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Worldwide, high plastic consumption leads to huge waste production. Macro and microplastic litter affects hab-
itats everywhere, but especially marine environments. Unfortunately, plastic is particularly difficult to retrieve
from the sea, since it tends to break up into smaller pieces due to wind, water movement and solar irradiation.
Hence, its end-of-life handling and management has become a major issue. Most of the time recovered plastic
waste is landfilled or burnt, since it is composed of an assortment of different polymers and/or has been polluted
by salt or other marine substances.
For these reasons, new recycling methods for marine litter, pursuing cleaner production criteria, are urgently re-
quired. This article presents a brand-new sustainablematerial, an eco-friendly foammade of wastemicroplastics
incorporated into a bio-matrix. This novel open-cell material can be used as acoustic and thermal insulation for
industrial, civil and maritime applications. Thus, an in-depth characterization is depicted, providing evidence
of very good insulation properties and revealing how microplastics can be used to customize final acoustic and
thermal performances.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Generally speaking, marine litter is any object that has been pro-
duced or processed by humankind and reached the marine environ-
ment after its use. Nowadays, high plastic consumption influences our
lives and this material has become the most significant type of waste
in any domain, especially seawater. Worldwide, seas have been de-
scribed as one of the areas most polluted by polymers, including
micro- and macroplastics [5,12,54].

The amount of plastic in the sea is constantly increasing, and conse-
quently its collection and final disposal are becoming evenmore impor-
tant issues. Because of their small size, the microplastic particles found
in water, sediment and biota can be harmful for humans [20,34]. Al-
though many studies have shown interest in this topic, we need to do
more to attain comprehensive knowledge of this problem [47,66]. In
particular, we urgently require solutions for several problems
concerning the handling of plastic wastes both during their life cycle
and at the end of it [47,54,63]. Accordingly, plastic wastes are consid-
ered special pollutants and are therefore landfilled — a non-
sustainable and often costly process. As many consumers have to pay
for non-recyclable waste, a considerable amount of plastic litter finds
zarini@units.it (L. Cozzarini),
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its way to the sea. There, plastic is broken up into smaller and smaller
particles, until over time they become microplastics [3,12,48,62].

Recently, rules and incentives to encourage fishermen to recover
marine plastics are being discussed [53]. Once retrieved, reusing and
recycling plastics is the best way to avoid landfilling and encourage dif-
ferentiated waste collection, even in difficult environments [38,60,77].
Sustainable approaches like these guarantee eco-friendly products, pol-
lutant reduction, a healthier future and better economics [33]. However,
cleanermanufacturing processes are also needed to reduce the environ-
mental impact of waste [14,15] and sustainable bio-based materials
would be useful in this regard [18,71].

To this end, many studies on diverse waste recycling approaches
have been published. For example, glass powder has been used as a con-
crete filler byOmran et al. [67], while Hasheminia et al. focused their re-
search on diopside-based glass–ceramic foams [49]; Gong et al. [44], on
the other hand, developed a foam out of recycled amber glass. Wood is
also a well-studied waste product. Souza et al. show that it can be
reused coupled with ink wastes [78], whereas Fongang et al. [39] pro-
posed a cleaner production of wooden composites, andMorris analysed
many recycling, landfill and burn options [61].

Likewise, plastic recycling has been the subject of many lines of re-
search. Curlee started to discuss this topic in his book, concluding that
it is associated with a positive economic balance [31]. Accordingly, El-
Naga and Ragab have proposed PETwaste as fillers for asphalt mixtures
[36], while Al-Humeidawi and Al-Qadisiyah have discussed using
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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plastic in hot-mix asphalt [4]. Nevertheless, Dauvergne correctly ob-
served that it is rather difficult to recycle plastic marine litter in such a
fashion, because items are not sorted by type, are often coupled with
other plastic (or non-plastic) materials and covered with marine salt
[32]. Brown and Buranakarn observed that adaptive reuse systems are
good approaches to follow in plastic recycling [19]; however, it is com-
mon to burn plastic wastes [35,40] or to use them as a filler for some-
thing completely different from their original use [2,26].

Natural polymers have been traditionally used in the field of regen-
erative medicine, thanks to their biocompatibility [73]. Among them,
polysaccharides have been widely used as scaffolds, i.e., macroporous
3D bodies. Alginates, linear anionic polysaccharides (unbranched) are
a common example, being available in nature. Sodium alginate is
extracted from brown algae and consists of two monomeric units, β-
d-mannuronate (M) bound to 1.4 and α-l-guluronate (G) [11,24,64].
Sodium alginate can be hydrolysed to form a rigid “egg-box” structure
due to the selective binding of divalent cations to theG blocks of two ad-
jacent polymer chains [45]. In fact, an interesting property of sodium al-
ginate is its ability to ionically cross-link with bivalent cations such as
Ca2+ [23]. It is therefore possible, using a natural low cost material, to
produce trabecular structures, with very good durable properties
[69,80].

Previous research [21] has shown that alginate of medium density is
able to also produce foams with interesting thermal and acoustic prop-
erties. Other elements may be added to bio-matrix in order to achieve
someother properties, like resilience. The use of plasticizers inside poly-
mers is a well-known practice for increasing their flexibility. Among
these, in the case of alginate foam, glycerol is already in use in similar
contexts as a possible solution, being an eco-friendly plasticizer,
[43,65,79]. The benefits of such novelmaterials in terms of environmen-
tal indices and life cycle analysis are evident [30].

The combination of sustainable foam production using alginate ma-
trix and the insertion of plastic waste powder creates a new, cleaner,
open-cell material whose potential thermal and acoustic properties
may be desirable in many fields. One of these is construction. It is now
known that buildings produce 40% of CO2 emissions in the U.S. [17]
and Europe [1]. Hence, thermal insulation is one of the paramount
needs in the construction industry [9], while occupants demand acous-
tic insulation for acoustic indoor comfort [72].

We therefore set out to produce, study and characterize an innova-
tive open-cell foam based on a bio-based polymer as matrix and
microplastic litter as filler. We analysed the macro- and microscopic
properties of the new material in terms of variation of filler quantity
and type. A sensitivity study was performed in order to correlate phys-
ical parameters with overall performance. Finally, the thermal and
acoustic properties of the material were characterized, correlating the
microplastic influence to macro behaviours.

2. Materials and methods

In this research, a new bio-based eco-friendly open-cell foam is pre-
sented, and its manufacture and final thermal and acoustic properties
and performance are discussed.

2.1. Foam production

Alginic acid sodium salt from brown algae (alginate, mediumviscos-
ity), Glycerol (≥99.5%), D-gluconic acid δ-lactone (GDL, ≥99.0%) and cal-
cium carbonate (CaCO3, 98%) necessary for the sol-gel process were
purchased from Sigma Aldrich.

Plastics derived from industrial and domestic waste (polyethylene
terephthalate bottles, foamed and expanded polystyrene) were chosen
as representative of themicroplastics most commonly found in thema-
rine environment [37]. Mixed microplastic compositions were pro-
duced to test their respective influence on the properties of the
resulting foam. Polyethylene terephthalate (PET) powders were
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obtained by grinding rigid PET foam. Flakes were obtained by grinding
PET and expanded polystyrene (EPS) waste. Powder and flake size
were later determined via optical microscopy.

Foam production was carried out following a sol-gel process, based
on the one reported in previous works and according to a procedure
pending patent devised by one of the authors [21]. Two samples were
produced with the addition of glycerol as a plasticizer, according to a
recipe previously reported [79]. Briefly, a three-dimensional porous hy-
drogel network is formed after the Ca ions crosslinkwith theG-blocks of
the polysaccharide; these Ca ions are slowly released from CaCO3, while
the pH of the solution gradually decreased due to GDL hydrolysis in
water. After gelation, the pores of the solid porous network are filled
with water. To avoid pores collapse during water removal, freeze-
drying technique was used. After gelation, the samples were frozen at
−20 °C for 12 h and finally freeze-dried to remove water.The plastics
derived from industrial and domestic waste (polyethylene terephthal-
ate bottles, foamed and expanded polystyrene) were chosen as repre-
sentative of the microplastics types and sizes most commonly found
in the marine environment [13,37,41], i.e. polyethylene terephthalate
and polystyrene with average size <500 μm. Mixed microplastic com-
positions were produced to test their respective influence on the prop-
erties of the resulting foam. Polyethylene terephthalate (PET) powders
were obtained by grinding rigid PET foam. Flakes were obtained by
grinding PET and expanded polystyrene (EPS) waste. Powder and
flake size were later determined via optical microscopy. If real plastic
debris collected in seawater are used, a washing procedure with deion-
ized water to remove salts should be applied before using them in the
foam production.

The compositions (g/100 ml) of the six samples tested are shown in
Table 1. Samples were shaped into small cylindrical rods (diameter
80 mm, thickness 20 mm) for acoustic tests and larger, rectangular
blocks (100 × 100 × 20 mm or 200 × 200 × 20 mm) for thermal
characterization.

2.2. Sample size and density

Density was determined by dividing the sample mass by the sample
volume. Samples wereweighed on a Sartorius CP224S digital scale; vol-
ume was determined by measuring dimensions using an RS Pro digital
calliper.

2.3. Morphological characterization

Plastic powders and flake sizeswere assessed via optical microscopy
imaging, using an Optika SZN-2 stereomicroscope; statistic image anal-
ysis was performed using ImageProPlus by Media Cybernetics.

Morphological analysis of samples was performed using a Scanning
ElectronMicroscope (SEM)Quanta250 (FEI, Oregon,U.S.A.), in high vac-
uumand in secondary electronmode,with30kVof tensionand~10mm
of working distance. Samples for SEM were obtained by cutting out
small slices of approximately 10 x 10 x 2 mm (length x width x thick-
ness) from the large samples. SEM samples were mounted on an alu-
minium stub with double-sided carbon tape, and gold sputtered by a
Sputter Coater K550X (Emitech, Quorum Technologies Ltd., UK).

X-ray computed microtomography (X-μCT) was performed using a
micro-focused X-ray source (L9181, Hamamatsu, Japan) delivering a
polychromatic beam in a voltage range of 40–130 kV, with a maximum
current of 300 μA and a minimum focal spot size of 5 μm. The samples
for X-μCTwere obtained by cutting out small cylinders of approximately
10 × 10 mm (diameter x thickness) from the large samples.

2.4. Acoustic characterization

The sound absorption coefficients of the samples were measured
using an impedance tube according to the technical standard EN ISO



Table 1
Sample compositions (g/100 ml).

Sample ID Alginate Glycerol CaCO3 GDL PET powder PET flakes EPS flakes Total microplastics

I 1.400 – 0.150 1.125 3.500 0.500 0.125 4.125
II 2.500 – 0.150 1.125 3.500 0.500 0.125 4.125
III 1.400 – 0.150 1.125 12.500 – – 12.500
IV 2.500 – 0.150 1.125 12.500 – – 12.500
V 1.400 2.500 0.150 1.125 12.500 – – 12.500
VI 1.700 2.500 0.150 1.125 6.250 0.625 – 6.875
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10534-2 [52]. The data obtained for each sample were averaged over 3
exemplars with dimensions (diameter) of 45 mm (Fig. 1).

2.5. Acoustic modelling

In order to calculate the physical parameters related to themeasured
sound absorption, the Johnson et al. model [55] was used, taking into
consideration the thermal integration proposed by Champoux and
Allard [25]. Thus, an inverse identification procedure was applied to
the measured values. A minimization approach (non-linear best-fit al-
gorithm) was used in order to obtain values for five physical parame-
ters, minimizing the difference between the test and model. The
minimisation procedure is based on a bounded nonlinear best-fit
scheme [57] and has been implemented in Matlab. By this procedure,
the following acoustic and thermal parameters were determined:

⋅ flow resistivity σ
⋅ porosity (ϕ)
⋅ tortuosity (α∞)
⋅ viscous characteristic length (Λ)
⋅ thermal characteristic length (Λ').

Comparison of themeasured values enabled us to focus on the foam
microstructure and behaviour and to understand which parameters
have the greatest influence on acoustic absorption. To this end, three
different approaches were used:

(A) free inversion — a minimization approach in which all parame-
ters are calculated without any range limitations;

(B) a secondminimization approach in which a fixed porosity value,
inferred from microtomography investigations, was imposed

(C) a third minimization approach in which fixed values for porosity
and thermal characteristic length were both extrapolated from
microtomography analyses.

The accuracy of the predicted results was computed by eq. (1),
for standard deviation calculated from the experimental values, as-
suming that the latter represents the average value in the considered
frequency range and eq. (2), where the mean difference is taken into
account:

σdev ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

∑
n

i¼1
xi−μð Þ2

s
ð1Þ
Fig. 1. Impeda
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Δmean ¼ 1
N

∑
n

i¼1
xi−μj j ð2Þ

2.6. Thermal characterization

The thermal conductivity of samples (200 × 200 × 20 mm) was
measured using a Netzsch HFM 446 heat flow meter according to the
technical standard ASTM C518 [10], at an average temperature of
20 °C. The heat capacity of samples (100 × 100 × 20 mm) was tested
at between 15 °C and 25 °C using a Netzsch HFM 446 heat flow meter.

2.7. Thermal modelling

Porous materials can be suitable for thermal insulation of buildings
and other constructions. Since they host stagnant air, they can be very
useful for preventing heat dissipation and providing indoor comfort.
Nevertheless, the solid matrix, i.e., the skeleton, can have a considerable
influence on heat transfer throughout thematerial. Accordingly, it is the
most transmitting element and, therefore, thorough analysis of its be-
haviour is of paramount importance, since it may or may not negatively
affect the overall performance of the material.

2.7.1. Heat transfer in porous media
Thermal modelling is very useful for understanding how different

microstructure components act and affect heat propagation within
foam components. The use of a numerical approach, calibrated with
measured values, then permits us to focus individually on the properties
of the skeleton, the influence of the stagnant air, and any effect of the
powder and plasticizer on the final thermal performance.

To this end, a porousmedium is considered to be composed of a solid
matrix, assumed to be non-deformable and by a grid of spaces partially
occupied by fluid (stagnant air). Within this configuration, the heat ex-
changewithin the porousmedium takes place through a combination of
basic heat transmission mechanisms, namely conduction, convection
and radiation. As far as conduction is concerned, the porous mean is
modelled as a continuous medium; consequently, its properties are re-
lated to amacroscopic scale, focusing on a Volume of Interest (VOI). The
VOI selectedmust possess the average properties of the overallmedium.
The VOImust also be very small compared to the size of the domain, but
at the same time large enough to guarantee a significant statistical aver-
age of the microscopic properties, i.e., “representative” [16].
nce tube.



Table 2
Average particle size.

Waste Analysed particles Area [μm2] Diameter [μm]

PET powder 132 1019 ± 1164 29.5 ± 17.8
PET flakes 57 10,518 ± 4180 110.4 ± 19.1
EPS flakes 15 1158 ± 1134 33.5 ± 16.4

Table 3
Sample size and density.

ID Diameter [mm] Thickness [mm] Density [kg/m3]

I 83.0 12.0 69.6
II 83.0 13.5 76.3
III 85.0 14.2 143.4
IV 84.0 14.6 143.8
V 83.5 15.0 148.8
VI 82.5 15.9 108.5
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The conduction of heat in isotropic media is described by the Law of
Fourier (Eq. (3)):

qc ¼ −λ∇T ð3Þ

where λ is the thermal conductivity of the material, qc is the heat flux
caused by conduction, and ∇T is the temperature gradient.

This equation applies strictly to isotropic means. The application of
Eq. (3) to heterogeneous materials, i.e., those that contain several sub-
stances with different conductive behaviours, leads to the definition of
an equivalent thermal conductivity of the material [28,29,46,51,74,82].

When considering a drymaterial, the equivalent thermal conductiv-
ity is expressed by a general relationship (Eq. (4)):

λe ¼ f ϕ,λg ,λf
� � ð4Þ

where λe is the equivalent thermal conductivity of thematerial, ϕ is the
porosity, λg is the thermal conductivity of the gas contained in the po-
rous medium, and λs is the thermal conductivity of the solid part (skel-
eton). Since equivalent thermal conductivity also takes into account
three-dimensional propagation,models are needed to perform this task.
In particular, porosity, tortuosity, radiation and convection effects
within pores have to be analysed.

Lastly, diffusivity and effusivity are used to evaluate the behaviour of
heat over time. These parameters were assessed here using literature
data and analytical approaches [76] in order to evaluate the possible dif-
ference between the diverse samples produced.

Specifically, diffusivity was computed using Eq. (5) [22]:

D ¼ λe

ρcp
ð5Þ

where λ is the overall thermal conductivity of the foam, ρ is the density
and cp is the specific heat at constant pressure.

Effusivity, on the other hand, was evaluated using Eq. (6) [8]:

e ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ρcpλe

q
ð6Þ

2.7.2. Analytical models
Russell's model [75] and Yang and Nakayama's [85] approaches are

generally used to resolve these issues. In this research, they were used
to compare experimental results with the analytical ones, and thereby
study the influence of the microstructure on the final macro thermal
performance.

The first model is the most common in literature and it is often ap-
plied to various kinds of materials, including ceramics, packed beds,
graphite and generic foams [27,58,68,81]. Indeed, it takes into account
the thermal conductivity of both gaseous and solid phases, and a further
parameter: porosity. This analytical approach may help to separate the
influence of the fluid from that of the solid skeleton.

Yang and Nakayama focused on the tortuosity and thermal conduc-
tivity of solid and fluid phases. This model is widely used when dealing
with complex foams and lattices [56,84]. It provides an analytical ap-
proach for estimating porosity on the basis of 3D cell shapes, consider-
ing tortuosity as a further parameter.

3. Results and discussion

Themethod described is proposed as good recycling practice. A new
foam has been obtained from natural polymers and difficult-to-recycle
waste. Thus, a new sustainable insulation material has been created,
with beneficial properties and applications and clean production.
4

3.1. Particle sizes

Table 2 reports the average sizes of the plastic powder and flakes in-
corporated into the foam; the size distribution is wide, but given the av-
erage size (diameter)<500 μm, all these particles can be included in the
“microplastics” category [13,41].

As can be seen from Table 2, standard deviations are very high. This
means that the types of particle (powder and flakes) range widely in
size, as expected. This is consistent with the process of microplastics
creation, which often arises through erosion of macroplastics, grinding
by sea currents and/or collisions with rocks or seabed. Another source
of plastic waste is industry, which also produces items of various sizes,
which may ultimately reach the seas. Lastly, urban waste may yield
very different sizes of plastic litter particles.
3.2. Sample size and density

Table 3 reports foam sample sizes and densities.
It can be seen that density varies among samples. The main cause is

the amount of plastic powder. However, comparing samples I and II,
which feature the same quantity and composition of filler, but a differ-
ent amount of alginate, it can be seen that sample II has a higher density.
It can therefore be deduced that the percentage of alginate also plays a
role in the determination of density, albeit to a lesser extent than
microplastic powder. Furthermore, increasing the proportion of alginate
provides a more compact structure with smaller pores.
3.3. Visual inspection

Some samples present stratification, with more plastic on the upper
surface. Sample pictures are shown in Fig. 2. Sample I (Fig. 2 a and
e) reveals unevenness in the vertical distribution of the plastic particles,
with an accumulation of black EPS flakes on the upper face and light
blue particles (PET flakes) on the lower side.

Sample II (Fig. 2 b and f) is more homogeneous, but with black par-
ticles (EPS flakes) on the surface and sedimentation of PET powder on
the bottom. Sample III (Fig. 2 c and g) is produced with only one type
of plastic (PET powder), so there is no colour stratification.

Since sample IV and V are very similar to sample III, their description
is not reported for the sake of brevity. In Sample VI (Fig. 2 d and h), on
the other hand, it is possible to see larger pieces of PET flakes (blue par-
ticles) on the upper surface. Powder accumulation in the lower layer is
also clearly noticeable.



Fig. 2. Lower surface macrographs of: (a) sample I, (b) sample II, (c) sample III and
(d) sample VI; section macrographs of: (e) sample I, (f) sample II, (g) sample III (h) and
sample VI.

Fig. 3. Low-magnification SEM images of: (a) sample
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3.4. Scanning electron microscopy

Lower magnification SEM images of samples are shown in Fig. 3.
Sample I (Fig. 3a) presents larger cells; sample II (Fig. 3b) has fairly reg-
ular and clean cells; sample III (Fig. 3c) features smaller cells with an ir-
regular shape, whereas sample VI (Fig. 3d) appears to have small cells,
filled with extra material.

These images confirm the influence of alginate quantity on the mi-
crostructure: sample I, presents larger cells, while sample II displays a
more regular microstructure.

Higher magnification (Figs. 4–7) reveals how plastic particles are
embedded between the walls of sample I cells (Fig. 4 b). In some
cases, they lay on the skeleton, thereby deforming the regular shape
(Fig. 4 a). Sample II rigid walls also include plastic fragments (Fig. 5
b) and in sample III the waste powder has a noticeable influence on
cell morphology, with evident embedding/overlapping of plastic frag-
ments in the cell walls (Fig. 6). Sample VI cell surfaces seem to be cov-
ered by crystals or deposits (Fig. 7 b), probably due to the presence of
glycerol. However, plastic can also be seen, superficially lying on the
walls rather than trapped between them (Fig. 7 a).

When comparing samples I and II, note that they were produced
using the same amount of filler, but the latter contained more alginate.
Sample III, on the other hand, contained the samequantity of alginate as
sample I, but the largest amount of smaller-sized filler (PET powder). In
the foaming process, this caused non-linear cell formation due to the in-
fluence of waste particles; these disturbed and disrupted themacro cell
formation during the production process, permitting only smaller cells
to develop.
3.5. X-ray computed microtomography

Table 4 shows the data resulting from X-μCT software analysis. This
analysis involved about 1000 slices per sample. Sample slices at
I, (b) sample II, (c) sample III and (d) sample VI.



Fig. 4. High-magnification SEM images of sample I; (a) 100× and (b) 500×.

Fig. 5. High-magnification SEM images of sample II; (a) 100× and (b) 100×.
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different locations along the vertical axis (z=1, 5 and 8mm)are shown
in Figs. 8 - 11.

The lack of homogeneity in the distribution of plastic particles along
the z-axis is mostly evident in samples I and II. Here the waste powder
content is lower than in the others. It can therefore be seen that it is pos-
sible to differentiate powder stratification in order to produce many
kinds of different materials, each with diverse performance. For in-
stance, sample I presents surface waste accumulation, while in sample
II more microplastics are present at the same z-axis. This was due to
the higher percentage of alginate. In sample III, on the other hand,
Fig. 6. High-magnification SEM images o
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more particles were included, thereby improving homogeneity
throughout the microstructure. In contrast, in sample VI, featuring a
lower percentage of alginate, it is again possible to see the difference
in powder distribution.

From the structural point of view, differences along the entire z-
axis are evident; the greater amount of powder is better incorpo-
rated into the foam microstructure. This proves that a higher per-
centage of alginate reduces the dimensions of the pores.
Conversely, glycerol does not seem significantly influence these
two latter aspects.
f sample III; (a) 100× and (b) 100×.



Fig. 7. High-magnification SEM images of sample VI; (a) 100× and (b) 500×.

Fig. 8. X-μCT slices of sample I at Z = 1 mm (a), 5 mm (b) and 8 mm (c).

Table 4
Statistical results from X-μCT samples.

ID Porosity (%) Wall
thickness [μm]

Trabecular spacing [μm] Notes

I 94.13 30.03 ± 12.65 494.96 ± 183.04 Elongated cells
II 86.66 42.97 ± 26.73 266.39 ± 110.12 Regular cell shape
III-IV-V 75.28 54.89 ± 25.97 196.85 ± 89.83 Smaller cells than samples I and II
VI 83.75 41.95 ± 18.17 248.24 ± 96.86 Medium–small cells, regular shape

Fig. 9. X-μCT slices of sample II at Z = 1 mm (a), 5 mm (b) and 8 mm (c).
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Fig. 11. X-μCT slices of sample VI at Z = 1 mm (a), 5 mm (b) and 8 mm (c).

Fig. 10. X-μCT slices of sample III at Z = 1 mm (a), 5 mm (b) and 8 mm (c).
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3.6. Acoustic properties

Fig. 12 depicts a comparison of the experimental sound absorption
coefficients of the six samples considered. It is interesting to note how
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the different foams display different macro behaviours. As can be in-
ferred, the differences in terms of material composition can be used to
provide “tailored” final acoustic performance. Sample I, for example, pre-
sents the maximum absorption at 3400 Hz, while sample II at 2600 Hz
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Table 5
Results obtained from the inversion process of the tested samples, including accuracy parameters.

Sample and inversion
procedure

Flow resistivity (σ)
[(N s) m−4]

Porosity
(ϕ) [−]

Tortuosity
(α∞) [−]

Viscous characteristic length
(Λ) [μm]

Thermal characteristic length
(Λ') [μm]

Standard deviation
(σ) [−]

Δ mean
[−]

I, A 5825 0.99 5.78 119 119 0.17 0.04
I, B 6476 0.94 5.58 114 114 1.51 0.29
I, C 8494 0.94 5.71 101 350 1.32 0.25
II, A 3150 0.99 3.95 157 254 0.22 0.05
II, B 2116 0.86 4.31 252 259 0.21 0.04
II, C 1569 0.86 3.80 200 200 0.12 0.03
III, A 6287 0.98 3.15 135 136 0.24 0.05
III, B 3712 0.75 2.81 120 120 0.23 0.05
III, C 2611 0.75 3.15 137 151 0.21 0.04
IV, A 24,372 0.99 4.29 111 129 0.42 0.11
IV, B 29,266 0.75 4.45 125 125 0.41 0.09
IV, C 23,724 0.75 3.01 77 151 0.25 0.05
V, A 7288 0.99 3.59 84 118 0.06 0.01
V, B 9004 0.75 2.95 79 79 0.31 0.05
V, C 18,071 0.75 3.27 81 151 0.26 0.05
VI, A 6585 0.89 2.22 100 256 0.08 0.02
VI, B 6630 0.83 2.31 125 189 0.12 0.03
VI, C 3399 0.83 2.26 107 247 0.05 0.01

Table 6
Thermal conductivity, specific heat capacity, diffusivity and effusivity values for all tested
specimens.

Sample λ [W/m K] c [J kg−1 K−1] D [m2 s−1] e [W / s0.5m2 K]

I 0.043 1362 4.52E-07 63.34
II 0.043 1397 4.05E-07 67.86
III 0.045 1323 2.36E-07 92.19
IV 0.044 1322 2.33E-07 91.31
V 0.048 1469 2.21E-07 102.16
VI 0.043 1590 2.52E-07 86.53
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and samples III and VI at 3220 Hz. Samples IV and V focus sound absorp-
tion at 2300 Hz, also featuring good low frequency performances.

Taking into consideration that the sample thickness in this study
was very small (12mmto 14mm), it should be possible to improve per-
formance customization for lower frequencies by producing thicker
foam layers. Note that the measured values are comparable with those
of synthetic foams [70], thereby confirming that our foam represents a
viable alternative.

It is evident that foams final acoustic properties are affected by the
amount ofmicroplastic powder included in the bio-matrix. One of its ef-
fects is to raise the tortuosity of the porous structure and therefore the
free mean path of soundwave propagation. Another consequence is
that it can vary skeleton density, mass and shape, which can be
exploited to improve internal diffusion and impedance.

These facts can be confirmed using the inverse minimization pro-
cess, capable of retrieving the five typical parameters related to the
Johnson–Champoux–Allard model, namely air flow resistivity, porosity,
tortuosity, viscous characteristic length and thermal characteristic
length. Results of all numerical simulations (approaches A, B and
C) are reported in Table 5.

The different compositions of the samples are evidently associated
with markedly different frequency values. This highlights the resistive
behaviour of the materials, which is considerably modified by different
microstructures. In other words, it is evident that the microplastics in-
cluded in bio-matrix skeleton influence the overall macroperformance
of the foam. Another paramount role is played by the alginate quantity.
Comparing sample I vs. II and III vs. IV/V, pairs with similar densities, we
observe differences in both acoustic absorption peaks and overall fre-
quency trends. In the first case, this is explained by the difference in
cell morphology; for instance, sample I displays elongated cells, while
sample II has a more regular microstructure (Figs. 8 and 9). In the sec-
ond comparison, the difference may be attributed to the high presence
of microplastic particles. This powder distribution varies from a homo-
geneous distribution to a concentration in the external layer, causing
the absorption peaks to move to lower frequencies. More evidence of
this behaviour is highlighted by the flow resistivity results. In both IV
and V samples, these values rise. According to Allard and Atalla [6],
this phenomenon could explain the difference in frequency trends.

Table 5 shows many other interesting results. First, it can be gener-
ally inferred that every different sample composition presents a differ-
ent microstructure. Since the foremost varying element is the
microplastic powder, it can be concluded that this affects the final be-
haviour of the foam. Another general conclusion is that the A approach
(minimization approach using no limitations) does not always provide
close-to-real, or even the best results. As an example, the A and B results
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for sample I may be misleading, even though they provide very low
values of standard deviation and mean difference compared to those
measured. Final acoustic behaviours clearly depend on elongated cells,
but the results suggest that sample I has a homogeneous microstruc-
ture, because of the proposed equivalence between characteristic
lengths. Fig. 3a and Fig. 8 clearly demonstrate that this is not true.

Furthermore, it can be ascertained that in four out of six cases, the
accuracy is improved when using experimental data (II, III, IV and VI).
In the other two cases, the best fit is always the minimization approach
using no limitations, but still the other two approaches provide fre-
quency trends that are acceptable, with very low standard deviation
and mean difference. This indicates that it is better to use experimental
data as starting values when applying inversion procedures. That being
said, in this case too it is evident thatwaste powder affects the bio-based
matrix shape, causing variations in the microstructure. Hence, it can be
used to produce customized materials with different final acoustic per-
formances, via a cleaner production chain.

3.7. Thermal characterization

Measured values of thermal conductivityλ and specific heat capacity
c of the foam samples are reported in Table 6, as well as their diffusivity
D and effusivity e. As reasonably expected, the thermal conductivity re-
sults decrease with increasing foam porosity and cell size, remaining,
however, relatively consistent.

The thermal conductivity is almost in linewith that of traditionalmate-
rials, specifically bio-based ones [42]. The specific heat values demonstrate
that the foam has a high capacity to store energy [7], while diffusivity [70]
and effusivity values are similar to those of traditional insulationmaterials.
The thermal effusivity is a measure of the property of the material to ex-
change heat with its surroundings. This parameter includes not only the
specific heat, but also the amount of heat transfer. Therefore, the thermal
effusivity is of paramount importance for describing the unsteady state



Table 7
Thermal modelling results, depending on porosity.

Sample le,R [W/mK] le,Y_N [W/mK]

I A 0.002 0.023
I B 0.014 0.04
II A 0.035 0.023
II B 0.040 0.066
III A 0.004 0.027
III B 0.066 0.010
IV A 0.004 0.027
IV B 0.066 0.010
V A 0.004 0.027
V B 0.066 0.010
VI A 0.034 0.051
VI B 0.049 0.067

Table 8
Thermal modelling results, depending on skeleton thermal conductivity.

Sample le,R [W/mK] le,Y_N [W/mK] le,R [W/mK] le,Y_N [W/mK]

ls,alginate = 0.6 [W/mK] ls,alginate+mP = 0.3 [W/mK]

I A 0.0043 0.002439 0.026 0.0233
I B 0.0250 0.014518 0.055 0.0398
II A 0.0043 0.002439 0.026 0.0233
II B 0.0603 0.03512 0.101 0.0662
III A 0.0084 0.004807 0.032 0.0266
III B 0.1135 0.066141 0.165 0.1025
IV A 0.0084 0.004807 0.032 0.0266
IV B 0.1135 0.066141 0.165 0.1025
V A 0.0084 0.004807 0.032 0.0266
V B 0.1135 0.066141 0.165 0.1025
VI A 0.0468 0.027206 0.084 0.0563
VI B 0.0743 0.043264 0.119 0.0761
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heat transfer in foams [83]. As can be seen, samples III, IV and V have
greater effusivity. This is because, although the specific heat capacity of
samples III and IV is slightly lower than that of samples I, II and VI, their
thermal conductivity is higher. In sample VI, the specific heat increases
while the thermal conductivity decreases by a small amount. As a result,
the effusivity is increased with respect to samples I and II.

Sample V, however, presents the greatest effusivity. Since this pa-
rameter represents the values of transmission and reflection coefficients
when a thermal wave is propagating between two media (interface)
[59], our evidence shows that microplastics powder enhances this phe-
nomenon. Indeed, sample V is the one that features the highest percent-
age of plastic particles, as well as glycerol. Hence, it features the most
complex microstructure of the samples tested (Fig. 6).

3.8. Thermal modelling

From our analysis, it was noted that the porosity and thermal con-
ductivity of the foam skeleton had the greatest influence on the final
performance values. Neither pore dimensions nor tortuosity appeared
to have a significant effect on the parameters we measured; Table 7
shows the porosity variation results we obtained from the analytical
models applied. The first column reports the Russell's model results,
while the second column shows the Yang and Nakayama's ones. Poros-
ity results obtained both by acoustic inversionminimizations (A) and by
microtomography (B) were used in the calculations.

It can be seen that, when using the tested porosity, Russell's model
tends to correctly predict the final measured values, while Yang and
Nakayama's model fails, in some cases by a large margin. Although the
latter model is supposed to be reliable when using a dedicated model
for porosity determination, when we inserted the measured value, it
did not provide reliable data.

Table 8 depicts the results for skeleton thermal conductivity
variations obtained from the analytical models. As we have seen,
microplastics vary the composition of the skeleton and their pres-
ence may or may not promote heat flux through foam samples. The
alginate skeleton usually presents a value of thermal conductivity
close to λs,alginate = 0.6 W/mK [50].

As an overall result, it can be concluded that the final macro-
performance can be improved by reducing the thermal conductivity
of the skeleton. It is not possible to measure the thermal conductivity
of the skeleton including microplastics, but this value can be
inferred through a regression approach. In this way, the thermal con-
ductivity of the skeleton including microplastics can be estimated as
λs,alginate+mP = 0.3 W/mK. It is therefore evident how the waste
powder improves the overall thermal performance.

4. Conclusions

This study yielded an innovative open-cell foam featuring very good
acoustic and thermal properties, produced using a bio-basedmatrix and
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incorporatingmicroplastic waste. It is thus demonstrated that a sustain-
able, cleaner and eco-friendly approach can be used to recycle marine
waste to build a new eco-friendlymaterial capable of acting as an acous-
tic and thermal insulator.

Microtomography and scanning electron microscopy investigation
of the material porous microstructure highlighted its very good open-
cell structure incorporating the microplastic powder. Analysis of its
thermal and acoustic properties revealed that it can easily compete
with traditional insulators like rock wool, polyurethane foams etc.

Furthermore, it is possible to customize thematerial sound absorption,
adjusting it to thedesired frequency rangebyvarying themicroplastic con-
tent. Indeed, we show that the waste plastic composition influences the
acoustic properties, alsomodifying tortuosity and the thermal characteris-
tic lengths. Inverse identification procedures were seen to provide reliable
results mostly when measured porosity and thermal characteristic length
values were used. This demonstrate how the Johnson- Champoux-Allard
may be used to bio-based eco-friendly foams incorporating waste, only
when at least two out of five parameters are known.

Moreover, thermal properties were shown to be dependent on both
the porosity and thermal conductivity of the skeleton; Russell's model
predicted overall thermal conductivity only when based on both mea-
sured porosity and the correct value for skeleton thermal conductivity.
For this latter value, it is also demonstrated how microplastic content
positively influence thermal insulation, by improving the performance
of the skeleton. Moreover, the Yang and Nakayama approach failed to
correctly predict final results, likely due to the fact that porosity values
are imposed from the measurements.
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