP][DBS] loading may influence the heating response of the catalyst-rich system, but
additional repetitions are required before a general conclusion can be drawn. The 10 wt.%
system also showed larger temperature oscillations after the target temperature had been
reached than the 0 and 5 wt.% systems; the origin of this behaviour remains for the time
being undetermined.

Temperature (°C)

—— 0 wt.% [TETDP][DBS)
—— 5 wt.% [TBTDP][DBS]
— 10 wt.% [TBTDPJ[DBS]

o 50 100 150 200 250 300
Time (s)

Figure 3.16 Temperature profiles recorded for 500 mg of 15 wt.% NiO/Al203 at 450 W with nominal
[TBTDP][DBS] loadings of 0, 5 and 10 wt.%. Times required to reach 300 °C: 0 wt.% = 164 s; 5
wt.% = 165 s; 10 wt.% = 50 s.

3.5.7 Influence of catalyst addition on the IL heating

The time required to reach 300 °C for the pure ILs and their corresponding IL-catalyst
mixtures are summarised in Table 3.19. Individual repetitions are reported separately in
order to illustrate the experimental variability observed under each condition.
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Table 3.19. Time required to reach 300 °C (s) for 3 g of IL containing 5 wt.% catalyst at a maximum
applied MW power of 100 W. Individual repetitions are separated by slashes; “-" indicates that the
experiment is planned, but was not performed.

Code Catalyst | [TBMP][DBS] [TBTDP][DBS] [THTDP][NTfz] [TPP][NTf2]
Pure IL 72/68/74 | 76/73/77 55/74/66 | 62/64/68
MR34 | 15%Fe_Wat 72 75/ 80 65/ 64 71/ 65
MR35 | 15%Fe_Eth 74 - - -
MR86 (lvizzg'r')—“zm 70 74 72 63
15%Ni_Al20
MR85 (ethanol) ’ 69 - - -
MR40 | 7%Cu0_Wat 71 80 66 65
MR46 | 7%Co0_Eth 65 - - -
MR44 | 7%Co0_Wat 62/ 64 77 71 76
MR48 | 7%Mn0O_Wat 64 75 68 69

The variability observed between repeated measurements of the pure ILs was comparable
to the differences measured after catalyst addition. None of the catalysts reduced the
heating time for all ILs investigated, so any apparent improvement should be interpreted
with caution unless confirmed by additional repetitions.

A representative pair of heating profiles obtained for [THTDP][NTf2] containing
7%Co0_Wat (MR44) at a maximum applied MW power of 100 W is shown in Figure 3.17.
The temperature profile (Figure 3.17a) illustrates the heating behaviour typically observed
in this study, while the corresponding incident and reflected MW powers (Figure 3.17b)
show the manual adjustment of MW power during the experiment. The incident power was
maintained close to the maximum value during the heating stage before being
progressively reduced as the target temperature was approached, whereas the reflected
power varied continuously during the run.

(a) Temperature profile (b) Incident and reflected microwave power
—— Incident power

300 °C 100 ~ Reflected power

80
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Temperature (°C)
Microwave power (W)

20

0 50 100 150 200 250 300 o 50 100 150 200 250 300
Time (s) Time (s)

Figure 3.17 Representative (a) temperature profile and (b) incident and reflected MW power
recorded for [THTDP][NTf2] containing 7%Co0O_Wat (MR44) at a maximum applied MW power of 100
W.

The variations in reflected power are consistent with changes in microwave coupling during
heating. Because impedance matching was adjusted manually during each experiment,
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operator intervention may also have contributed to part of the run-to-run variability
reported in Table 3.18

Several observations can be drawn from the results reported in Table 3.19.

First, variability was already observed among repeated measurements of the pure ILs. For
[THTDP][NTf.], for example, the heating time ranged from 55 to 74 s. This variability
defines the baseline against which any catalyst-induced effect must be evaluated. Second,
none of the investigated catalysts reduced the heating time for all ILs. Although the cobalt-
and manganese-based catalysts gave shorter heating times for [TBMP][DBS], this
behaviour is not reproduced for [TBTDP][DBS], [THTDP][NTf.] or [TPP][NTf.]. These
observations indicate that any apparent improvement depends on the IL investigated and
cannot be attributed to the catalyst alone. Third, the differences between the pure ILs and
the catalyst-containing samples remained comparable to the overall experimental
variability. Because MW coupling and power delivery required manual adjustment during
each experiment, manual impedance tuning is considered a likely contributor to this
variability. Consequently, the present results do not allow the observed differences to be
attributed to a genuine catalyst effect. Additional repetitions under improved control
conditions will be required to resolve differences of this magnitude.

Overall, under the investigated conditions (3 g IL, 5 wt.% catalyst and 100 W maximum
applied MW power), catalyst addition did not produce a systematic or clearly
distinguishable enhancement of MW heating. This observation is specific to the operating
conditions investigated and does not exclude the possibility of catalyst effects at higher
catalyst loadings or under different MW operating conditions.
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4 . CONCLUSIONS

In this deliverable the synthesis of various mono- and bimetallic metal oxides deposited
on alumina and ceria supports have been reported. The metal considered were Fe, Ni, Cu,
Co and Mn, their bimetallic combinations were Fe/Ni, Fe/Cu, Ni/Cu, Fe/Co. The solvent of
the synthesis, the metal loading, the calcination temperature and atmosphere were
systematically varied. The samples were characterised by ICP-OES, XRD, nitrogen
sorption, and transmission electron microscopy. For the bimetallic systems, the samples
resulted to be a mixture of the corresponding metal oxides.

For a selected number of samples, the dielectric properties were measured, and preliminary
values of the tan(8) were retrieved. The behaviour of the synthesized materials under MW
irradiation was investigated through: a) the pristine solid was solely exposed; b) the solid
was mixed with polyethylene, promoting polymer cracking; c) the solid was irradiated in
the presence of ILs. For the conditions in c), the IL was either the main component or was
added in small aliquots to the metal oxide material.

The study of pristine solids under MW irradiation made use of a method consisting of a
stepwise increase of the MW power and was developed using commercial particles. Our
results show that when the particles are exposed to MWs alone or in the presence of non-
absorbing matrix such as the polymer PE, they are able to absorb MWs and effectively
increase the temperature of the reaction mixture. Under these experimental conditions, a
change of the crystalline phase for some materials was observed.

However, in the presence of various ILs the contribution of the metal oxide particles to the
global increase of temperature was negligible, indicating that under the experimental
conditions investigated within this study, and mimicking the experimental conditions of our
catalytic tests, the conduction mechanism is dominant in establishing the temperature of
the reaction mixture.
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5 APPENDIX

Experiment series 1 - Pure catalyst under MW irradiation

MRO42 - 400 (7% Cu on AlOx) : PE4K 200-100, 1:1, thin quartz tube
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Figure S1. Temperature (°C), forwarded and reflected power (W) shown together with the signal of
the O2-sensors for MR042-450 (Cu-catalyst) under microwave irradiation.

MRO46 - 400 (7% Co on AlOx) : PE4K 200-100, 1:1, thin quartz tube
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Figure S2. Temperature (°C), forwarded and reflected power (W) shown together with the signal of
the O2-sensor for MR046-450 (Co-catalyst) under microwave irradiation.
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MROS0 - 400 (7% Mn on AlOx) : PE4K 200-100, 1:1, thin gquartz tube
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Figure S3. Temperature (°C), forwarded and reflected power (W) shown together with the signal of
the O2-sensor for MR0O50-450 (Mn-catalyst) under microwave irradiation.
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MRO33 - 400 (7% Ni on AlOx) : PE4K 200-100, 1:1, thin quartz tube
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Figure S4. Temperature (°C), forwarded and reflected power (W) shown together with the signals
of the O2-sensor for MR033-450 (Ni-catalyst) under microwave irradiation.
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no 1D - 400 (7% Fe on AlOx) : PE4AK 200-100, 1:1, thin quartz tube
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Figure S5. Temperature (°C), forwarded and reflected power (W) shown together with the signals
of the O2-sensor for the Fe-catalyst (calcined at 400°C) under microwave irradiation.

Experiment series 2 — Cracking experiments

MRO042-450 (7% Cu on AlOx) : PE4K 200-100, 1:1, thin quartz tube
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Figure S6. Temperature (°C), forwarded and reflected power (W) shown together with the signals
of the 02- and H2-sensors for the cracking reaction with MR042-450 (Cu-catalyst).
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MR046-450 (7% Co on AlOx) : PE4K 200-100, 1:1, thin quartz tube
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Figure S7. Temperature (°C), forwarded and reflected power (W) shown together with the signals
of the O2- and H2-sensors for the cracking reaction with MR046-450 (Co-catalyst).

MRO50-450 (7% Mn on AlOx) : PE4K 200-100, 1:1, thin quartz tube
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Figure S8. Temperature (°C), forwarded and reflected power (W) shown together with the signals
of the O2- and H2-sensors for the cracking reaction with MR050-450 (Mn-catalyst).
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MRO33 - 450 (7% Ni on AlOx) : PE4K 200-100, 1:1, thin quartz tube
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Figure S9. Temperature (°C), forwarded and reflected power (W) shown together with the signals
of the O2- and H2-sensors for the cracking reaction with MR033-450 (Ni-catalyst).
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Figure S10. Temperature (°C), forwarded and reflected power (W) shown together with the signals
of the H2- and O2-sensors for the cracking reaction with the Fe-catalyst, calcined at 450°C.
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