Journal Pre-proof

Chemical recycling of plastics assisted by microwave multi-frequency heating

Alberto Frisa-Rubio, Carlos Gonzalez-Nifio, Patricia Royo, Nelson Garcia-Polanco,
David Martinez-Hernandez, Lucia Royo-Pascual, Sven Fiesser, Ema Zagar, Tatiana
Garcia-Armingol

PII: S2666-7908(21)00257-3
DOI: https://doi.org/10.1016/j.clet.2021.100297
Reference: CLET 100297

To appearin:  Cleaner Engineering and Technology

Received Date: 30 November 2020
Revised Date: 16 August 2021
Accepted Date: 15 October 2021

Please cite this article as: Frisa-Rubio, A., Gonzalez-Nifo, C., Royo, P., Garcia-Polanco, N., Martinez-
Hernandez, D., Royo-Pascual, Luci., Fiesser, S., Zagar, E., Garcia-Armingol, T., Chemical recycling of
plastics assisted by microwave multi-frequency heating, Cleaner Engineering and Technology (2021),
doi: https://doi.org/10.1016/j.clet.2021.100297.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2021 Published by Elsevier Ltd.


https://doi.org/10.1016/j.clet.2021.100297
https://doi.org/10.1016/j.clet.2021.100297

Chemical recycling of plastics assisted by microwave multi-frequency
heating

Alberto Frisa-Rubio™”, Carlos Gonzalez-Nifio!, Patricia Royo* Nelson Garcia-Polanco?,
David Martinez-Hernandez?, Lucia Royo-Pascual!, Sven Fiesser?, Ema Zagar?, Tatiana Garcia-
Armingol**

'Fundacion CIRCE—(Research Centre for Energy Resources and Consumption), Avenida
Ranillas, Edificio Dinamiza 3D, 50018 Zaragoza, Spain

2Fricke und Mallah Microwave Technology GmbH, Peine, Germany

3Kemijski institut / National Institute of Chemistry, Ljubljana, Slovenia

*Instituto Universitario de Investigacion Mixto CIRCE - (Fundacion CIRCE - Universidad
de Zaragoza), Parque Empresarial Dinamiza, Avenida Ranillas 3D, 50018, Zaragoza, Spain
*corresponding author: afrisa@fcirce.es

ABSTRACT

Handling plastic waste through recycling allows extending the life of polymeric materials,
avoiding recurrence to incineration or landfilling. In contrast with traditional mechanical
recycling technologies, chemical recycling enables the obtention of the virgin monomers by
means of depolymerisation to create new polymers with the same mechanical and thermal
properties as the originals. Research presented in this paper is part of the polynSPIRE project
(Horizon 2020 European funding programme) and develops and scales-up a heated reactor to
carry out the depolymerisation of polyamide-6 (PA6), polyamide-6,6 (PA66) and polyurethane
(PU) using microwave (MW) technology as the heating source. The purpose is to design and
optimise a MW reactor using up to eight ports emitting electromagnetic waves. Finite element
method (FEM) simulation and optimisation are used to design the reactor, considering as
parameters the data obtained from experimental dielectric testing and lab-scale characterisation
of the processes and materials studied. Two different COMSOL Multiphysics modules are
involved in this work: Radio Frequency (RF) and Chemical Reaction Engineering (RE), to
simulate the reactor cavity using two frequency levels (915 MHz and 2.45 GHz) with a power
level of 46 kW, and the chemical depolymerisation process, respectively. A sensitivity study
has been performed on key parameters such as the frequency, the number of ports, and position
inside the reactor to consolidate the final design. It is expected that these results assist in the
design and scale-up of microwave technology for the chemical recycling of plastics, and for the
large-scale deployment of this sustainable recovery alternative.

KEYWORDS
Chemical recycling, plastic recycling, depolymerisation, microwave technology, FEM
simulation, polyamide, polyurethane.

1. Introduction

Plastic-based materials are used in a wide range of applications due to their intrinsic properties
such as weight reduction, chemical resistance and inertness, or price. Consequently, the global
plastic demand is continuously increasing, amounting to 359 Mt in 2019. Likewise, plastic
waste generation has increased correspondingly over the years, constituting a significant
amount of material that could be used as a potential resource. However, despite efforts to adopt
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a circular economy and to diversify recycling strategies, the recovery rate in Europe is still
below 30%, being almost negligible in several sectors (PlasticsEurope, 2019).

Various reasons are behind the low rate of recycling in sectors different from the packaging
sector. Particularly, progress in the engineering, automotive or electronic industry has brought
about new material requirements which result in a heterogeneous composition. The presence of
mixed streams hinders the efficiency of the conventional recycling infrastructure. In addition,
small amounts of specific elements or components can interfere with proper recycling or reduce
the economic value of the recycled material, making the process less cost-efficient (Hopewell
et al., 2009).

Apart from the inherent technical limitations of existing technologies, achieving life cycle
circularity using conventional mechanical recycling is not possible for certain sectors since the
quality features of recycled polymers do not comply with the same standards as their virgin
counterparts (Hopewell et al., 2009). This effect leads to the "downcycling"” effect: recycled
materials are used for low added value applications, reducing the solutions' economic
profitability and hindering their proper deployment and market roll-out. To overcome this
limitation, chemical recycling is presented as a promising route to recycle plastic material by
transforming waste into monomers, allowing recovering the material's original properties.
However, the current state of art of the method requires additional researching in terms of
scalability and energy use (Rahimi and Garcia, 2017).

Particularly, different routes of chemical recycling can be found in the literature for polyamides
(PA) and polyurethanes (PU). For instance, PA can be depolymerised by hydrolysis, aminolysis
(Polk, 2003), or alcoholysis (“A kind of alcoholysis recovery method of nylon 66 material,”
n.d.) (glycolysis (Kim et al., 2006) and methanolysis (Datta et al., 2018)). The method selection
criteria depends on the polymeric structure. Several chemical methods of depolymerisation
exist for PU and they are divided into hydrolysis, glycolysis, phosphorolysis, alcoholysis,
aminolysis, and acidolysis. Among all these methods, microwave-assisted glycolysis and
hydroglycolysis have been reported as the most promising pathways to shorten the reaction
time compared to conventional heating (Polk, 2003). In this light, microwave (MW) irradiation
is a well-established technique in organic synthesis (Lidstrom et al., 2001), including polymer
synthesis (Achilias, 2014) and depolymerisation (Erdmenger, 2009). In contrast to other heating
techniques, a major advantage of using MW is contactless instantaneous and rapid heating,
resulting in faster reaction rates.

Consequently, the current work aims to present a new development of a chemical recycling
application assisted by microwave heating to increase recyclability rates and circular economy.
The present article provides tools to overcome the limitations associated with the large-scale
implementation of this technology. An iterative design process has been performed evaluating
the material heating inside a reactor using eight ports emitting electromagnetic waves. Although
several works are available in the literature concerning single-frequency (S-F) simulation for
different geometries and applications based on FEM simulation (Ethridge and Kaukler, 2014),
design optimization of the applicators (Rajpurohit and Chhibber, 2016), numerical analysis of
the resonant cavity (Nigar et al., 2019) or electric field optimisation (Santos et al., 2010).

there is scarcity research available concerning multi-frequency (M-F) simulation. Therefore,
this paper focuses on the 3D simulation of a reactor cavity using two frequency levels (915
MHz and 2.45 GHz) with a maximum power level of 51 kW for PA and PU depolymerisation
purposes. Although chemical recycling is already applied with success using MW to some
polymers like PET (Raheem et al., 2019)(Ikenaga et al., 2016), poly(bisphenol-A carbonate)
(Tsintzou et al., 2012) or polyester resins (Wang et al., 2020), a low number of papers are
available regarding PA and PU. Finally, reaction kinetics were also simulated to recreate lab-
scale experiments to verify that numeric modelling could accurately represent the mechanism.
As a consequence of implementing chemical recycling with MW, the environmental impact can



be reduced thanks to a more efficient and sustainable chemical process and processing
technologies. Plastic waste is used as “raw material” for the production of added value products,
such as recyclable plastic materials or composites and chemicals but excluding fuels. Overall,
the technologies developed in the polynSPIRE project are expected to provide a decreased
utilisation of primary fossil resources in the process industry of at least 30% and a reduction of
the associated CO> emissions of at least 20%.

2. Methodology

Overall, the present work studies PA and PU depolymerisation processes based on chemical
reactions. The first step is to describe and identify chemical reactions to be carried out, adding
chemical agents to degrade the polymer. The second step is to combine the heating to the mixing
process, to speed up the chemical reaction. This work shows the introduction of microwave
heating technology by MW reactor configuration. Using MWs as heating source promotes
faster heating while conveying a more sustainable industrial process than conventional
methodologies, reliant on fossil fuels.

2.1. Chemical reaction simulation

The optimal pathway for depolymerising the polymers under study was determined as part of
the polynSPIRE project and is reported in the following reference (Cesarek et al., 2020).
Polyamide 6 (PAG6) is depolymerised via hydrolysis into its reaction product, 6 aminocaproic
acid hydrochloride. After chloride removal, the monomer 6 aminocaproic acid (6-ACA) is
obtained. Polyamide 66 (PA66) is similarly depolymerised into adipic acid (AA) and
hexamethylenediamine hydrochloride which, once the chloride is removed, becomes the
monomer hexamethylenediamine (HMDA). Figure 1 and Figure 2 represent the general scheme
of depolymerisation process for PA6 and PA66, respectively.

Polymer H‘:T?G Monomer
Palyamide & (PAG) | & aminocaproic acid (6-ACA)
I;igure 1. PA6 proce;s scheme.

Polymer Hci"?ﬂ' Monomers

Hexamethylenediamine (HMDA)

Polyamide 66 (PAGE) Adipic Acid (AA)

Figure 2. PA66 process scheme.
Polyurethane is depolymerised via hydroglycolysis, yielding polyol, diamine toluene (DAT)
and carbon dioxide (CO>) as reaction products. The global reaction of PU depolymerisation is

shown in Figure 3.

Gly/NaOH/H,0

Polymer Monomers
Palyol
Polyurethane (PU) Diamine toluene (DAT)
J h + 00y

Figure 3. PU process scheme.

The reaction parameters for the hydrolysis of PA6 and PA66 catalysed by HCI, were determined
through measuring the PA concentration with 1H NMR spectroscopy at different times and two
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temperature levels: 170 and 190°C. An irreversible reaction mechanism with pseudo first order
dependence on the polymer concentration has been assumed. The reaction kinetic constant (k)
has been calculated therefore by plotting the natural logarithm of the polymer concentration
against time and taking the slope of the curve. After evaluation at two distinct temperature
levels, the reactions activation energies and Arrhenius constants were approximated through
applying the well-known Arrhenius equation:

E

k:Ae_ﬁ @

where:

k: Kinetic rate constant
A: Arrhenius factor

E,: activation energy
R: ideal gas constant

T absolute temperature

The methodology for the depolymerisation simulation of PA and PU is presented in Figure 4.

CHEMICAL REACTION

COMSOL MODELLING SIMUETAIONTE:

Polymers, monomers

& catalyst /

RESULTS

Figure 4. Methodology to develop reaction engineering simulation.

The methodology steps are described as follows:

1. Chemical reaction definition: In this step, the reactants and products of the reaction have
been defined. Polymers, monomers, and the catalyst molar masses and densities were
given input data in the COMSOL Multiphysics interface.

2. Kinetics: Results from the experimentation described before were used to characterise
the reaction rates.

3. COMSOL modelling: The simulation has been parametrised contemplating parameters
like volume of the solvent, initial concentration of species, temperatures, Arrhenius
constant and filling procedure.

4. Simulation & Results: This section includes simulation results for the volumetric flow
rate, reactor volume, concentration of species, polymer mass and monomer mass.

Table 1shows the equations that have been used to simulate the reaction in COMSOL. As shown
in this table, reaction rate, mass balance and volumetric production rate were used in the
computation. As a first approximation, a perfectly mixed system has been considered.
Accordingly, the reaction has been calibrated using a space-independent model.

Table 1. Reaction Engineering Equations.

Reaction rate r =k cp )

d(ciV) (3)

Mass Balance T = Uricri T R
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The parameters employed for the simulations can be observed in the respective columns of
Table 2 for PA6, PA66 and PU simulations and Table 3 for properties of species used.

Table 2. Parameters for PA6, PA66 and PU simulation.

PAG reaction PAG66 reaction PU reaction
Initial reactor volume 8x10° m3 8x10¢ m3 7.97x10 m3
Inlet concentration
PA6 9,985.9 mol/m3 - -
PA66 - 5,037.3 mol/m3 -
PU - - 221.41 mol/m3
Final monomers 0 0 0
HCl 5.56M 5,560 mol/m3 5,560 mol/m3
DA 2% - - 626.7 mol/m3
Water - - 55,389 mol/m3
Eg?é"m“m volumetric feed | - 1 765 mys 2.28x10"m¥s | 6.52x10% m¥s
Time for shift in feed 205s 20s 20s
Frequency factor 2.92 x10= 1.79x10 1,79x10+
Activation Energy 1.9471x10 J/mol | 1.0476x10% J/mol | 1.0476x10% J/mol
Kinetic constant value 0.0032 L/s 0.0063826 L/s
Temperature of the reaction 443.15 K 443.15K 503.15 K

Ideal gas constant

8.314 J/(mol-K)

Table 3. Propert

Substance Molar mass Density
(kg/mol) (kg/m?)
Water 0.018 997
HCI 5,56M - 1,090
DA 206 _ 1,253.4
1,130 (Mark,
oac 0.11316 20(()7)
PAG6 0.22631 1,140
U 5.194 1,150
1,1313
0.16763n(zl;b0hem’ (ChemicalBook,
6-ACA e n.d.)
HMDA 0.18913 890

ies of the different species used in the simulation.



AA 0.14614 1,360
Polyol 3.5 1,020
DAT 0.12217 1,260
CO2 0.044 1.98

Parameters such as the initial reactor volume, the maximum volumetric feed rate, the control
fill parameter, and the Kinetic constant parameters are defined as inputs within the software

interface.

2.2. Reaction Engineering (RE) simulation

Following the methodology presented in Error! Reference source not found., the reaction of
PAG, and PU were simulated using COMSOL. To obtain the necessary parameters for the
simulations, kinetic constants were calculated assuming a pseudo-first order reaction and
Arrhenius parameters approximated by linear regression from plots of k versus temperature.
Figure 5 and Figure 6 shows there is a fair correspondence of the depolymerisation process to
a pseudo first order reaction for all polymers considered. As expected, when operating at a
higher temperature the kinetic constants are 10 and ~3.5 times higher for PA-6 and PA-66,

respectively. Reaction times are also significantly reduced.
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Figure 5. Depolymerisation kinetics of PA6 and PA66 at 170°C and 190°C.



PU 230°C - R?=0.88286

-0.004 1+ 19611

0 500 1000 1500
Time(s)

Figure 6. Depolymerisation kinetics of PU at 230°C.

From obtained correlations, Table 4 shows each pseudo-first order reaction constant:
Table 4. Summary of reaction constants obtained for all considered polymers.

Polymer | Temperature (°C) Pseudocgrzz':;nrtd (elr/Sr)eactlon
PA-6 170 0.0032
PA-6 190 0.0314
PA-66 170 0.0079
PA-66 190 0.027
PU 230 0.004

Recreating the same conditions as on a laboratory scale, the simulation has been performed
using 0.1765 cm?®/s volumetric flow rate. The polymer feed is shut off once the reactor volume
reaches 11.53 cm?®, which occurs after 20 s. The reaction is then allowed to go to completion.
The volumetric feed has been computed in order to obtain the polymer volume during the time
frame imposed in the computation. Both temperatures required similar volumetric rate.

The reactor volume is presented in Figure 7 as a function of reaction time. It can be seen the
progress for the two temperatures, 170 °C and 190 °C. In both cases the curves evolves similarly
up to 11.53x10°® m3, which is the sum of volumes of the reactant and the catalyst and then, it
starts the chemical reaction, therefore, the volume increases according to the relation between
properties of the products and the reactants, defined in the parameters. As shown in Figure 7,
the final state is the same for both temperatures, however the dynamics are different, faster for
the higher temperature case, which is in accordance with the kinetics.
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Figure 7. Reactor volume (m?®) in function of the time (min) for two different reaction temperatures.

Concentration of Species

Figure 8 shows the degree of PA6 degradation as a function of time at temperatures of 170 °C
and 190 °C as determined by *H NMR. Figure 9 illustrates the results obtained from the
simulation for the concentration of species (polymer, monomer, and catalyst) with two
temperature levels 170 °C and 190 °C. Similar trends comparing experimental and simulation
are found. The concentration of polymer reduces, while the concentration of monomer increases

according to their definition in the parameters.
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Figure 8. Experimental values for degree of PA6 degradation vs. time determined at 170 and 190°C
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Figure 9. Concentration of species (mol/m?3) of PAG in function of the time (min) for two different reaction
temperatures.

Polymer Mass

In order to validate the computation, the polymer mass evolution has been extracted from
COMSOL and illustrated in Figure 10 (blue coloured lines). These results and are compared
with experimental values for the two temperature levels of temperature. According to the
experimental procedure, the initial mass of polymer is 4 g, obtaining results with an accuracy
of up to 95% in terms of the reaction time.

Monomer Mass

To conclude the results, the mass of monomer has been extracted from COMSOL, and
illustrated in Figure 10 (red coloured lines). It enables to summarise the relation between the
inlet reactants and the products obtained after the reaction.
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Figure 10. Polymer and monomer mass (kg) in function of the time (min) for two different reaction

temperatures.

On the one hand, parameters such as the initial reactor volume, the maximum volumetric feed
rate, the control fill parameter, and the kinetic constant parameters are defined as inputs within
the software interface. And on the other hand, variables such as volumetric feed rate, monomer
and polymer masses were monitored and analysed after the simulation. A parametric analysis
combining different pressure and temperature levels have been tested based on the operation
conditions reported in (Cesarek et al., 2020), all yielding to the same degree of conversion, i.e.,
monomer recovery. Table 5 summarises the different evaluated scenarios.

Table 5. Experimental conditions for COMSOL Multiphysics simulation.

Depolymerisation Operating Operating pressure | Operating time
product temperature (°C) (bar) (min)

PAG6 170 4.6 40

PA6 190 10 8

PA66 170 4.6 30

PA66 190 10 10

PU 230 5.8 40

2.3. Microwave design and simulation

Several simplified configurations were analysed to select the most adequate in terms of
manufacturing feasibility, operation mode and energy distribution. The criteria adopted for
making a decision on the most suitable choice to carry out the reactions of interest were:

v Ability to handle high-pressure loads
v Homogeneous energy distribution
v' Complexity of manufacturing

The most restrictive operating conditions for the reactor are expected during PA
depolymerisation, as they require a pressure higher than 10 bar and a working temperature range
of 200°C. Furthermore, the reactor material must withstand an acid atmosphere as HCI is needed
for the depolymerisation reactions. The reactant and solvent for PA hydrolysis is H20, while
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HCI serves as a catalyst that also reacts with the amine group of ACA and HMDA to form a
salt. During PU depolymerisation by hydroglycolysis, a higher operation temperature (230°C)
is required.

Multifrequency application

Due to restrictions and sspecifications of the chemical process carried out, it was decided to
implement a resonant cavity as a chemical reactor, capable of operating at the two most
widespread microwave frequencies, both 2.45 GHz and 915 MHz.

The potential advantage of using a multi-frequency reactor is directly related to the reactor's
volumetric character. By heating the reactor's content with a single-frequency microwave
generator the temperature of the content increases as a whole, but the temperature distribution
will be uneven due to the geometrical properties and the penetration depth of the applied
microwaves. Detailed investigations of the behaviour of the microwave radiation upon coupling
in solid bodies have had the result that the penetration depth of the microwave radiation
inversely proportionally decreases with increasing frequencies. Thus, the higher the frequency
of the microwave radiation used, the lower the penetration depth. In this context it has also been
found that the heat generation within the objects to be heated is more strongly concentrated
within the surface ranges with higher frequencies of the microwave radiation used, when the
dielectric properties of the objects to be heated are kept constant (Mallah, 2009). The use of
several microwave generators with different frequencies and penetration depths is proposed in
order to homogenise the temperature distribution.

2.4. Governing equations

The Maxwell’s equations, the Poynting theorem and the energy conservation law are included
in the Radio Frequency (RF) module and used to simulate the electromagnetic heating process.
Assuming a time-harmonic EM field, Maxwell’s equations are formulated as shown in Eq.(5):

V x (iVXE) — (w?e — iwc)E =0 (5)
where w is the angular velocity, o is the electrical conductivity and E is the complex-valued

electric field. The electromagnetic losses considered in the model were the addition of the
resistive and magnetic losses, presented in Eq.(6) and Eq.(7) respectively:

1 - —>*
Qrn =5 Re(JE*) (6)
Qmi = Re(iwB H") @)
Where ] is the current density, B is the magnetic flux density, and H is the magnetic field
intensity.

Heat transfer in a fluid
Two heat transfer mechanisms are considered in our model - convection and diffusion. Due to
the fluid motion, three contributions to the heat equation are included:

- The transport of fluid implies energy transport, which appears in the heat equation as
the convective contribution. Depending on the thermal properties on the fluid and on
the flow regime, either the convective or the conductive heat transfer can dominate.

- The viscous effects of the fluid flow produce fluid heating. This term is often neglected;
nevertheless, its contribution is noticeable for fast flow in viscous fluids.

- As soon as a fluid density is temperature-dependent, a pressure work term contributes
to the heat equation.
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Accounting for these contributions, in addition to conduction, results in the following Eq.(8),
representing the transient heat equation for the temperature field in a fluid:

dr 3
cppa+pcpu-VT=apT(a—’;+u-Vp)+T:S+V-(kVT)+q (8)

The equations above, EQ.(5-8), are introduced in the multiphysics model to solve the
microwave-assisted heating process. Then, a description of the multiphysics coupling used in
the different models, is shown below:

Electromagnetic waves (frequency domain): the solver first step was to calculate the
frequency domain (for the indicated domains), thus obtaining the electrical values that
allow to convert the transmitted power into heat, by applying the Poynting vector.
Heat transfer in fluids (time dependent): the mixture is modelled as a fluid because its
behaviour will be closer to a liquid. For each time studied, the model will apply heat
transfer conditions over the material domain.

Electromagnetic, time-dependent heating: it is the coupling of both indicated physics,
for each time studied, the solver evaluates the energy transferred to each mesh element
according to the heat transfer limit conditions.

2.5. Assumptions and constraints
The assumptions considered are:

Feeding system able to introduce the raw material in the process. The conceptual design
indicates two different inputs for polymer material and liquid material. For simulation
modelling, the vessel is considered is filled being operated by batch.

Vessel/applicator where chemical reactions occur is assumed to achieve a semi-
industrial operation volume, but extra parameters such as commercial materials and
budget are accounted for.

Cylindrical cavity, also called resonant cavity, with a volume of 1 m3. Additionally,
different reactor shapes were studied in order to come up with an optimal design.
Microwave generation equipment frequency and power of the generators). The reactor
system integrates the following number of power emisors:

a. Three microwave generators of 2.45 GHz frequency and 6 KW power each one.
Additionally, each microwave generator integrates a splitter system to introduce
the emitted power into the cavity.

b. One microwave generator of 915 MHz frequency and 5 kW of power.
Additionally, the microwave generator integrates a splitter system to introduce
the emitted power into the cavity.

The constraints represent limitations and conditionate to the work development:

The global operation volume of the system should ensure at least 300 L, by using three
connected reactors of 100 L each one, as a feasible solution from the point of view of
the availability of materials. Therefore, the modelling can be reduced to study just one
reactor behaviour.

Mixing substances such as HCI (Hydrochloric acid) requires avoiding commercial
materials liable to be corroded for their use in the vessel.

Operation pressure: depolymerisation laboratory tests have shown that the highest
pressure level during operation is 10 bar for PA6 and PAG66 (pressure is lower for PU).
This implies the need for a robust system to ensure safe operating conditions.
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3. Results

3.1. Conceptual design of the MW reactor and resonant cavity.

A cylindrical shape both reactor and vessel have been defined, connecting transmitting MW
energy from ports to cavity connected through waveguides. A diagram of this configuration is
presented in Figure 11.

MW waveguide
applicator 3
MW x
generator
)
/)
waveguide air

Cross section view Reactor external details
Figure 11. Conceptual design of the MW reactor.

The main physical characteristics of the conceptual design for the MW reactor are:

v Cylindrical cavity

Cylindrical interior vessel

60° and 120° distribution of applicator ports
Semi-batch operation

Direct load of material

ASRNRNRN

Before the final configuration shown, others were evaluated focused on following parameters:
reactor shape and format, dimensions and distribution of the MW applicator ports, but always
maintaining the same global microwave emission power which will affect to the processing of
the chemical depolymerization.

About reactor shape and format, an hexagonal structure was modelled and tested but their
advantages were not sufficient in contrast to its greater manufacturing complexity. In the same
line, a cylindrical structure tested with tapered ends does not provide significant improvements
in the distribution of energy within the reactor. For this reason a normal cylindrical reactor was
selected optimizing the diameter.

Reactor height dimensions was restringed basically due to commercial vessel sizes, but it is
important to define the position and power of each MW applicator port. Considering MF
operation by using 3 power generators of 2.45 GHz and 6 kW each one, and one power
generator of 915 MHz and 5 KW, it is decide for each generator to include an splitter system
introducing, for each generator, the same power in two different points, obtaining a first
improvement in homogeneous distribution of the energy inside the cavity. Considering this
framework, the following results have been obtained from the Multiphysics simulation.

3.2. Radio Frequency (RF) simulation: electric results.
Different simulations were carried out to compare the performance of the different frequency ports on
their own, and of their combined effect.
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Figure 12 presents different cross sections of the vessel, showing the electric field norm that is
directly related to the electromagnetic losses that induce the heating. Three different cases were
evaluated, maintaining a total power of 23 kW in every case.

1- Simulations at 915 MHz: Large elongated zones of high intensity electric field are generated
at the heights of the ports. These modes result in a high mean electric field of 4,936 VV/m in
the vessel. The standard deviation of the distribution amounts to 2,027 V/m. Standard
deviation is used in this context as a measure of the homogeneity of the field, whith lower
standard deviations indicating more homogeneous fields.

2- Simulations at 2.45 GHz: A more homogeneous application of the electric field is achieved
by solely using the six 2.45 GHz ports. It can be observed that the high intensity regions are
scattered in small zones along the vessel. The mean is lower to that of the previous case
2765.2 V/m, and so is the standard deviation 986 VV/m.

3- When combining both frequencies, the reactor achieves a more homogeneous distribution in
the vessel, both in inner and outer areas. In addition, the electric field values increased when
compared to those obtained in the previous case. The values of the mean and standard
distribution are of 3,355 V/m and of 891.8 VV/m in this case, respectively.

Graphical representations of the resulting electric fields are shown in
Figure 12. Considering the numerical results, the system working at 915 MHz is able to produce
the strongest field with a mean of almost 5,000 VV/m in the vessel, at the cost of a very low
uniformity. When using solely the 2.45 GHz ports, the field becomes more homogeneous, but
the strength of the field is reduced by 44%. Finally, when both frequencies are combined, the
resulting field is the most uniform out of those considered, with the cost in terms of intensity
(32%) being less than when solely using 2.45 GHz.
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Figure 12. Electric field norm (V/m) comparative by using single or coupled frequencies. Longitudinal
sections and Z-axis cross-section.

Attending to the generation of hot and cold points, different results can be observed in the cross-

section represented in Figure 13, considering the same power level.

(@ 915 MHz simulations: Specific hot points are found; whereas the central part is not
absorbing energy from the MW source.

(b) 2.45 GHz simulations: Penetration depth of the wave is lower than the obtained for the 915
MHz simulations, but hot points are avoided.

(c) By combining frequencies, each of the ten slices along the vessel are much more similar
than in previous case studies.

=
3

x10*

o+
o

HNWABUON®

cococooco000

(b) (c)

Figure 13. Electric field norm (V/m) comparative by using single frequency (a) 915 MHz and (b) 2.45 GHz
or (c) coupled frequencies. Z-axis cross-section at 0.9 m from the reactor floor.
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3.3. Radio Frequency (RF) simulation: thermal results.

Once the analysis of the electromagnetic waves was completed, a time-dependent heat transfer
study followed, contemplating two different scenarios. For the first one, a static material was
considered, where the spatial distribution of the electromagnetic losses led to a highly uneven
temperature distribution with scattered hotspots that does not ensure uniformity of processing
conditions in the batch (Figure 14, left). These temperature maps closely resemble the
electromagnetic heat loss that is the heat source of the MW system. For the second scenario,
the dielectric properties were kept the same as in the first scenario but the content of the
reservoir was modeled as fluid in motion, leading to an almost homogeneous temperature field
in the vessel (Figure 14, right), highlighting the dramatic effect that the inclusion of a mixer has
in the temperature distribution.

The feasibility of reaching the temperature targets set in the chemical simulation stage in a
feasible time frame, along with the homogeneity of temperature achieved in the vessel -both by
means of the multifrequency heating and of the inclusion of a stirrer-, gives confidence that the
system is appropriate for the recycling of all polymers taken into account (Table 5).

1 min

t=

20 min

t=

t =40 min

Figure 14. Comparison between the different temperature (°C) distributions in a cross-section (1 m from
the bottom of the reactor) at time intervals = 1, 20 and 40 min for a model considering a static material
subject to heating (left column) and a fluid moving in the reservoir (right column).

4. Conclusion

A complex physical system was reduced to two different mathematical models, taking
advantage in the design stage and process configuration. The result establishes the basis for
developing a new microwave system focused on a novel industrial process for polymer
chemical recycling purposes based on microwave system as heating source.

A complete simulation methodology for depolymerisation of PA6 by means of experimental
kinetics measurements analysis and simulation results of the reaction were presented. As a first
approximation, a perfectly mixed system were considered and the reaction was calibrated using
a space-independent model. Two temperature levels (170 °C and 190 °C) were used in order to
obtain the simulation results in accordance with experimental measurements. Validation of
simulation results for the time required to complete the reaction and the starting mass of
polymer to be depolymerised showed great agreement with the experimental data, with
differences lower than 5%.
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Then, previous chemical development allowed to establish the main operating conditions on
which to optimize a scaled design of a 100-liter chemical reactor operated by microwave. RF
simulations results allowed analysing the thermal behaviour of the sample under different MW
configurations obtaining selected temeperatures of 170 °C and 190 °C in the expected times
(less than 40 minutes). A comprehensive sensitivity study analysis was conducted varying the
frequency, the number of applicator ports of the MW energy and the position. In this sense, the
results presented revealed that combining MW frequencies (915 MHz and 2.45 GHz) is the
most promising strategy to improve the homogenisation of the electromagnetic field
distribution, whose mean value is 3,355 VV/m for this case. It achieved a more homogeneous
temperature than applying one frequency level, minimising the hotspots presence that hinder
the reaction. The integration of a moving element (mixers) inside the cavity resulted in a very
uniform temperature distribution, meaning a gradual and homogeneous heating process. In
addition, the presented MW technology allows a significant reduction of heating time between
40% - 80% compared to convection heating technologies, because direct heating occurs over
chemical compounds that are highly susceptible to heating by microwave radiation; thus,
leading to an increase in the process's overall efficiency.

Future efforts will address the total coupling between heating and chemical process with the
aim of simulating the interaction of the MW heating with the chemical reactions. This will
provide more realistic results and a better understanding of the process. Moreover, other aspect
to be further performed are the life cycle assessment (LCA), the lyfe cycle costs (LCC) and
thecno-economic (TE) analysis to demonstrate that POLYNSPIRE can bring environmental
benefits compared to current SoA technologies and solutions for plastic recycling.
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NOMENCLATURE

6-ACA — 6 aminocaproic acid

1H NMR — Proton nuclear magnetic resonance

HCI — Hydrochloric acid

HMDA — Hexamethylenediamine

M-F — Multi-frequency

MW — Microwave

PA — Polyamide

PU — Polyurethane

S-F — Single-frequency simulation

¢i — Species molar concentration (SI unit: mol/m?)

cti — Species concentration (SI unit: mol/m?) of the associated feed stream
vt — Feed Stream volume flow rate (SI unit: m3/s)

Ri — Reaction rate of species i (SI unit: mol/(m®-s))

V; — Reactor volume (SI unit: m?)

Vp — Volumetric production rate due to chemical reaction (SI unit: m?/s)
vij — Stoichiometric coefficient of species i in reaction j

Mi — Species Molecular Weight (SI unit: kg/mol)
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pi — Species density (S1 unit: kg/m?®)

rj — Reaction rate (SI unit: mol/(m?3-s))

H — Magnetic permeability (S1 unit: H/m)

E — Electric field (SI unit: V/m)

o — Angular frequency (SI unit: rad/s)

€ — Permittivity (SI unit: F/m)

I — Unit imaginary number

J— Current density (SI unit: A/m?)

B — Magnetic flux density (SI unit: T)

H — Magnetic field (SI unit: A/m)

Cp — Specific heat capacity at constant pressure (S unit: J/(kg-K))
T — Temperature (SI unit: K)

u — Velocity vector (SI unit: m/s)

ap— Coefficient of thermal expansion (SI unit: 1/K)

p — Pressure (Sl unit: Pa)

T — Viscous stress tensor (Sl unit: Pa)

k — Thermal conductivity (SI unit: W/(m-K))

q — Heat sources other than viscous dissipation (SI unit: W/m®)
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HIGHLIGHTS

o An efficient and intensive microwave technology is used for chemical recycling.

e The reactor performance is analysed for PA and PU depolymerisation purposes.

e Numerical simulation assists the electromagnetic design and microwave
configuration.

o Multi-frequency 3D simulation assess the frequency level and power (up to 51 kW).

o Chemical reactions for chemical recycling are tested in laboratory for validation.
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