23YInternational Conference on Renewable Energies and Power Quality (ICREPQ’25)
Tenerife (Spain), 25to 27" June 2025
ISBN-13: 978-84-09-66511-2

Novel Electrified Thermal Hydrogen Production Approaches

Henok Atile Kibret, Javad Vahabzadeh PasikHasibdelrahnman I. HussdipMohammad
Khodabandehldo Fatemeh Vatankhahlaber Shabanidrand Jamal Chaoulid’

! Process Engineering Advanced Research Lab (PEARL), Department of Chemical Engineering, Polytechnique Montreal, P.

O. Box 6079, Station Centre-Ville, Montreal, Quebec, H3C 3A7 Canada
2 University Mohamed VI Polytechnique, Benguerir, Morocco
t Corresponding author: jamal.chaouki@polymtl.ca

Abstract. In this study, we investigated four advanced
electrification-based hydrogen {H production approaches,
including direct Joule heating-assisted steam methane;) (CH
reforming (DJH-SMR), microwave (MW) heating-assisted
chemical looping dry reforming of CH(MWH-CLDRM),
microwave heating-assisted ¢Hhermal pyrolysis (MWH-
MTP), and microwave heating-assisted low-density polyethylene
(MWH-LDPE) pyrolysis. In the DJH-SMR, we employed an
electrically conductive catalyst in a fluidized bed and achieved
96% CH, conversion with HCO ratio of over 3 (CO is the
carbon monoxide) at bulk temperaturgof 900°C and steam-to-
carbon molar ratio of 1. In the MWH-CLDRM, we leveraged
MW irradiations to selectively heat magnetite B8, achieved
97% CH, conversion at Jof 800°C in the fuel (reducer) reactor
with an H/CO ratio of 2, while suppressed coke formation. With
the MWH-MTP, we demonstrated 23% gEbnversion at J of
1065°C with 98% H selectivity, while capturing 90% of
produced solid carbon. The MWH-LDPE pyrolysis over an iron-
nickel-alumina catalyst at,Tyielded 72% H and 52% of carbon
nanotubes. Obtained results highlighted the DJH-SMR's potential
for Hy-rich streams, MWH-CLDRM's suitability for Fischer-
Tropsch applications, MWH-MTP's promise for CO-fre¢ H
production when powered by renewable electricity, and MWH-
LDPE pyrolysis's dual benefit of waste valorization angd H
generation. Each approach exhibits high performance and
scalability.

Key words. Electrified thermal hydrogen production,
direct Joule heating, microwave heating, methane
pyrolysis, chemical looping dry reforming of methane,
plastic waste pyrolysis.

1. Introduction

The transition toward sustainable energy systems hinges
on large-scale adoption of low-carbon technologies, while
hydrogen (H) plays a vital role in this transformation. As

a versatile energy carrier,lenables deep decarbonization
across hard-to-electrify sectors, such as chemical
manufacturing, steel production, and heavy transport.
However, current industrial-scale ,H production
approaches, in particular, steam methane,JCéforming

(SMR), remain carbon intensive. Industrial SMR plants
typically emit about 9-11 kg of carbon dioxide (g®er

kg of H, produced [1]. The CQemissions from the SMR
plants mainly arise from the combustion of fossil fuels to
provide the necessary heat, accounting for around 60% of
the total emissions. The remaining emissions are
produced from the chemical reactions involved, such as
the water-gas shift reaction to increase thepidduction

rate and the incomplete reforming of natural gas, which
undergoes secondary reactions or combustion, leading to
CO, emission. C® contributes to climate change by
trapping heat in the atmosphere, leading to global
warming, extreme weather, and ecosystem disruptions.
These challenges highlight the urgent need for more
sustainable Kproduction technologies.

Process electrification, especially through advanced
heating methods, such as Joule and microwave (MW)
heating, has emerged as a promising approach to
decrease CQemissions and process intensification [1,2].
Direct Joule heating (DJH) has a rapid, selective, and
volumetric heating nature when exposed to electrically
conductive materials, e.g., catalysts. By passing an
electric current through a bed of electrically conductive
catalysts, we can directly and uniformly heat the catalyst
bed. In the study by Wismann et al. [3], the authors
demonstrated DJH's effectiveness in SMR adopting a
nickel (Ni)-zirconia (ZrQ) catalyst coated on a metallic
felt substrate  (iron—chromium-aluminium tube),
achieving a promising CHconversion and Hyields.
However, development of electrically conductive
catalysts is crucial for a successful integration of DJH
into catalytic processes.

MW heating (MWH) has gained significant attention due
to its ability to rapidly, selectively, and volumetrically
heat catalysts and/or solidus/liquidous reactants with
appropriate electromagnetic properties [4]. These help
enhance energy efficiency and minimize heat losses
compared to conventional heating methods. Several
studies have explored application of MWH in catalytic
processes, including GHeforming [4—6]. In the study
by Fidalgo et al. [6], the authors reported that MWH-



assisted dry reforming of methane (MWH-DRM) withia
catalyst supported on activated carbon could impiGid,
conversion and decrease solid carbon deposition.
Likewise, in the study by Zhang et al. [5], the rers
observed over 90% CHand 95% C®conversion at 800

in MWH-DRM adopting a platinum (Pt)/alumina (&)
catalyst. These findings show the potential of MVt
process intensification in GHeforming. Recent advances
in MWH-assisted CH thermal pyrolysis (MWH-MTP)
have also demonstrated a significant potentialCios-free
H, production [7]. This process directly decomposé, C
into H, and solid carbon, eliminating G@missions when
powered by renewable electricity. The selectivetihga
capability of MWs creates unique temperature gradie
between solid and gas phases, enhancing both orer

efficiency and solid carbon capture compared to
conventional heating.
Plastic gasification and pyrolysis are alternative

sustainable approaches to produce circular Plastic
pyrolysis offers advantages over gasification fop H
production, including lower operating temperatures,
minimized CQ emissions, and production of valuable
byproducts, such as liquid hydrocarbons and sdaithan.
Plastic pyrolysis, coupled with heterogeneous ygttal
cracking, offers a more selective and controlleavernsion
approach compared to conventional thermal pyralysis
Although plastic catalytic pyrolysis effectively quuces
H,, its endothermic nature necessitates substanteigg
input, often resulting in massive G@missions [8]. The
catalytic pyrolysis of plastic waste, in particylar
polyethylene, has been explored to produce valuable
chemicals and fuels [8,9]. The incorporation kv
heating in pyrolysis has demonstrated potentiapfocess
intensification, enabling rapid and selective heatiof
feedstocks [8]. Catalysts play a key role in opting
product yields and selectivity, in particular, fel, and
aromatics, in plastic waste pyrolysis [9].

Advancing process electrification strategies, novel
catalytic materials, and process intensificationr fo
sustainable K production is critical in the transition to
cleaner energy and climate change mitigation. By
application of Joule anthw heating with catalytic CiH
reforming or thermal CH pyrolysis and plastic waste
pyrolysis, in this study, we aim at contributing te
development of more efficient and environmentally
friendly H, production approaches. Findings of this study
will offer valuable insights into the potential efectrified
CH, reforming and pyrolysis and plastic waste
valorization, paving the path for further innovaisoin this
field.

2. Experimental

We conducted DJH-assisted SMR (DJH-SMR) (Figure
1(@) and MWH-MTP (Figure 1(b)) experiments in
fluidized bed reactors (FBRs) to enhance heat andsm
transfer efficiencies. In the DJH-SMR, we developed
experimentally evaluated a direct Joule heated HBR1-
FBR) for SMR with a novel electrically conductive
Ni/molybdenum-carbide (M&)/Al,O; catalyst. We
synthesized the catalyst to combine high refornaictiyvity

of Ni, excellent electrical conductivity and coke
resistance of Mg, and mechanical stability and high
surface area of AD; support. For the reactor design, we
employed axially aligned electrodes, with electrica
current flowing through the fluidized catalyst béal
generate heat due to the bed electrical resistasgeer
the ohmic law. We investigated the reactors’ penfmmce
across a range of bulk temperaturg (700-900°C),
steam-to-carbon (S/C) ratios (1-3), and superfigias
velocities | (5-20 cm/s), with a focus on evaluating the
reactor performance, GHconversion, H yield, and
operational stability of DJH-SMR.

In MWH-MTP, we employed MW absorber silicon
carbide (SiC) particles in a FBR under MW irraciat

at 2.45 GHz, leveraging their dielectric propertigs
achieve T as high as 1065°C, while capturing solid
carbon deposits. We systematically studied thectffef

Tp (900-1065°C), residence time (0.5-1.5 s), andtinle
CH, concentration (20-50 mol.%) aty§5-15 cm/s) on
CH, conversion and H selectivity. We measured
temperature distributions in the FBR employing
pyrometers and thermocouples and assessed carbon
deposition via Raman spectroscopy and mass balahce

We performed MWH-assisted chemical looping dry
reforming of methane (MWH-CLDRM) in a fixed bed,
employing magnetite (R®,) as an oxygen carrier,
creating selective thermal gradients that promoted
reduction and oxidation (redox) reactions (see feigu
1(c)). We investigated the system's performancg, atf
650-800°C, varying Cldconcentrations (1.5-10 vol.%),
and different Chtto-solid ratios (2-27 crh
CH4/Gre304 Min), focusing on ClH conversion, HCO
ratio (CO is the carbon monoxide), carbon depasitio
prevention, and redox cycle stability [10]. Likewjsve
investigated MW heating-assisted low-density
polyethylene (MWH-LDPE) pyrolysis in a two-stage
fixed bed system (see Figure 1(d)). In the firagstwe
carried out thermal decomposition at 500°C, folldviy

a catalytic chemical vapor deposition (CVD) at 800°
SiC particles served as MW absorbers in the fitages
while an ALOs-supported iron-nickel (FeNi) catalyst
facilitated carbon nanotube (CNT) growth in the CVD
stage. The investigation focuses on LDPE, which
constitutes a major fraction (59 wt.%) of municigalid
waste. MW interaction with the deposited carbon
promotes selective heating due to its high dielectr
properties, accelerating the growth of CNTs. Weetds
various transition metal catalysts and performedylde
tests on spent catalyst beds to evaluate cataifstity.

We characterized the catalysts before and aftestioza
employing X-ray diffraction (XRD), scanning eleatro
microscopy with energy-dispersive X-ray spectroscop
(SEM/EDX), Raman spectroscopy, and X-ray
photoelectron spectroscopy (XPS) analysis. We etetl
performances of DJH-SMR, MWH-CLDRM, MWH-
MTP, and MWH-LDPE pyrolysis based on ¢knd
plastic conversions, product yields, Kelectivity, and
solid carbon formation, and compared to conventiona
heating to highlight the advantages of process
electrification. We also monitored product gases aby
Varian CP-4900 Micro Gas Chromatograph (GC).
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Fig.1. A schematic of (a) DJH-SMR, (b) MWH-MTP, (d)VH-CLDRM, and (d) MWH-LDPE pyrolysis.

3. Results and Discussion

We presented details of,iproduction through DJH-SMR,
MW-CLDRM, MW-MTP, and MW-LDPE pyrolysis and
their features in the following subsections.

3.1. DJH-SMR

DJH-FBR configuration allowed localized, uniform
heating of the catalyst particles overcoming thathtions

of external conventional heating (ECH) methods that
suffer from temperature gradients in the reactwfficient
heat transfer, and delayed response times. Ouiltgesu
prove that DJH-SMR consistently outperformed exkrn
conventional heated FBR (ECH-FBR) of SMR by over
10% CH, conversion across all testegd. For instance, at
T,=700°C, the measured Gldonversion in the DJH-SMR
matched the performance of ECH-SMR operated,atfT
800°C, confirming that higher catalyst solid tengiares

Ts created by DJH, enhanced reaction rates in DJH-SMR

The Ni/Mo,C/Al,O3 catalyst demonstrated its highest
activity at S/C molar ratio of 1, achieving up 699 CH,
conversion and a stable/@O0 ratio of ~3. The activity of
the produced catalyst was comparable to the coniaherc
Ni-based SMR catalysts at the same operating dondit
Operating DJH-SMR at S/C=1 significantly decreases
water and energy consumption, required for steam
generation. Specifically, decreasing the S/C rixton 3

to 1 decreases water usage by two-thirds and lothers
energy required for steam generation by approxipate
150kJ/mole of CH. This yields an overall energy
savings of 30-35%. In addition, the incorporatioh o
Mo,C improved coking resistance and allowed stable
activity at low S/C ratios, conditions under which
commercial SMR Ni-based catalysts often deactivate
rapidly due to carbon deposition.

We characterized fresh and spent NifAIL,O;
catalysts to assess structural integrity, phaseposition,

and changes induced during SMR operation. XRD ef th
fresh catalyst confirmed the successful formatiérNb
and MagC phases, while the spent catalyst showed the
emergence of MoPpeaks, showing partial oxidation of
Mo,C during reforming (see Figure 2). XPS results



revealed the transformation of surface Mo speciesmf
carbide to oxide states, supporting the oxidatiérthe
catalyst at higher S/C ratio. Despite these changes
observed no sintering or structural degradation SEM
for the operating conditions explored here (sedi@e®),
and the catalyst maintained its porous structureesé
findings show the stability and regenerative paédnf
the Ni/Mo,C/Al,O; catalyst, at low S/C operation, where
Mo,C facilitates a balanced in-situ carburization-@ation
cycle and resists deactivation.
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Fig. 2. XRD patterns of fresh and spent Nid@Al,O; catalyst
employed in DJH-SMR.

Results indicate that DJH-SMR employing Ni/MdAI,Os
offers a scalable, energy-efficient alternative to
conventional SMR, with lower CCemissions, water, and

energy consumption. Its rapid response and compact

design make it ideal for distributed, Hbroduction and
integration with renewables, supporting industrial
decarbonization and a clean économy.

3.2. MWH-CLDRM

In MWH-CLDRM, we examined and compared the
heating behavior of F®, and SiC. Observed,Tand T
when employing F€, exceeded those of SiC under
equivalent MW power, validating the superior MW
absorption behavior of E®, due to its simultaneous
interaction with electromagnetic components. Initalad
dielectric measurements and thermal imaging comfirm
uniform heating of the bed inventory. We also eafrout
twenty continuous redox cycles on the lab-scale MWH
CLDRM reactor. In the initial four cycles, we deted a
decrease in the extent of J&» reduction by CH likely
due to sintering and surface agglomeration. Howewer
recorded a consistent J&-CH, reactivity after
stabilization (upon completion of the first fourdox
cycles). At | of 800°C, for the stabilized E@,; we
achieved CH conversion of up to 97% with an &0
ratio close to 2. Applying the same operating ctods
and adapting ECH, we achieved £tbnversion of up to
40% with an H/CO ratio close to 2. The MWH-CLDRM
demonstrated the highest CEbnversion of 97% atTof
800°C, surpassing ECH-CLDRM. At, Bf 800°C, we did
not detect coke deposition (<0.01 wt.%) applying th
MWH-CLDRM, whereas the ECH-CLDRM showed signs
of carbon accumulation, likely due to GHjas-phase

cracking. Consistent with the reduction step, theé/il
reactor outperformed the ECH reactor during Fe
oxidation with CQ. Consequently, direct heating of
Fe,0, particles via the irradiated MWs accelerated,CH
Fe;0, redox reactions, while minimizing side (gas-phase)
reactions.

3.3. MWH-MTP

In MWH-MTP, performed in a MW-heated FBR (MWH-
FBR) employing chemically inert SiC particles, day
objective was to determine the process efficacyeund
MWH and comparing its performance with that of an
ECH-FBR under identical operating conditions. We
aimed at understanding the influence of MW-specific
thermal effects, including solid—-gas temperature
gradients and formation of localized hotspots, di, C
conversion, Hselectivity, and carbon capture.

Under the MWH, the SiC particles were consistently
~200°C hotter than the gas phase, a temperatuféepro
different from ECH-FBR, where thermal equilibrium
between the phases was present. We achieved a
maximum CH conversion of 23% and j+selectivity of
98% in MWH-FBR. At comparable conditions, we
achieved ~150% higher GHonversion in the MWH-
FBR compared to ECH-FBR. ;Hselectivity positively
correlated with conversion, exceeding 90% when, CH
conversion surpassed 10%, with both heating methods
showing similar selectivity at comparable convamsio
levels.

We assessed the solid carbon capture efficiencthen
fluidized particles by comparing the rate of carbon
deposition on the fluidized particles to the tosalid
carbon produced. In MWH-FBR, we achieved a solid
carbon capture ranging from 61% to 89%, averaging
70%, which was higher than the maximum 55% carbon
capture efficiency we achieved in ECH-FBR under
identical conditions. This enhancement was primatile

to the non-isothermal conditions in the MWH-FBRttha
localized carbon deposition on hot particle surface
limiting carbon formation in cooler zones, suchths
bubble phase, freeboard or reactor wall.
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Fig. 3. Raman spectra of (a) SiC, (b) C-SiC produnéd\VH-
FBR and ECH-FBR at different temperatures [7]

As shown in Figure 3, results of Raman spectroscopy
indicated that MWH produced pyrolytic carbon with a
higher degree of graphitization as compared to ETi¢.
band intensity ratio was lower in carbon from MWH-
FBR at T,=1050°C (0.96), compared to a higher ratio of
1.34 in ECH-FBR at the samg,Tsuggesting larger in-



plane crystallite size and higher sp? content undérH.
One can attribute these results to the higher &ffec
temperature at the particle surface and the preseiic
hotspots in MWH-FBR.

The transient behavior of the process over 18 haofirs
time-on-stream revealed a gradual increase in, CH
conversion and Junder MWH. This was driven by the
accumulation of pyrolytic carbon, which enhanceeé th
dielectric properties and improved the heatingcedficy

of the particles. As carbon loading increased frods-
4.2wt.%, the T increased from 855°C to 980°C, leading to
a stable CH conversion plateau of around 10% at
extended operation times. Unlike catalytic procedsat
typically suffer from catalyst deactivation and ectbase

in CH, conversion, the adopted MWH-FBR for MWH-
MTP showed self-enhancing behavior and a stablg CH
conversion at extended time-on-stream.

3.4. MWH-LDPE pyrolysis

In this study, we evaluated Abs-supported Fe, Ni, and
FeNi catalysts for carbon deposition angptloduction in

an MWHe-assisted two-stage LDPE pyrolysis process.

FeNi/AlL,O; indicated the best performance, achieving
>97% LDPE conversion, 76 vol.% ,Hand 460 mg/g
plastic CNT vyield over 10 stable cycles. As shown i
Figure. 4, Raman and SEM-EDX analyses confirmed hig
CNT purity and structural uniformity, with filamemis
carbon making up ~70% of solids. Results presented
Figure 4(a) demonstrate that the CVD stage entdngle
CNT growth, confirming improved density and yield
compared to monometallic counterparts.
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Fig. 4. (a) SEM, (b) Raman, (c and d) TEM images and X
elemental spectra of the generated carbon nanotvees
FeNi/Al,O; catalyst [11].

3.5. Comparison of electrified thermal H, production
approaches

In Table 1, we presented a comparative overvievoof
electrified approaches developed and studied swioirk

for producing H or syngas. For syngas generation, DJH-
SMR and MWH-CLDRM offer distinct advantages. The
DJH-SMR delivers a high #CO ratio of 3 and with
downstream water-gas shift reaction, making it
particularly well-suited for btrich streams. In contrast,
the MWH-CLDRM operates without steam, eliminating
the need for energy-intensive steam generation and
lowering energy consumption through heat integratio
between the endothermic reduction and exothermic
oxidation stages. This simplifies process design,
improves energy efficiency, and lowers operatingt&o

A further advantage of the MWH-CLDRM lies in
application of CQ@ as an oxidant in this approach to
regenerate the reducedsBg oxygen carrier. This not
only utilizes CQ, thus decrease greenhouse gas
emissions, but also converts it into CO, a versatil
chemical building block for value-added productscts

as phosgene, acrylates, benzaldehyde, citric aoid,
toluene. In contrast to reforming, the MWH-MTP offe
carbon-neutral approach for, Hbroduction by avoiding
CO, emissions altogether. This approach produces high
purity H, gas alongside solid carbon, enabling direct in-
situ solid carbon capture. The MWH-LDPE pyrolysis
demonstrates the potential for chemical recyclifg o
plastic waste, producing high purity, Hjas and high-
quality CNTs. Compared to GHpyrolysis, the plastic
pyrolysis can also generate liquid hydrocarbons-Qgs)

and waxes. In our MWH-LDPE system, we minimized
these byproducts to <10 wt.%, ensuring efficient
conversion of LDPE to Hand CNTs.

H, production with H/CO ratio of 3 by DJH-SMR, make

it ideal for applications that require purg $treams, such
as ammonia synthesis, fuel cell feedstock, and
hydrotreating in petroleum refining. Its compacside
and electrically heated catalyst bed also allow for
modular deployment in remote or distributed energy
systems powered by renewable electricity. MWH-
CLDRM has a great potential for Fischer-Tropsch
synthesis and syngas-to-methanol conversion dugsto
tunable H/CO ratio of 2. MWH-MTP provides a carbon-
free pathway for bl generation, while capturing solid
carbon in the process. This feature makes it a key
candidate for industries, such as green steelmaking
semiconductor manufacturing, and, kurbines, where
CO and CQimpurities can be problematic. MWH-LDPE
pyrolysis is advantageous for synthesizing CNTsiclwh
are applied in batteries, conductive composites] an
electrochemical electrodes. In addition, the pgroduced
from the MWH-LDPE pyrolysis can be utilized in fuel
cells for clean power generation, as a low-emis$igah

for transportation, or as a reducing gas in various
chemical processes.



Tablel. Comparison of electrified thermal ptoduction approaches explored in this study.

Bed material

CH,or LDPE

Approach type T, (°C) conversion (%) Product Carbon amount
DJH-SMR Ni/M@,C/AI,O3 700-800 96 Syngas (€O of 3) NA
Minimal coke
MWH-CLDRM Fe;0, 800 97 Syngas (ACO of 2) (<0.01 Wt.%)
High purity H CNT and black
MWH-MTP Sic 900-1065 23 gh purtty carbon (128 mg/g
(98 vol.%) .
SiC)
MWH-LDPE . 500 (pyrolysis) - o High purity H, CNT
pyrolysis FeNI/Al,0; 800 (CVD) 9T W% (76 vol.%) (460 mg/g plastic)
4. Conclusion Storage Util., De Gruyter; 2025, p. 55-132.

In this study, we highlighted DJH-SMR, MWH-CLDRM, [
MWH-MTP, and MWH-LDPE pyrolysis as promising
electrified H production approaches. By combining
selective volumetric heating with advanced matsyial [3]
these approaches improve process efficiency, deerea
greenhouse gas emissions, and enable carbon captdre
waste valorization. We achieved over 96%,Cbhversion

in the DJH-SMR employing fluidizable and electrlgal
conductive catalysts. We employed;Bg as an oxygen [4]
carrier in the MWH-CLDRM and leveraged MW-induced
thermal gradients to enhance L£Ebnversion (97%) and
syngas quality, while minimizing coke formation. MiA/

MTP showed high Kselectivity (98%) and effective solid [5]
carbon capture. The MWH-LDPE pyrolysis converted
LDPE plastic waste into ftich gas and CNTSs, offering a
sustainable approach for plastic waste upcycling Hp
generation. 6]
Despite the benefits mentioned, challenges remain
regarding material stability, scalability, and ecorc
feasibility. Future work should focus on enhanciagalyst

and MW absorber durability, optimizing reactor gesi [7]
and performing detailed techno-economic and lifeley
analyses for these approaches. By addressing these
challenges and leveraging the synergistic benefithese
electrified approaches, they hold a great potenfil 8]
decreasing the COfootprint of H, production, mitigating
environmental impacts, and advancing both a sistéen

H, economy and a circular economy for plastic waste.

[9]
Acknowledgement

The authors would like to acknowledge OCP Group of
Morocco, Natural Sciences and Engineering Research [10]
Council of Canada (NSERC), Mitacs, and TotalEnergie

for their financial support of this research.

References [11]

[1] Kibret HA, Vahabzadeh Pasikhani J, Adavi K,
Shabanian J, Mostoufi N, Chaouki J. Chapter 2 Novel
thermal approaches for hydrogen production. In:
Merouani S, Hamdaoui O, editors. Hydrog. Prod.

https://doi.org/10.1515/9783111623863-002.
Ambrosetti M. A perspective on power-to-heat in
catalytic processes for decarbonization. Chem Eng
Process - Process Intensif 2022;182:109187.
https://doi.org/10.1016/j.cep.2022.109187.

Wismann ST, Engbaek JS, Vendelbo SB, Eriksen WL,
Frandsen C, Mortensen PM, et al. Electrified Methane
Reforming: Understanding the Dynamic Interplay. Ind
Eng Chem Res 2019;58:23380-8.
https://doi.org/10.1021/acs.iecr.9b04182.

Chaouki J, Farag S, Attia M, Doucet J. The
development of industrial (thermal) processes i@ th
context of sustainability: The case for microwave
heating. Can J Chem Eng 2020;98:832-47.
https://doi.org/10.1002/cjce.23710.

Zhang X, Lee CSM, Mingos DMP, Hayward DO.
Carbon dioxide reforming of methane with Pt catalyst
using microwave dielectric heating. Catal Letters
2003;88:129-39.
https://doi.org/10.1023/A:1024049403422.

Fidalgo B, Dominguez A, Pis JJ, Menéndez JA.
Microwave-assisted dry reforming of methane. Int J
Hydrogen Energy 2008,;33:4337-44.
https://doi.org/10.1016/j.ijhydene.2008.05.056.
Hussain Al, Shabanian J, Latifi M, Chaouki J.
Hydrogen Production from Methane Thermal
Pyrolysis in a Microwave Heating-Assisted Fluidized
Bed Reactor. Energy and Fuels 2024.
https://doi.org/10.1021/acs.energyfuels.4c03428.
Vatankhah F, Carrillo Garcia A, Chaouki J. Role of
Bifunctional Metal-Promoted Zeolitic Catalyst in
Microwave-Assisted Pyrolysis of Polyethylene to
Monocyclic Aromatics. Energy and Fuels 2024.
https://doi.org/10.1021/acs.energyfuels.4c03692.
Wang Y, Cheng L, Gu J, Zhang Y, Wu J, Yuan H, et
al. Catalytic Pyrolysis of Polyethylene for the Stile
Production of Monocyclic Aromatics over the Zinc-
Loaded ZSM-5 Catalyst. ACS Omega 2022;7:2752—
65. https://doi.org/10.1021/acsomega.1c05401.
Khodabandehloo M, Shabanian J, Harvey JP, @kiao
J. Microwave heating-assisted chemical looping dry
reforming of methane. Int J Hydrogen Energy
2024;71:1380-91.
https://doi.org/10.1016/j.ijhydene.2024.05.295.
Vatankhah F, Carrillo Garcia A, Chaouki J. Hygko
and carbon nanotube production from microwave-
assisted catalytic decomposition of plastic waste.
Chem Eng J 2025;503.
https://doi.org/10.1016/j.cej.2024.158189.



