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A B S T R A C T   

Virgin and recycled poly(lactic acid) (PLA) based nanocomposite materials were obtained and subjected to 
microstructural, thermal and mechanical analysis in view of fabricating efficient microwave absorbers. PLA was 
first exposed to artificial accelerated aging, next was mechanically recycled through grinding followed by 
reprocessing using melt extrusion and compression molding, resulting in recycled PLA samples (rPLA). Addition 
of organically modified montmorillonite (OMMT) as nanoclay was performed in a second melt extrusion process 
in order to obtain virgin and recycled PLA-OMMT nanocomposites. The impact of recycling process and presence 
of OMMT nanoclay in the host PLA matrix has been studied by FTIR, TGA and DSC, while the mechanical 
performance has been investigated by micro-hardness test. The dielectric properties were measured in the 26–40 
GHz frequency range using a Vector Network Analyzer to assess the performance of virgin and recycled PLA and 
OMMT-PLA material as microwave absorbers. The FTIR results show that the recycling process generated more C 
= O groups in the polymer. These polar groups tend to orient themselves in the direction of the applied field and 
increase the dielectric constant (ε’). Measured electromagnetic absorption index revealed that rPLA-4OMMT 
with a thickness of 400 µm is able to absorb 20.3% on average of the spectrum with a peak of 36%, while 
200 µm-thick films of rPLA-4 wt.% OMMT has a mean absorption index of 14.5%. The overall results show that 
mechanically recycled polymer can replace virgin polymer in this kind of applications.   

1. Introduction 

The primary purpose of the European Parliament in 2019 for pro
moting a circular economy of materials includes the use of biodegrad
able materials, aiming to reduce the world’s plastic growing waste [1]. 
For applications such as fibers, textiles, food packaging, and environ
mental remediation films, poly(lactic) acid (PLA) is the most promising 
alternative for reducing municipal solid waste [2]. PLA, on the other 
hand, has some drawbacks, such as poor toughness, brittleness and high 
gas permeability, so intensive research efforts are focused on obtaining 
PLA products with specific properties. This can be achieved by blending 

PLA with other biodegradable and non-biodegradable resins, and/or by 
compounding PLA with fillers such as montmorillonite (MMT) nanoclay 
[3] [4]. MMT is a widely used layered silicate (MLS), usually modified 
with different alkyl ammonium ions to produce organically modified 
MMT (OMMT), which is frequently incorporated in PLA-based materials 
forming PLA-OMMT hybrid nanocomposites with improved character
istics [5] [6]. 

MMT consists of sheets arranged in layered structure with high 
aspect ratio particles with at least one dimension in the nanometer 
range, which significantly improves the properties of the PLA polymer. 
The organically modified layered silicates (OMLS) are employed as 
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reinforcements because of their high cation exchange capacity (CEC) 
and high surface area (approximately 750 m2/g) with a platelet thick
ness of 10 Å. The large aspect ratio of the silicate layers results in a high 
interfacial area. This increase in the interface reduces the chain mobility 
and creates a reinforcement effect [7] [8] [9]. The affinity of silicates 
with PLA is reported to be strong [10], presuming of a good compati
bility between them. Nanocomposites present improved mechanical and 
gas barrier properties when the optimum amount of filler is reached, 
which is usually in the 1 – 5 wt.% range [11]. This is an advantage since 
mechanical properties are reported to degrade at too high filler content. 
The positive effects of OMLS promoted the use of silicate-based nano
composites in both academic and industrial field, as they exhibit a 
remarkable improvement in the properties of materials compared to 
pure PLA or conventional composites [12] [13]. Those improvements 
may include higher moduli [14], increased resistance to heat, decreased 
gas permeability and flammability, and increased biodegradability [15] 
[16]; the improvement of these properties is dependent on a few pa
rameters, including clay distribution (such as dimensions, form factor, 
exfoliation, etc.), which favor higher reinforcement via 
nanoclay-polymer interaction. 

This growing trend in the consumption of PLA-based materials could 
create some environmental issues. Most commercial grades used in 
demanding applications, such as food packaging, do not easily biode
grade in ordinary conditions [17] and can also be considered as a 
contaminant for polyethylene terephthalate (PET) waste streams [18]. 
To address this issue, several alternatives for the valorization of plastic 
waste have been proposed and evaluated, such as mechanical recycling 
[19]. Mechanical recycling is one of the most successful processes, and it 
has received a lot of attention because of its key advantages, such as its 
simplicity, inexpensive investment, and controllable technological pa
rameters [20]. Nevertheless, polymers and nanocomposites are known 
to be degraded by agents such as oxygen, light, mechanical stresses, 
temperature and water, which in combination cause chemical and 
physical changes that alter their structure during their life cycle (syn
thesis - processing - service life - discarding - recovery) [20] [21]. As a 
result of these changes, the physical and functional properties of a 
polymer deteriorate. Hence, high quality recycled products are difficult 
to obtain, in particular for thin films, where optical and barrier qualities, 
among other issues, play an important role [22] [23]. However, the 
performance of the mechanically recycled plastics can be still enough to 
be used in different applications. Moreover, the addition of OMMT in the 
reprocessing step can result in a substantial improvement of the prop
erties of the recycled PLA. 

To the best of our knowledge the use of recycled materials for the 
fabrication of microwave devices including absorbers is a new research 
field not yet deeply investigated. In this work, virgin and recycled PLA- 
based OMMT nanocomposites have been obtained and characterized 
using different experimental techniques, such as FTIR spectroscopy, 
thermogravimetric analysis (TGA), differential scanning calorimetry 
(DSC) and microhardness measurements. The main goals were to 
investigate the effects of the nanofiller and the recycling process on 
permittivity and dissipation factors of the materials, since the dielectric 
properties should be adapted for ensuring microwave absorption and 
electromagnetic interference (EMI) shielding, and to evaluate the suit
ability of using formulations based on mechanically recycled PLA, 
instead of those based on virgin polymers, as biodegradable electronic 
materials for efficient microwave absorbers operating in Ka band. 

2. Materials and methods 

2.1. Materials 

The PLA used was a commercial grade, Ingeo™ Biopolymer 2003D, 
from NatureWorks (USA), with a melt mass-flow rate of 6 g/10 min 
(2.16 kg at 210◦C). A commercial organically modified montmorillonite 
(OMMT), Cloisite® 30B from Southern Clay Products (USA), modified 

with a methyl, dihydroxyethyl, dehydrogenated tallow, quaternary 
ammonium chloride, was used as a filler. 

2.2. Preparation of the materials 

PLA pellets were processed by melt extrusion in a Rondol Microlab 
twin-screw microcompounder (L/D = 20), at 60 rpm. The temperature 
profile, from hopper to die was: 125–165–190–190–180 ◦C. The ob
tained material was then hot-pressed into films (thickness of 200 µm) 
using an IQAP-LAP hot plate press at 190 ◦C. The obtained films of virgin 
PLA (VPLA) were then subjected to an accelerated aging protocol 
including 40 h of photochemical aging in an ATLAS UVCON chamber, 
equipped with eight F40UVB lamps; 480 h of thermal aging in an oven at 
50 ◦C; and 240 h of hydrolytic aging in deionized water at 30 ◦C. The 
aged samples were then washed at 85 ◦C in a NaOH (1 wt.%) and Triton 
X (0.3 wt.%) aqueous solution. Finally, the washed material was grinded 
and reprocessed by melt extrusion and compression molding, resulting 
in recycled PLA (rPLA). The addition of OMMT was performed in the 
second melt extrusion process. The Table 1 summarizes the elaboration 
of the samples and gives a short sample name used further in this paper. 

In order to avoid humidity traces, all the materials were dried at 
85 ◦C under vacuum for 2 h before processing. 

3. Characterization of the samples 

Fourier transform infrared (FTIR) spectra was recorded in a Nicolet 
iS10 spectrometer, equipped with a diamond ATR accessory. For each 
sample, 16 scans with a resolution of 4 cm− 1, were recorded. FTIR-ATR 
spectra were corrected using the software Omnic 9.2.41 and normalized 
using the band at 1450 cm− 1, which has been reported as an internal 
standard. 

Differential scanning calorimetry tests (DSC) were conducted in a TA 
Instruments Q20 calorimeter, under nitrogen atmosphere. 5 mg of 
sample were put in a standard aluminum pan, and subjected to the 
following protocol:  

- A heating scan, from 30 to 180 ◦C, at 5 ◦C/min.  
- An isothermal step at 180 ◦C for 3 min.  
- A cooling scan, from 180 to 0 ◦C, at 5 ◦C/min.  
- A second heating scan, from 0 to 180 ◦C, at 5 ◦C/min. 

Thermogravimetric analysis (TGA) was carried out in TA In
struments TGA 2050 thermobalance under nitrogen atmosphere. 10 mg 
of sample were put in a platinum crucible, and heated from room tem
perature to 800 ◦C, at 10 ◦C/min. 

Hardness measurements were performed in Shimadzu Type M 
microhardness tester, equipped with a Vickers pyramidal indenter. The 
applied load was 25 g and the loading time was 10 s. Each sample was 
measured six times. 

The electromagnetic characterization is performed over the Ka band 
by using an Anritsu M54644B Vector Network Analyzer (VNA) in wave 
guide configuration as described in ref. [24]. The calibration is made by 

Table 1 
Description of the studied samples.  

Sample Description 

VPLA PLA subjected to an extrusion and compression molding process 
VPLA- 

2OMMT 
PLA + 2 wt.% OMMT subjected to an extrusion and compression 
molding process 

VPLA- 
4OMMT 

PLA + 4 wt.% OMMT subjected to an extrusion and compression 
molding process 

rPLA VPLA subjected to accelerated aging, washing and reprocessing 
rPLA 
− 2OMMT 

VPLA subjected to accelerated aging, washing and reprocessing 
along with 2 wt.% OMMT 

rPLA 
− 4OMMT 

VPLA subjected to accelerated aging, washing and reprocessing 
along with 4 wt.% OMMT  
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LRL/LRM method, and the IF bandwidth is set at 300 Hz. The VNA 
measures the parameters S11 and S21 associated to power respectively 
reflected (R=|S11|2) at input of the material sample and transmitted 
(T=|S21|2) through it. These raw S-parameters are converted towards 
reflection and transmission coefficients for the absorption analysis. 
From the power balance A+ R+ T= 1, the absorbed power A is obtained 
as A= 1 – R - T. These definitions are used in Section 4.5.2. 

4. Results and discussion 

4.1. FTIR analysis 

FTIR spectroscopy makes it possible to characterize the functional 
groups in polymers by identifying their absorption bands and, hence, to 
investigate the interactions between the different substances present in 
the plastic and the modifications caused by processes such as the 
degradation that take place during the use and the mechanical recycling 
of the plastic. FTIR spectroscopy analysis was performed on samples of 
PLA and PLA-based nanocomposites before and after being subjected to 
recycling, and the results are displayed in Figs. 1 and 2. 

All the spectra are very similar and show the characteristic absorp
tion bands of PLA, previously reported by Kister, G et al. [25]. This result 
indicates that the recycled polymer is very similar to the virgin one, at 
least from a chemical structure point of view. However, there are small 
changes that can be related to the recycling process. For example, the 
two weak absorption bands observed around 2998 and 2948 cm− 1, 
which correspond to the stretching modes of aliphatic C–H bonds [26], 
are shifted to lower wavenumbers for rPLA. This change can be related 
to small changes in the surface crystallization of the material [27,28] . 
The peak at 1755 cm− 1 corresponds to the C = O stretching vibration of 
the ester group [29]. After recycling the pure polymer, a small change 
can be appreciated in this region (Fig. 2). The spectrum of recycled 
plastic is slightly broader in this spectral region. The two spectra are 
equal at high wavenumbers; however, the spectrum of recycled plastic is 
slightly broader at low wavenumbers, showing the appearance of lower 
energy C = O bonds because of recycling. This fact could be due to the 
cleavage of chains in the polymer during its aging and reprocessing, 
which causes the formation of acid and alcohol groups. These new 
groups can establish hydrogen bonds with the C = O of the ester groups 
of PLA, thus lowering the energy of the vibration. Thus, the changes 
observed in the spectrum of rPLA in comparison to VPLA, can be 
attributed to degradation processes that generate new C = O groups. 
These changes are in good agreement with the reduction in molecular 
weight by chain scission in the recycled polymer, which has been re
ported by different authors [30,31]. 

Fig. 2 also shows the C = O spectral region corresponding to virgin 
and recycled PLA nanocomposites with 4 wt.% of OMMT. In this case, 
the difference observed between VPLA and rPLA, which can be assigned 

to degradation by chain scission, do not appear. However, it is well 
known that chain scission also takes place during the aging and me
chanical reprocessing of the nanocomposites, as can be deduced from 
the measurements of intrinsic viscosities and average molecular weights 
of these materials [31]. The non-observation of the new hydrogen bonds 
in the recycled nanocomposites may be due to the nanoclay layers since 
they make it difficult to establish interactions of this type in the polymer. 

4.2. Thermogravimetric analysis 

Thermogravimetric analysis (TGA) is a quantitative analysis that 
relies on the mass change of a material exposed to a controlled tem
perature program. Analyzing the thermal stability of the different is 
important, since it has been reported that the introduction of inorganic 
nanoparticles into polymers leads to improvement on the thermal sta
bility of the samples [32]. 

The TG traces and respective derivative mass loss (or derivative 
thermogravimetry, DTG) of all the investigated samples are presented in 
Fig. 3. The TG curves show that the degradation process occurs in a 
single weight-loss step for all the samples. The decomposition of PLA 
starts at around 300 ◦C. The decomposition is rapid above this tem
perature, and it completes at 380 ◦C. The DTG curve of PLA in Fig. 3b 
shows a single peak at 365 ◦C. 

Table 2 summarizes the TGA characteristic temperatures of the 
different PLA samples. Thermal stability of the prepared formulations is 
quantitatively characterized from T5 − 50 (temperatures of 5 and 50% 
weight loss) and Tmax (temperature of maximum weight loss rate), 
which are commonly used as indicators for the thermal stability of 
polymers. Table 2 shows that the recycling causes a decrease in the 
thermal stability of PLA. The result has been reported in previous 
studies, and it is related to the degradation of PLA during the aging and 
recycling process. This degradation has been also observed in the FTIR 
analysis of the materials (Figs. 1 and 2). The samples with lower mo
lecular weight have shorter polymer chains, which decompose at lower 
temperatures, negatively affecting the thermal stability [33]. The pres
ence of the nanoclay filler leads to slight changes in thermograms; 
overall the addition of 2 and 4 wt.% of OMMT led to a slight increase of 
the thermal stability of the virgin and recycled PLA matrixes, as it can be 
seen on Table 2 and Fig. 3. In fact, the introduction of 2 wt.% OMMT 
during the recycling PLA process can significantly improve the thermal 
stability of the recycled nanocomposites approaching the thermal sta
bility of virgin PLA matrix. It is reported elsewhere that thermal stability 
of PLA can be enhanced or decreased by the introduction of OMMT [34, 
35]. Regarding the DTG curve and the Tmax values, one observes that the 
addition of 2 and 4 wt.% led to a slight increase of the Tmax values of the 
recycled matrix. This improvement of the thermal stability might indi
cate a good dispersion of the clay platelets within the polymer matrix, 
since they can act as a barrier to the liberation of the thermal 

Fig. 1. FTIR analysis of virgin and recycled PLA-nanoclay composites.  
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decomposition products. The enhancement of the thermal stability thus 
reveals a good interaction between the inorganic layered silicates and 
the PLA matrix in the fabricated nanocomposites [36–39] . 

Summarizing, mechanical recycling led to a decrease of the thermal 
stability, as a result of the degradation of the polymer. Nevertheless, the 
presence of nanoclay is positive as the poor thermal stability of rPLA is 
synergistically recovered by the introduction of low content of organi
cally modified OMMT that is considered sufficient to induce better 
thermal stability. 

4.3. DSC characterization 

DSC analysis was performed in order to evaluate the effect of me
chanical recycling on the thermal transitions and crystalline structures 
of the polymer matrix during the recycling process. Thermograms are 
shown in Fig. 4 and followed by Table 3 summarizing the characteristic 
data: melting temperature (Tm), cold crystallization temperature (Tcc), 

enthalpy of crystallization and melting, respectively (ΔHc and ΔHm) and 
the degree of crystallinity (Xc) based on the second heating cycle. Fig. 4 
shows that, overall all the samples present the same thermal transitions, 
namely a glass transition around 60 ◦C, a cold crystallization above 
100 ◦C and a melting endotherm above 140 ◦C. Despite the similarities, 

Fig. 2. FTIR analysis over the 1790 – 1720 cm− 1 wavelength, the full black line and the dotted red line are the virgin and recycled PLA-based composites 
respectively. The change in the C = O stretching region is caused by the recycling process. 

Fig. 3. TGA (a) and DTG (b) analysis for PLA based samples.  

Table 2 
The TGA characteristic temperatures of the different PLA based samples.  

Sample T5(○C) T50(○C) Tmax(
○C) 

PLA 325, 39 357, 81 364, 37 
PLA-2OMMT 324, 66 357, 06 362, 38 
PLA-4OMMT 330, 88 358, 56 361, 86 
rPLA 317, 60 354, 95 362, 6 
rPLA-2OMMT 325, 89 360, 0 366, 71 
rPLA-4OMMT 326, 69 359, 67 365, 86  

Fig. 4. DSC second heating scans of PLA-based samples.  
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there are some differences that are worthy to note. Recycled PLA shows 
a cold crystallization temperature approximately 10 ◦C lower than 
VPLA. This behavior has been reported in previous studies [27,33], and 
can be attributed to the degradation of the polymer during the aging and 
recycling, since the shorter polymer chains have an increased mobility 
which allows them to crystallize more easily. Another important dif
ference is the double melting peak shown by the recycled materials. This 
behavior can be assigned to a melt recrystallization mechanism, as it was 
pointed out by Di Lorenzo [40]. In this mechanism, the crystals formed 
during the cold crystallization partially melt, reorganize themselves into 
more perfect crystals and then melt at a higher temperature. The 
appearance of this behavior in the recycled material can also be attrib
uted to the shorter polymer chains with higher mobility, which can 
rearrange themselves more easily during the melt recrystallization. 

Regarding the effect of the nanoclays, two counteracting effects on 
the Tcc can be seen depending on the amount of filler. In the samples 
with only 2 wt.%, a decrease of the cold crystallization temperature was 
noted. This behavior can be ascribed to the clay nanoparticles providing 
heterogeneous crystallization sites for PLA, thus promoting the forma
tion of crystalline structures at lower temperatures [41–44] . As the clay 
content increases, so does the Tcc value, which could be explained by a 
decrease of the mobility of the molecular segments due to the presence 
of the nanoclay platelets. Similar behaviors have been reported for PLA- 
organically modified clay nanocomposites [45–47]. 

4.4. Micro-hardness measurements 

Microhardness is an important mechanical property that measures 
the resistance of a material to the application of a contact load; it could 
also provide valuable information about morphological parameters of 
polymers [48,49]. As it can be seen in Fig. 5, the value of Vickers 
hardness of VPLA is around 185 MPa, which is approximately 5 MPa 
higher than the one of rPLA. This slight decrease is related to the 
degradation of the polymer during recycling, since molecular weight is 
one of the factors that influences mechanical performance [50]. Fig. 5 
also shows that the addition of both 2 and 4 wt.% OMMT to rPLA led to 
nanocomposites with hardness values even higher than those of unfilled 
VPLA. These results might be explained by the presence of high aspect 
ratio montmorillonite nanoparticles, since the high surface area of 
nanoparticles promotes increase in hardness of hybrid PLA nano
composites [51]. Furthermore, as it was seen by means of DSC, the 
nanoclay tends to restrict the movement of polymer chains, thereby 
increasing the microhardness [52]. These results are important since 
they suggest that the addition of small amounts of nanoclay can improve 
the mechanical performance of mechanically recycled PLA. 

4.5. Electrical and electromagnetic behavior 

4.5.1. Dielectric properties 
The variation with GHz-frequency of the dielectric constant (ε’) and 

the dissipation factor (tan δ) of the polymer nanocomposites was 
measured at room temperature (22.5 ◦C) using a vector network 
analyzer operating in the range of 26.5–40 GHz (Ka band) and presented 
in Fig. 6. The maximum values of ε′ are found at lower frequencies; the ε’ 
value of VPLA is in the range 2.9–3.9 while rPLA displayed some fluc
tuations and its value is in the range 2.9–4.4. The average values ε’ in the 
studied frequency band for VPLA and rPLA are 3.1 and 3.8, respectively. 
Note that the experimental oscillations are due to a slight impedance 
mismatch over the swept frequency range. Furthermore, the algorithm 
for extracting the physical properties from S-parameters inevitably 
amplifies these oscillations [53]. The behavior of ε’ is attributed to the 
dominant contribution of the Maxwell-Wagner-Sillars interfacial polar
ization (effect Shetty) typically observed in certain polymers [54,55]. 
Indeed, charges accumulation at interfaces of dielectric samples 
improve the dielectric polarizability [56], and this behavior seems more 

Table 3 
The characteristic data exported from second scan heating of PLA-based 
materials.  

Sample Tg(
○C) Tcc(

○C) Tm(○C) ΔHcc(J/ 
g) 

ΔHm(J/ 
g) 

Xc(%) 

VPLA 57, 98 120, 4 149, 49 22, 67 22, 87 0 
VPLA- 

2OMMT 
57, 84 113, 

46 
147, 89 −
153, 97 

27, 46 28, 4 1 

VPLA- 
4OMMT 

57, 32 115, 
96 

148, 5 28, 04 28, 54 1 

rPLA 57, 27 109, 
79 

146, 98 −
153, 60 

28, 2 29, 5 1 

rPLA- 
2OMMT 

56, 70 106, 
22 

146, 13 −
153, 66 

29, 1 29, 4 0 

rPLA- 
4OMMT 

56, 96 116, 
15 

148, 43 −
154, 55 

27, 7 28, 0 0  

Fig. 5. Microhardness of PLA-based materials.  
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pronounced for rPLA formulations. The phenomenon can be viewed as 
the existence of small electrical capacities between OMMT inclusions 
loading the material, which contributes to the modification of values ε’ 
[57]. At low frequency, the capacitance increases the effective value of 
ε’, while at high frequency, the capacitance act as a short circuit be
tween inclusions in the PLA matrix, leading to a gradual decrease of ε’ 
when frequency increases; a steady state is reached near 30–33 GHz and 
32–35 GHz for PLA samples and rPLA-2OMMT, respectively. Any com
posite exposed to an alternating electric field is characterized by inter
facial and orientation polarization, these two physical characteristics 
mainly govern the dielectric constant value. On the one hand, it is re
ported that dipoles get enough time to orient themselves in the direction 
of applied electric field at lower frequency [58,59]. On the other hand, 
as the frequency increased, the dipoles get less time to orient them in the 
direction of the applied electric field reducing by that interfacial and 
orientation polarization hence lowering the dielectric constant [60]. 
Mechanical recycling induces the formation of small chains, having 
more polar groups than in VPLA as confirmed from FTIR analysis, hence 
the polarization and the capacity of dipoles to orient themselves in the 
same direction as the electrical field is enhanced. Consequently, the 
value of ε’ of rPLA samples kept increasing again at 32 GHz. 

Regarding the behavior of the nanocomposites, it is worth noting 
that OMMT is polar in nature, thus a decrease of dielectric constant is 
related to the exfoliation/intercalation of the nanoclay in the PLA host 
matrix, involving the reduction in dielectric constant and dissipation 
factor for 3 wt.% nanoclay is due to immobility of PLA chains by 
nanoparticles [61]. The exfoliated nanoclay decreases the dielectric 
constant of nanocomposite whereas dielectric constant increases due to 
predominance of intercalated clay. Consequently, the orientation of 
polar dipoles present in the rPLA matrix is somewhat suppressed due to 
the hindrance created by MMT in their movement, this behavior is 
clearly seen for all PLA materials in the frequency range 26.5–32 GHz. 
However, nanoclay can increase interfacial polarization, but this phe
nomenon is dominated by orientation polarization as it is evident for 
both virgin and recycled nanocomposites at 35 GHz. Thus, ultimately, 
the suppression of orientation polarization reflects the decrease in 
dielectric constant and dissipation factor with the increase in nanoclay 
loading. It has been suggested in previous studies that the presence of 
polar groups in conductive nanoparticles platelets can increase the 
dielectric constant by the impartial relatively high permanent dipole 
moment and high interface polarizability of these bonds, additionally 
the presence of electronegative atoms in nanoparticles sheets causes a 
doping effect increasing the conductivity of the composites [62]. A 
similar trend has been seen in the case of rPLA, which can be explained 
by the C = O groups, with high dipole moments, created during recy
cling. These C = O groups contribute to high values of AC conductivity 
and dielectric constant, as it can be seen from average AC conductivity 

results that are summarized in Table 4. The addition of clay does not 
produce important changes in AC conductivity, thus it must be the 
generation of new compounds with C = O bonds, both in the middle 
position and at the ends of the PLA chains, the responsible for the rise in 
dielectric properties of both recycled matrix and nanocomposites. From 
Table 1, it can be seen that values of conductivity or one order of 
magnitude higher for recycled PLA composites, with values up to 1 S/m 
for rPLA-4OMMT. Those results are satisfactory for achieving EMI 
shielding as high as 30 dB according to [52]. 

4.5.2. Electromagnetic (EM) absorption index 
The performance of polymer-nanofiller composites to shield elec

tromagnetic (EM) radiation is evaluated by measuring S-parameters 
followed by specific data extraction algorithm [53,63]. These parame
ters have been extracted from a vector network analyzer (VNA) oper
ating in the Ka band (26.5–40 GHz). Recent studies have claimed that the 
presence of nanosilica particles within a coating will boost its durability, 
due to the strong potential of nanosilica to absorb ultraviolet (UV) ra
diation, which prevents the deterioration of the organic polymeric 
covering [64]. The ability of PLA and recycled PLA based nano
composites to absorb electromagnetic radiation could prove useful, 
since absorption is the only way to remove undesired pollution [65]. The 
shielding effectiveness generally is correlated to the electromagnetic 
transmission and consequently does not give information about the 
reflection. A strong reflection resend microwave without solving inter
ference issues since no energy absorption is done. In this aim of EMI 
shielding, PLA and rPLA nanocomposites with a thickness of 200 and 
400 µm were characterized, and the results are displayed in Fig. 7. From 
S-parameters, the reflection (R) and transmission (T) coefficients are 
calculated, then the absorption index (A) is obtained by the formula A=
1 – R – T where R = |S11|2 and T = |S12|2. 

The reflection coefficient of the set of films is quite weak. This is an 
advantage since the energy penetrate into the material for partial ab
sorption and transmission. Notice that the thickness increases the 
reflection; this is explained by the fact that a thicker film offers a higher 
content in lossy PLA-OMMT material for the propagation of the signal. 

Fig. 6. Dielectric constant (a) and loss tangent (b) at microwave frequencies of PLA-based composites over the Ka band.  

Table 4 
Average conductivity and dielectric constant at microwave frequency of the 
nanocomposites.  

Sample Conductivity [S/m] Dielectric constant 

VPLA 0.06 3.0 
VPLA-2OMMT 0.12 3.1 
VPLA-4OMMT 0.16 3.3 
rPLA 0.77 3.4 
rPLA-2OMMT 0.83 3.3 
rPLA-4OMMT 1.00 3.5  
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Fig. 7. Electromagnetic reflection (a), transmission (b) and absorption index (c) of PLA-based composites with a thickness of 200 and 400 µm over Ka fre
quency band. 
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The films being seriously smaller than the wavelength are seen by the 
signal as a thin conductive layer with lower shielding power than metal. 
The value of transmission for VPLA at 200 µm fluctuates between 0.90 

and 0.88 where the lowest and highest values 0.90 and 0.93 are attained 
at 26.5 and 40.0 GHz. For rPLA, the value of T is between 0.75 and 0.90 
between 26.5 and 40 GHz. The addition of 2 wt.% significantly reduced 

Fig. 7. (continued). 
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Fig. 7. (continued). 

Fig. 8. Simulations based on the experimental data of rPLA-4OMMT of reflection, transmission and absorption index for a film thickness of 0.2, 2 and 20 mm.  
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the value of T at 26.5 GHz where a lowest value of 0.78 is reached, 
starting from 28 to 40 GHz, a similar trend can be seen on VPLA-2OMMT 
and VPLA. In case of rPLA, an increase of T is seen, since the value of T is 
as high as 0.85 in the whole studied frequency region. Which indicates 
that nanoclay contributes to the shielding mechanism when it is 
embedded in the recycled matrix. This behavior is more pronounced 
when higher amounts of nanoclays are introduced into VPLA as the 
value of T is higher than 0.90. 

The absorption index gives the percentage of absorbed energy by the 
material. Fig. 7c shows a clear increase of absorption with higher 
nanoclay concentration. The nanoclays participate in the absorption 
because they raise the effective conductivity of the composite, hence 
allowing reaching up to 14.5 and 20.3% of average absorption on the 
measured VPLA-4OMMT and rPLA-4OMMT respectively. Mechanical 
recycling also significantly increases the absorption index. This phe
nomenon seems due to a shortening of the polymer chains during the 
reprocessing which results in a higher dielectric constant of the rPLA 
matrix (see Fig. 6), consequently an increase in reflection is observed in 
Fig. 7a while the transmission does not change. 

Mechanical recycling of PLA combined with a high concentration of 
the nanoclay leads to relevant candidate for EMI shielding at micro
wave. Despite the good EM properties shown by the samples, the very 
thin film cannot reach high absorption levels since the wavelength is 
significantly higher than the thickness of the sample. Experimental data 
such as the complex permittivity of the nanocomposites allows simu
lating the EM behavior of the material having different thicknesses. 
Further explanations about the used method of chain matrix can be 
found in the literature [66]. Firstly, a film with 0.2mm-thick is simulated 
(see Fig. 8), matching the actual measurement of the rPLA-4OMMT 
sample. Then, a film of 2 mm was simulated, showing a transmission 
around 60%, which reaches relevant threshold for EMI shielding ap
plications. An rPLA-4OMMT of 20 mm has an average absorption index 
of 90% and a quasi-zero transmission over the spectrum. Those simu
lations highlight the potential of the composites for shielding by ab
sorption; this performance is also feasible thanks to the low reflection 
related to a good wave impedance matching. 

4.5.3. Impedance matching 
The propagating wave that comes at the input interface between air 

and a slab of composite material will undergo some reflection that is 
proportional to the magnitude of the difference between wave imped
ance of air and that of composite medium. The non-reflective materials 
have as primary function to absorb and dissipate the electromagnetic 
energy with high efficiency despite low thickness. The wave impedance 
of the PLA-OMMT nanocomposites varies in function of the frequency as 
shown as an example for the composite rPLA-4OMMT in Fig. 9. The 
wave impedance of air (displayed in dotted line on Fig. 9), Z0 =

̅̅̅̅
μ0
ε0

√
≈ 377 Ω, is constant. The wave impedance of the composite me

dium should be as close as possible to 377 Ω in order to avoid reflection; 
no homogeneous absorbing material is able to reach this value [67,68]. 

The average value over the spectrum of the wave impedance has 
been calculated and reported in Table 5 for all the composites. It can be 
observed that neither the presence of nanoclays nor the recycling pro
cess significantly affect the impedance, since the Zw/Z0 ratio stays near 
to 0.5. The virgin PLA-based composites show a slight increase, 
concretely the PLA-2OMMT film. Meanwhile the impedance ratio being 
roughly equal to 0.55 yields an input reflection coefficient expressing as 

Γ =
Zw
Zo − 1
Zw
Zo +1 ≈ 0.3. The fraction of power reflected at input interface being 

equal to |Γ|2 has a value of roughly 10%. These values are in good 
agreement with those measured in Fig. 9. 

The impedance matching concerns the interface between the air and 
the absorbing medium, the optimized solution is therefore a stack of the 
sample PLA-2OMMT followed by the best absorber i.e., rPLA-4OMMT as 
shown is Fig. 8. Such a structure appears as the best solution for EMI 

shielding from rPLA-based composites. 

5. Conclusion 

Virgin and recycled PLA and their composites reinforced by OMMT 
were obtained and analyzed with a focus on electromagnetic properties. 
The microstructure of the nanocomposites is only slightly affected by the 
recycling process. The FTIR, TGA and DSC characterization have shown 
that the mechanical recycling does not significantly affect the chemical 
properties of the PLA-composites. The presence of nanofillers also helps 
to maintain the performance of the non-recycled materials. The me
chanical properties quantified by Vickers micro-hardness are conse
quently quite similar for each concentration of OMMT in VPLA or rPLA 
independently on the recycling process. The hardness goes from 184,79 
up to 217 MPa depending on the OMMT concentration and an average 
increase of 5 MPa following the recycling process. Dielectric charac
terization has shown a significant gain in conductivity for the recycled 
PLA-based composites, while the dielectric constant stays steady for the 
set of measured samples. The rPLA-4OMMT film reaches 1.00 S/m and a 
dielectric constant of 3.5, while the equivalent composite VPLA-4OMMT 
gets 0.16 S/m and ε′′r = 3.3. The EM properties are slightly affected by 
the aging and recycling processes. PLA-based composites 400 µm-thick 
exhibit higher microwave absorption of 14.5 and 20.3% for VPLA- 
4OMMT and rPLA-4OMMT, respectively. These nanocomposites can 
reach about 90% of absorption by simply increasing the thickness to 2 
cm. The wave impedance of the panel of composites has been studied; 
the good impedance matching with the air makes them attractive EMI 
shielding materials. This set of results shows a serious advantage of 
using recycled PLA and their nanoclay biodegradable composites in 
terms of mechanical performances and EMI shielding efficiency. This 
work is a first step in the field of using recycled polymer nanocomposite. 
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Fig. 9. Wave impedance of the rPLA-4OMMT composite. The dotted line is the 
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Table 5 
Average wave impedance at microwave frequency of the nanocomposites.  

Sample Zw Zw/Z0 ratio 

PLA 200 0.53 
PLA-2OMMT 212 0.57 
PLA-4OMMT 192 0.51 
rPLA 194 0.51 
rPLA-2OMMT 183 0.49 
rPLA-4OMMT 199 0.53  
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