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The primary aim of this study was to synthesize and characterize polyurethane (PUR) foams derived from
the depolymerization products of poly(ethylene terephthalate) (PET) and MXenes (NbAIC). The
depolymerized PET products were produced through a zinc acetate-catalyzed glycolysis process using
diethylene glycol (DEG) as solvent. These glycolysis products were then reacted with 4,4'-
diphenylmethane diisocyanate (MDI), commercial polyols, and MXenes to produce the PUR foams. The
resulting materials were characterized using FT-IR, SEM, EDX mapping, mechanical testing, thermal
analysis, and electromagnetic interference (EMI) shielding assessments. The analysis revealed that
specimens with a higher concentration of the filler (3.55%) exhibited superior mechanical properties,
while the thermal behavior remained relatively unchanged. The sample containing 2.56% of MXenes
showed significant potential as an effective EMI shielding material in the 8—9 GHz frequency range, while
the blank sample provided the best performance between 9-13 GHz, mostly due to a bigger high-
frequency absorption in the upper part of the X band. Regarding mechanical performance, the
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1 Introduction

Polyethylene terephthalate (PET) is a highly significant and
widely utilized engineering thermoplastic, commonly found in
products like water bottles, food packaging, and synthetic
textiles.* Its lightweight, durability, and versatility make PET an
indispensable material in modern-day society.”

The increasing use of PET has led to a global crisis in waste
management, as the improper disposal of PET products has
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caused significant environmental damage.® Recycling PET is
essential for addressing this issue, as it can greatly decrease the
amount of plastic waste that ends up in landfills or oceans. The
recycling process involves collecting used PET products, pro-
cessing them into new materials, and repurposing them for the
production of new products.

The recycling strategy defines 4 different categories for PET
waste: re-extrusion (primary recovery), mechanical recycling
(secondary recycling), chemical recycling (tertiary recycling),
and energy recovery (quaternary recycling).*

Chemical recycling is a key strategy that allows PET waste to
gain new functionalities through closed-loop, upcycling, or
downcycling methods. For example, closed-loop recycling
converts PET waste into products with comparable function-
ality, reducing the demand for virgin monomers. Upcycling, on
the other hand, enhances the value of PET-based products by
transforming PET bottle waste into high-performance textiles or
mechanically resilient composites.*” Lastly, downcycling
converts PET into lower-value or lower-quality products, such as
construction materials or non-food packaging which are harder
to recycle although their lifespan is extended.”

Thus, based on these chemical directions, a good opportu-
nity to give PET waste a new life determined many researchers
to develop new chemical recycling methods that involve mainly:
(i) hydrolysis method; (ii) methanol alcoholysis method; (iii)
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ethylene glycol alcoholysis method; (iv) alcohol-alkali
combined depolymerization method, and (v) ammonolysis.®

Our team was involved in PET recycling by the chemical
method through glycolysis reactions both in conventional® and
microwave-assisted reactions.'” To produce new innovative
composite materials our research was continuously directed to
the reuse of oligomers, respectively monomers resulting from
the depolymerization process of PET. Thus, the first innovative
products that we obtained were polyurethane adhesives and
rigid polyurethane foams.™

More recently, our team investigated the utilization of recy-
cled PET by the chemical method to synthesize a new type of
polyurethane flexible foam used as a filling agent namely fly
ash, and glass wastes,"” respectively red mud and pyrite."

In both articles previously published, the mechanical prop-
erties of the polyurethane flexible foams decreased as the
amount of the filling agent increased. This behavior is attrib-
uted to the micro- to millimeter-scale size of the filling agent,
which leads to non-homogeneous foam synthesis. Reducing the
size of the filling agent could potentially improve uniformity,
enhance mechanical properties, and ensure reproducibility of
the formulated specimens, but this would likely result in higher
production costs. To justify these increased costs, the new
foams must demonstrate significantly superior properties
compared to those currently available on the market.

MXenes is the denomination of several transition metal
carbides, nitrides, or carbonitrides typically obtained by
chemical delamination of 3D ternary (or quaternary)
compounds known as MAX phases." MXenes have a general
formula M,,.,X, T, (n = 1-3), where M represents a transition
metal (such as Sc, Ti, Zr, Nb, and others), X is carbon and/or
nitrogen and T, represents the hydroxyl, oxygen, or fluorine
terminations derived from the synthesis procedures.” Since
their discovery of Ti;C,T, - 2D compound in 2011, nearly
thirty compounds have already been synthesized and many
more were predicted theoretically.

Today, with the rapid advancement of electronic technology
and digital communication systems, particularly in fifth-
generation (5G) communication, electromagnetic (EM) radia-
tion has emerged as a new form of environmental pollution."”
The heavy EM radiation contamination not only severely
disrupts the functioning of electronic equipment but also
harms mankind's health and compromises information secu-
rity.*®* Although traditional metallic materials, owing to their
superior electrical conductivity, have been extensively applied
as outstanding EMI shielding materials, their shortcomings of
poor mechanical flexibility, exceptionally high density, costly
processing, and vulnerability to corrosion significantly prevent
their application.” As new materials for EMI shielding are
evolving, polyurethane foams have been regarded as potential
alternatives because of their lightweight, easy processing, low
cost, and excellent anticorrosive properties compared to metal-
based materials.**** Additionally, MXenes started to be inten-
sively used in EMI shielding applications due to their superior
properties in terms of electroconductivity, chemical function-
ality, ease of surface modification, excellent flexibility, and
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facile processing in polymer matrix compared to other carbo-
naceous fillers like carbon nanotubes or graphene.****>*

Building on our previous work with MXenes,* which focused
on synthesizing and characterizing nanocomposites based on
polymer colloids (PC) and MXenes for EMI shielding applica-
tions - specifically in paints - this study aims to combine the
properties of MXenes with polyurethane foams to create a novel
material for EMI shielding. A key advantage of this new material
is its low production cost, achieved by utilizing PET waste,
which aligns with recycling principles and leads to the devel-
opment of materials with promising mechanical, thermal, and
EMI shielding properties.

2 Materials and methods
2.1 Materials

Polyethylene terephthalate (PET) having a molecular weight Mn
= 25000 g mol™" was used as flakes from post-consumer
bottles. Diethylene glycol (DEG) (Fluka), zinc acetate (Fluka),
4,4'-diphenylmethane diisocyanate (MDI) (Aldrich), PETOL 110
(Mn = 110 g mol '-diol) (Oltchim, S.A. Romania), PETOL 56
(Mn = 56 g mol "-triol) (Oltchim, S.A. Romania), Nb,AIC-
MXenes (Sigma-Aldrich), and triethylamine (TEA) (Aldrich)
were used as received.

2.2 Methods

2.2.1 Depolymerization - glycolysis of PET. The reaction
was carried out using a reactor equipped with a mechanical
stirrer, condenser, timer, and thermostat. The experiments
involved 240 g of PET, 150 g of DEG, and 1.5 g of zinc acetate as
catalyst. The reaction was performed under a nitrogen atmo-
sphere at a temperature of 220 °C under continuous stirring for
2 h.

2.2.2 Synthesis of polyurethane foams. Component A was
obtained by mixing the PET glycolysis product with PETOL 110,
PETOL 56, and different concentrations of MXenes. Component
B consisting of MDI was added to component A and stirred for
homogenization in the presence of 0.03 mL TEA and 0.01 mL
distilled water; the creaming time was 1 min, followed by the
rising step. The PUR foam formulations are presented in Table
1. In Scheme 1 the synthesis strategy for obtaining PUR foam is
presented.

2.3 Characterization

2.3.1 GPC analysis. The molecular weight of depolymerized
PET was determined by gel permeation chromatography (GPC)
using a PL-GPC 50 Integrated GPC/SEC System (Agilent Tech-
nologies) apparatus equipped with a refractive index detector
using polystyrene as standard, and THF as a solvent, at flow rate
of 1 mL min™".

2.3.2 FT-IR analysis of polyurethane foams. The FT-IR
analysis was performed on a Spectrum Two FT-IR spectrom-
eter (PerkinElmer) with a MIRacle™ Single Reflection ATR-PIKE
Technologies at 4 cm ™' resolution, summing 16 scans in the
4000-550 cm ™" region.

RSC Adv, 2024, 14, 37202-37215 | 37203
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Table 1 The samples composition

Sample codes Polyol from PET (g) MDI (g) PETOL 110 (g) PETOL 56 (g) Mxenes (g)
Sample 0 (blank) 3 11 3 2 0

A 3 11 3 2 0.3

B 3 11 3 2 0.5

C 3 11 3 2 0.7

2.3.3 SEM analysis and EDX mapping of the polyurethane
foams. The morphological and structural characterization of all
PUR foams were acquired using a Nova NanoSEM 630 Scanning
Electron Microscope (FEI Company, Hillsboro, OR, USA) at an
acceleration voltage of 10 kV. To prove the presence and
distribution of MXenes in the whole polymer matrix, an element
energy dispersive spectroscopy (EDS) system (Smart Insight
AMETEK) at an acceleration voltage of 10 kV was used. The pore
distribution of blank PUR foams and PUR specimens filled with
MXenes was extracted from SEM images by measuring around
100 individual pores. The histograms were best fitted with the
Gauss function and exhibited an unimodal distribution of the
pores.

2.3.4 Determination of density for PUR samples. The
density of the blank PUR and PUR foam samples modified with
MXenes was determined based on the ASTM D7710-14 - Stan-
dard Test Method for Determination of Volume and Density of Rigid
and Irregularity Shaped Molded Cellular Materials. The determi-
nations were made in triplicate and the average values,
expressed in kg m > were presented in Fig. 5 as a dependence of
the filler's concentration.

2.3.5 XRD analysis of the MXenes and PUR foams loaded
with MXenes. X-ray diffraction (XRD) investigations were
carried out using a 9 kW Rigaku Smart Lab diffractometer,
equipped with a Cu Kal source that provides a monochromatic
beam with wavelength, A = 0.1546 nm. The measurements were
recorded in 20 mode, while the incidence angle was fixed at 0.5°

(grazing-incidence mode), using a speed of 5° min~".

PET WASTE PETOL 56

<>

DEG

depolymerization

Scheme 1 The synthesis of the PUR foam filled with MXenes.
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2.3.6 Compression tests of the polyurethane foams. The
samples underwent a uniaxial compressive test on a Titan 10
dual-column Universal Testing Machine, equipped with a 10 kN
load cell and TestWise™ software. The compressive tests were
performed by adapting the ASTM D1621 - Standard Test Method
for Compressive Properties of Rigid Cellular Plastics. The cylin-
drical specimens (5 for each PUR foam), with dimensions of
approximately 12 mm in height and 10 mm in diameter, were
subjected to compressive uniaxial loading at a rate of 5
mm min .

2.3.7 TGA analysis of the polyurethane foams. Thermo-
gravimetric analysis (TGA/DTG) was performed on NETZSCH
TG 209F1 Libra equipment by heating samples of about 5 mg in
the temperature range 25-700 °C with a rate of 10 °C min~"
under nitrogen flow.

2.3.8 DSC analysis of the polyurethane foams. The differ-
ential scanning calorimetry (DSC) analyses were performed on
a NETZSCH DSC 204 F1 Phoenix instrument. Samples weighing
about 10 mg were cycled 2 times (between —50-250 °C first heat
and between —50-350 °C second heat) under nitrogen flow at
10 °C min~ " heating rate. The second heating was used for glass
transition temperature (7,) determination.

2.3.9 Evaluation of EMI shielding properties. To assess the
EMI shielding properties of the samples (Sample 0, A, B, and C)
we used a calibrated Vector Network Analyzer (VNA) connected
to two X-band waveguide transitions, and in between the latter,
we inserted the various specimens to register the S parameters
at the two ports of the VNA as previously described in our

PETOL 110

= ",....

...'.‘. (]
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work.” Thus, their reflection and transmission properties were
determined in a particular frequency range from 8.2 to 12.4
GHz, known as the X band.

A common method for evaluating a material's shielding
properties is to calculate the total EM shielding effectiveness
(SE) using eqn (1), which can be obtained from either simula-
tions or direct measurements, when possible:*®

SE (dB) = SEg (dB) + SE,, (dB) (1)

in which SEp represents the shielding effectiveness related to
the electromagnetic reflections (R), while SE, pertains to the
shielding effectiveness associated with absorption (4)
phenomena. Both SE, and SE, can be determined using the
scattering (S) parameters for a specific frequency range,
specifically the reflection (S;; or S,,) and transmission (S,; or
S1,) parameters of a two-port setup, described by eqn (2):*

SE (dB) = SEg (dB) + SE 4 (dB) = 10 log[(1 — |S};[3) ']+ 10 log[(1
— 81821 (2)

Two primary physical mechanisms for modulating SE can be
identified from eqn (1), respectively eqn (2): (i) EM reflections
(which are enhanced in metals due to their high conductivity
and minimal absorption); (ii) absorption, which is attributed to
dielectric losses and low conductivity. Unlike metals, where SE
cannot be adjusted, the SE of composites such as polymer-
based materials can be engineered by altering the concentra-
tion of their constituents and/or fillers.

Moreover, by using eqn (3) and (4) it is also possible to
extract the high-frequency conductivity ¢ and skin depth ¢ of
the tested foams loaded with MXenes:*”

SEr = 35.9 + 10 log[a/(27tfwops)] (3)
0= 1/\/7'cf,u0,ur0 (4)

where fis the frequency, u, is the vacuum permeability (equal to
41 x 1077 N A7), and p, is the relative permeability of the
tested materials. For non-magnetic materials (like in our case
study), u, = 1.

3 Results and discussion

3.1 PET-based polyol-GPC characterization and synthesis of
polyurethane foams

The first step of this study involved the depolymerization of PET
flakes and the characterization of glycolysis products. The
kinetics of the reaction was presented by our group elsewhere.®
Based on the previous experience, the PET flakes from post-
consumer bottles were degraded in DEG as a glycolysis agent
in the presence of zinc acetate catalyst at a temperature of 220 °©
C for 2 hours under a nitrogen atmosphere (as detailed in
Section 2.2.1). The glycolysis products were investigated by GPC
analysis to determine the molecular weight (Mn) and the dis-
persity index (PD) of the final product. Thus, the depolymerized
PET registered a Mn of 420 g mol ', while PD indicated a value
of 1.2. These results are considered important for the next step
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of our study which consisted in the formulation of polyurethane
foams based on the Mn of the polyol resulting from the depo-
lymerization of PET. Thus, the synthesis of the polyurethane
foams involved the use of MXenes, while keeping a constant
molar ratio of the NCO/OH groups as presented in Table 1. The
concentration of the filling agent (MXenes) varied from 1.55 up
to 3.55% (weight), the codes representing the filler
concentration.

3.2 FT-IR analysis of the polyurethane foams

To evidence the reaction between the PET-based polyol and the
isocyanate component, the PUR-based samples were investi-
gated by FT-IR analysis (Fig. 1).

In Fig. 1 the FT-IR analysis evidenced the characteristic
vibrations of polyurethane structure for all samples filled with
MXenes. The signal from 3342 em™" attributed to NH stretching
and the signal from 1716 cm ™' assigned to C=O stretching
confirmed the formation of urethane groups due to the reaction
between the OH groups and NCO groups from MDI.*® Vibrations
of CH,, respectively CH; groups were registered at 2925 cm™ '
and 2857 em ™. The NCO group from 2267 cm™" was attributed
to the terminal groups of the polymeric chain. The C=C
registered at 1598 cm™' can be assigned to the MDI hard
segments’ aromatic rings or those from the terephthalate unit.
The peak from 1520 cm™ " was attributed to the N-H bending in
the plane of the amide group. Another indication that the
reaction took place was proved by the CN stretching vibrations
in amine assigned at 1219 cm™?° Also, for samples A, B, and C
the vibration specific for the MAX phase at 550 cm ' is
noticed.*® It can be concluded that the above-mentioned
samples are consistent with their chemical composition based
on PUR foams and MXenes components.

3.3 SEM analysis, the pore size distribution and the density
of the polyurethane foams

The next step of this study involved examining the morphology
of all samples using SEM analysis. As shown in Fig. 2, the

. . . | 1716 ¢m' | i
i : : i : z : % : 1075 cm'!
o : : : : ! A :C‘O
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= N WA Y
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Fig. 1 FT-IR analysis of the blank sample (black line) and MXenes-
based polyurethane foams.
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Fig. 2 SEM micrographs of Nb,AlC-MXenes (a, b, and c), blank sample (sample 0) in different areas (d, e, and f), Sample A loaded with 0.3 g
MXenes (g, h, and i), Sample B loaded with 0.5 g MXenes (j, k, and 1), respectively Sample C loaded with 0.7 g MXenes (m, n, and o); the yellow
arrows indicate detailed micrographs of the folded MXenes (image c), while the yellow circles evidenced the presence of exfoliated MXenes
embedded in the walls of the PUR foams (detail images i, |, and o).

37206 | RSC Adv, 2024, 14, 37202-37215 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3

Nb,AIC-MXenes appear irregular and powder-like at low
magnifications (Fig. 2a, 1000x). However, at higher magnifica-
tions (Fig. 2b, 10 000x), certain areas (highlighted by yellow
circles) reveal lamellar structures. In the detailed image taken at
50 000x magnification (Fig. 2c), the yellow arrows further
illustrate these lamellar features, showing that the MXenes are
compactly folded, these results being in good agreement with
the literature data.*"?*?

For the PUR blank sample, analysis was conducted in
different areas at two magnifications (Fig. 2d and e, 100x;
Fig. 2f, 200x), indicating large pore formation. For Sample A,
loaded with the lowest concentration of Nb,AIC, Fig. 2g revealed
a porous structure at 100x magnification. The detailed images
(highlighted by yellow circles) further showed the presence of
exfoliated Nb,AIC (Fig. 2h and i). This suggests that dispersing
MXenes into the polyol component followed by curing dis-
rupted the naturally folded structure of the carbide-based
MXenes. For the other two samples loaded with 0.5 g and
0.7 g MXenes, respectively, more compact structures were
observed as the pore size decreased in Sample B (Fig. 2j and k)
and Sample C (Fig. 2m and n). The detailed images for these
samples (Fig. 21 and o) also showed exfoliated/detached MXenes
embedded in the PUR matrix. Another important factor is the
dispersibility of the MXenes within the PUR matrix, which leads
to a uniform appearance of the samples and ensures an even
distribution of the powder-like component throughout the
polymer matrix, as illustrated in Fig. 3.

In the ESI,T we provide spectra for all samples and element
distributions to support our SEM analysis, obtained via the EDX
mapping procedure (Fig. S1-S41). Two magnifications, at 200
pm and 10 pm, reveal consistent information about the pres-
ence of MXenes in all PET-based PUR foam-modified samples,
confirmed by the uniform distribution of Al and Nb at both
larger and smaller scales. For Sample 0, the EDX mapping and
spectrum confirm the presence of C, N, and O, characteristic of
the elemental composition of PUR (Fig. S1f). In PUR samples
modified with varying Nb,AIC concentrations, EDX mapping at
smaller scales (10 pum) shows that the MXenes are covered by the
polymer matrix, as indicated by the presence of N from the
blank PUR sample. Element quantification for all samples
(Fig. S1b, S2b, S3b, and S4b}) shows an increase in Al atomic

© 2024 The Author(s). Published by the Royal Society of Chemistry

Images of blank sample (Sample 0) (a), Sample A (b), Sample B (c), and Sample C (d) that present the uniform distribution of MXenes.

percentage from 0.19% to 0.36% as MXenes concentration rises
from Sample A (Fig. S2-b}) to Sample C (Fig. S4-bt). However,
for Sample C, the Nb element had lower atomic value compared
to previous samples, which can be attributed to an agglomera-
tion of the filling agent and probably poorer dispersion condi-
tions in the polymer matrix (Fig. S47).

To prove that the pore size is lower as the content of MXenes
increased, the pore size distribution and the mean diameter of
the pores for the blank sample and PUR foams loaded with
Nb,AIC were obtained from SEM images by measuring around
200 pores. Consequently, the pore sizes were found to range
from 52 um to 485 pm, 40 pm to 537 um, 40 um to 253 pm, and
35 um to 208 pm for Sample 0, A, B, and C, respectively (Fig. 4).
The histogram was best fitted with the Gauss function. The
highest percentage of pores for Samples 0, A, B, and C were
found to be within 74-182 pm, 54-171 pum, 83-170 um and 58-
173 pm diameter size range having the mean diameter 119 + 67
pum (Sample 0), 145 £ 70 um (Sample A), 131 + 41 um (Sample
B), 80 + 34 pm (Sample C). Thus, by increasing the concentra-
tion of MXenes in the polymer matrix, the mean diameter of the
pores decreased as suggested by the areas investigated through
SEM analysis.

3.4 Density of the PUR-MXenes-based composites

According to the determinations performed using ASTM D7710-
14 as described in Section 2.3.4, the densities of the PUR foams
varied from 120.51 + 14.55 kg m ™ for Sample 0 to 128.75 4 3.03
kg m > for Sample A, 148.82 + 7.07 14.55 kg m > for Sample B,
respectively 165.74 & 25.05 kg m ™~ for Sample C.

Fig. 5 presents the evolution of the density of the PUR
specimens with the MXenes content. As expected, the density
increases with the concentration of MXenes loaded and is in
good agreement with the pore size distribution (densities
increase, pore size decrease).****

3.5 XRD characterization of the PUR-formulated foams

To prove the characteristic diffraction peaks of Nb,AIC the next
stage of this study consisted of performing XRD analysis on the
MXenes powder and the PUR-based foams loaded with MXenes.
Thus, the XRD pattern of the PUR blank sample, Sample

RSC Adv, 2024, 14, 37202-37215 | 37207
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Fig. 4 Pore size distribution and mean size diameter for Sample 0 (a), Sample A (b), Sample B (c), and Sample C (d).

0 (Fig. 6 - black line), presents a broad diffraction peak at ~20°,
which agrees with other XRD studies.*®

The Nb,AIC presents a set of diffraction peaks at 26 = 12.86,
25.77, 33.32, 33.86, 35.11, 37.44, 38.84, 40.63, 42.42, 52.09,
57.64, 58.89, 59.61° which can be unambiguously ascribed to
different (hkl) reflections of hexagonal Nb,AIC with a = b =
0.31 nm; ¢ = 1.38 nm, according to ICDD (International Centre
for Diffraction Data) database, card no. 030-0033. Further, with
increasing the Nb,AIC concentration in the PUR matrix (i.e.
from 0.3 g up to 0.7 g) it is obvious the formation of new
diffraction peaks, which are given by (002), (100), (101), (102),
(103), (106), (110) atomic planes of Nb,AIC (Fig. 6a). The crys-
tallinity of Nb,AIC was evaluated by the Scherrer equation,
which gives the relationship between the mean crystallite size

37208 | RSC Adv, 2024, 14, 37202-37215

and the broadening of the diffraction peaks.*® The analysis of
the (103) main diffraction peak with a pseudo-Voigt fit reveals
that the Full Width at Half Maximum (FWHM) is ~0.27
(Nb,AIC), while for the composites its value ranges between
~0.47 and ~0.30 as the concentration increases. By applying the
Scherrer equation, it was found that T ~30 nm for the initial
Nb,AIC powder varies from ~15 nm to ~27 nm as the Nb,AIC
increases in the PUR matrix. At the same time, one can note
a shift of the (103) diffraction peak at smaller values from 26 =
38.95° towards 26 = 38.69°, which indicates a non-negligible
tensile lattice strain in Nb,AIC after embedding in the PUR
matrix.

Likewise, Rietveld refinement of Sample C (Fig. 6b) indicates
the co-existence of PUR and Nb,AIC, and in addition, it shows

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Densities of the samples versus the MXenes content in the PUR
foam specimens.

the presence of a non-negligible lattice strain, ¢ ~ +0.16%. At
the same time, the mean crystallite size derived from the Riet-
veld refinement ~28 nm is very close to the initial Nb,AIC
powder. Thus, the XRD results are in good agreement with the
morphological aspect of the samples proved by the detailed
SEM images (Fig. 2f, i, 1, and o respectively) that indicated a less
folded structure of the Nb,AIC embedded in the PUR foam
structure.

3.6 Compression tests of the polyurethane foams

Considering the practical application of the PUR-based samples
filled with MXenes that can be used as insulator materials that
can cover electronic equipment for EMI shielding compression
tests were employed to determine the mechanical behavior of
all specimens under loading.

Thus, Fig. 7 illustrates the stress-strain plots for compres-
sion tests, while Table 2 compares the maximum force
measured for each specimen. The comparison of the mechan-
ical performance of the PUR-based samples was made based on
the mean value of force expressed in N (Table 2 - last column).

The compression mechanical tests of the foams confirmed
that the compression stress and compression strain increased
for the samples in which the highest concentration of rein-
forcing agent was added. Thus, the best mechanical perfor-
mances were registered by Sample C, respectively Sample B.
Thus, the next analysis will be performed for Sample 0 and C,
comparatively.

Based on the allure of the curves it can be noticed that three
regions characterize the mechanical behavior of all samples,
namely the elastic zone, the plateau zone, and the densification
zone which were confirmed also by Petra and Novak.*

The first step of the compression test takes place from the
moment the cell walls approach under continuous loading until
they begin to collapse. In the plateau stage, buckling of the
samples under pressure occurs, while in the final stage, cell wall
collapse occurs until reaching the opposite walls, which deter-
mines the densification of polyurethane foam.

The presence of MXenes extended the elastic region and
increased the slope of the curves due to the higher rigidity of the
cellular walls. For the plateau region, the slope increased

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The XRD pattern for Nb,AlC and PUR loaded with Nb,AIC (a),
and Rietveld refinement for Sample C (b).

slightly due to the incorporation of the Nb,AIC powder in the
cellular structure. This led to a reinforcing of the cell walls that
determined a higher mechanical resistance of the porous
matrix.*® Furthermore, the propagation of the crack seems to be
delayed giving higher resistance to complete breaking/collapse.
All these mechanical improvements were registered for all
samples compared with the blank sample and are influenced by
the highest concentration of the filling agent and the uniform
distribution of the fillers in the structure of the foams. The
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Fig. 7 Stress—strain plots for Samples O, A, B, and C and the optical image of the sample recorded before and after the compression test.

Table 2 Maximal forces measured during compression tests

Max force (N) Max force (N) Max force (N) Max force (N) Max force (N)
Sample code Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5 Mean value, (N)
Sample 0 881.58 737.24 869.04 716.41 846.43 810.14
A 930.64 982.45 984.87 992.75 974.95 973.13
B 1007.06 1012.88 1019.48 1012.76 1014.68 1013.37
C 1017.39 1016.96 1010.46 1010.73 1013.03 1013.71
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urethane foams filled with the highest concentration of MXenes (0.7 g),
Sample C.

values registered for the compressive stress indicate that these
types of materials may be suitable for use in the civil engi-
neering industry.**™**

3.7 Thermal characterizations of the polyurethane foams

To explore the potential applications of the formulated foams,
additional insights can be gained through TGA and DSC anal-
yses. Before 230 °C, all specimens exhibited a similar weight
loss of approximately 5%, attributed to the evaporation of water
and the removal of low molecular weight additives. In Fig. 8, two
major decomposition stages are identified within the temper-
ature ranges of 230-320 °C and 450-480 °C, respectively. These
stages correspond to the characteristic two-step decomposition
of urethane bonds and the cleavage of polymer chains** in
Sample C (which contains the highest concentration of MXenes,
Fig. 8 - red line). In contrast, Sample 0 (Fig. 8 - black line) shows
three distinct stages of decomposition, with an additional step
observed between 350-450 °C.

Between 320-400 °C, the Gram-Schmidt profile indicates the
degradation of volatile compounds, the release of isocyanates
and alcohols, and the breakdown of hard segments.** Beyond
500 °C, the polymer matrix is completely degraded in all
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samples. Despite both samples experiencing significant weight
loss between 230-500 °C, Sample C demonstrates higher
thermal stability than Sample 0, as evidenced by a higher
residual weight of approximately 30% compared to 20% for the
blank sample. Additionally, the weight loss in Sample C occurs
at a slower rate compared to Sample 0, suggesting an
enhancement in thermal properties due to the presence of
MXenes within the polyurethane foam structure. This
improvement is further supported by the absence of the weight
loss step observed in the blank sample, but not in Sample C.

Fig. 9 is composed of two main sections describing the DSC
graph for the thermal behavior of Sample 0, respectively Sample
C and a set of microscope images taken during the DSC analysis
showing the differences in structural change at three different
temperatures of both samples.

Sample 0 shows a slightly abrupt slope between 280 °C and
350 °C, indicating a more rapid exothermic reaction, likely due
to the breakdown of the PUR matrix without MXenes compared
with Sample C. However, comparing the T, of the two samples,
it can be noticed that the values are close, the difference being
around 10 °C. Taking into account that Sample C has a lower Ty,
it can be concluded that the foam is more flexible compared to
Sample 0 (compression tests proved an extension of the elastic
zone) and the macromolecular chains slide over each other
more easily, due to the presence of detached/exfoliated MXenes
(evidenced by SEM and XRD analysis).

3.8 EMI shielding properties

To evaluate the EMI shielding properties for the synthesized
materials at microwave frequencies, we employed a waveguide-
based experimental setup* to analyse their reflection and
transmission properties covering frequencies from 8.2 to 12.4
GHz, known as the X band. This frequency range is particularly
important for high-frequency applications being extensively
used in radar systems for air control, weather, terrestrial and
space communications, traffic light motion sensors, and RF
sources for particle accelerators in medical applications. EMI
poses significant issues by severely degrading the performance
of electronics affecting not only their life expectancy but also
altering the quality signal of the device. To mitigate these
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Fig. 9 DSC and optical microscopy for the samples at different temperatures.
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loaded with MXenes in the X band.

issues, various materials have been investigated for EMI
protection, including pristine conductive polymers or hybrid
composites of the polymers with carbonaceous materials like
graphene, carbon nanotubes, and other nanofillers.** Over the
past decade, the development of two-dimensional (2D) atomi-
cally thin structures has led to new materials with EMI shielding
capabilities comparable to carbon-based nanomaterials, such
as MXenes which is a new class of transition metal carbides,
nitrides, and carbonitrides.*® Therefore, materials can be engi-
neered to provide either EM transparency or EMI shielding
properties based on specific application needs.*®

As previously described in Section 2.3.9, the EMI shielding
capabilities of Sample 0, A, B, and C, were determined using
a calibrated VNA connected to two X-band waveguide transi-
tions. The specimens were placed between these transitions,
allowing us to record the scattering (S) parameters at the two
ports of the VNA. Based on the measured S parameters
(Fig. 10a), all relevant quantities were calculated using eqn
(1)-(4) as outlined in Section 2.3.9.

Fig. 10b-d show that Sample 0 (solid black line) provides the
best performance between 9 and 13 GHz, mostly due to a bigger
high-frequency absorption in the upper part of the X band; this
means that the addition of MXenes does not entail a monotonic

37212 | RSC Adv, 2024, 14, 37202-37215
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change of sample's performance in terms of EMI shielding in
this particular frequency range. This could be ascribed in
principle to an agglomeration of the filling agent in the poly-
meric matrix. However, we can observe an improvement of the
EMI shielding characteristics in the 8-9 GHz frequency range
(Fig. 11), which could be suitable for dedicated military and/or
civilian applications requiring specific frequencies for secured
telecommunications.

Even if all the characterized samples exhibit good trans-
mission and reflection properties (|S,,| is always between 0 and
—0.5 dB, whereas [S;4] is always between —15 and —30 dB),
Fig. 11 demonstrates that Sample B (solid blue line) offers the
best EMI shielding performance (Fig. 11d) mostly due to the
highest SE; values (Fig. 11c), which translate into a bigger
attenuation of the EM signal propagating in the waveguide, i.e.,
a degradation of the reflection coefficient with about 1.5 dB with
respect to Sample 0. This result is corroborated by Fig. 11e, in
which the conductivity ¢ of Sample B spans in the range 7.4-8.2
S m™". This value is at least 50% greater than the conductivity of
seawater, which is about 5 S m™*. Hence, the enhancement of
the conductivity comes from the concentration of MXenes.
Finally, the values of the skin depth ¢ (Fig. 11f) are strictly
related to those of the conductivity, for the following reason: an

© 2024 The Author(s). Published by the Royal Society of Chemistry
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increase of ¢ entails a decrease of ¢ and, most of all, a general
rule of thumb for any conductive material is to have a thickness
which is at least double with respect to its skin depth, to prevent
the penetration of the high-frequency EM field inside the
materials itself and, hence, additional losses. Since the thick-
ness of all specimens’ spans between 5.1 mm (Sample C),
5.82 mm (Sample B), 5.51 mm (Sample A) and 6.61 mm (Sample
0) it is evident that the skin depth has an abrupt decrease for
increasing frequencies since the thickness of each sample
becomes much greater than the corresponding skin depth.

As a whole, Sample B has the potential to be a good EMI
shielding material and we expect that a further increase of the
MXenes content will enhance the shielding properties, by
keeping at the same time an acceptable degree of mechanical
flexibility. The latter characteristic is an added value since it can
follow the shape of the object to shield it from EMI. We stress
here that for all the composite materials described in this work,
the results are consistent and reproducible after systematic
measurements.

4 Conclusions

This study highlighted the synthesis and characterization of
polyurethane foams manufactured from industrial PET wastes

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and MXenes. Thus, the polyol component was comprised not
only of different commercial polyols but also of glycolysis
products resulting from PET depolymerization in the presence
of DEG bringing added value to the newly formulated products
in terms of recycling plastic wastes. The resulting PUR foam
specimens were characterized by FT-IR, SEM, density
measurements, XRD, mechanical, and thermal analysis, as well
as EMI shielding capabilities.

The FT-IR results showed the presence of urethane bond
formation in all cases. SEM micrographs revealed that as the
MZXenes content increased from Sample A to Sample C, the
structure became more compact, with a statistically significant
reduction in pore size diameter. Additionally, SEM images
showed a detached or unfolded appearance of the close-packed
lamellar structures of Nb,AIC within the polymer matrix. EDX
analysis and mapping indicated the presence and incorporation
of Mxenes in all PUR samples both at larger (200 microns) and
smaller scales (10 microns). The density of the PUR foams
increased from 120 to nearly 170 kg m ™~ with higher MXenes
content. XRD analysis demonstrated tensile lattice strains in
Nb,AIC after incorporation into the PUR matrix, indicated by
a shift in the (103) diffraction peak from 26 = 38.95° to 26 =
38.69° proving a less folded structure compared with the packed

RSC Adv., 2024, 14, 37202-37215 | 37213
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lamellar structure of the pristine Mxenes. Compression tests
revealed that Sample B and Sample C had similar performance,
while the thermal behavior of Sample C was not significantly
different from that of Sample 0.

Regarding EMI shielding properties, Sample B has the
potential to become an effective EMI shielding material in the
8-9 GHz band, which could be suitable for dedicated military
and/or civilian applications requiring specific frequencies for
secured telecommunications.

It is anticipated that increasing the MXenes content further
will enhance the shielding effectiveness while keeping an
acceptable degree of mechanical performance.
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