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Abstract: This work focused on the recycling of WEEE plastic waste as a partial substitute for
aggregate in light mortars. The plastic mix, provided by the IREN group, was used as a replacement
of aggregate in 15, 30, 45, 60, 75, and 90%,,, in mortars. Worsening of the mechanical performance of
around 50% was detected already at only 15%,,, of mineral aggregate substituted with plastic waste.
The explanation of this phenomenon was found in both the scarce mechanical properties of the used
plastic and in the poor adhesion between matrix and plastics that resulted in extra-porosity formation,
as also demonstrated by comparing the results with several models in the literature. However, the
use of plastic waste as a partial replacement of natural aggregate contributes to the preservation of
natural resources and, in any case, does not limit the application of these materials in non-structural
applications.

Keywords: mortar; recycle; mechanical properties; WEEE recycling; waste plastic

1. Introduction

In 2018, global plastics production reached nearly 360 million tons, of which almost
62 million tons corresponded to the production of plastic in Europe alone [1]. These
materials are used in large quantities for toys, shopping and garbage bags, packing films,
fluid containers, household industrial products, wrapping materials, electronic devices, and
building materials, to name a few examples [2]. However, at the end of its life, plastic can be
harmful to the environment, raising doubts about the overall benefits of its widespread use.
Even though in 2018, the amount of plastic waste sent for recycling doubled compared to
2006 (from 4.7 Mt to 9.4 Mt) and re-use and recovery are well-established practices around
the world, the amount of post-consumer plastic waste collected continues to increase: in
fact, in 2018, there was an increase of 19% compared to 2006, specifically, from 24.5 Mt
in 2006 to almost 30 Mt in 2018, of which, 25% (more than 7 Mt) continued to be sent to
landfills [3], since recycling remains a costly and challenging task.

A good way to immobilize plastic waste and avoid landfilling is to re-use these waste
materials in the building sector, particularly as substituents of sand or gravel in concrete
and mortars. The expected benefits of using waste plastic in concrete are illustrated in the
work by Gu et al. [4], where the economic advantage of using waste in the construction
sector is shown. From an environmental point of view, the use of waste materials in the
building sector decreases the amount of landfilled plastic materials [5,6].

Generally speaking, in the literature, it is possible to find numerous examples of the
substitution of cement or aggregate with waste products [7-12], and plastic waste has been
extensively studied in this scope [4,13-23]. While mineral substitutions only slightly affect
the mechanical properties of mortar or concrete, in the case of plastics, the experimental
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data all point in the direction of a significant loss in mechanical properties when such
substitution occurs. The entity of the reduction in mechanical performance is affected by
various parameters such as the component substituted (coarse [19,20], fine [17,18,24,25], or
both [21] aggregates, or cement [22]), the substituted quantities (%y,) [17,18,20,21,23-26] or
%weight [22,24,27,28]) and the nature and size of both substitute and substituent.

Here, we explain the findings of the most interesting papers in the literature in detail.
Kou et al. [17] used rigid polyvinyl chloride (PVC) with a decrement of compressive
strength of 9.1, 18.6, 21.8, and 47.3%, respectively, for replacements of 5, 15, 30, and 45%
of sand. In the same line of work, Senhadji et al. [18] showed that compression strength
displayed decrements of approximately 3, 13, 17, and 19% for replacements of 10, 30,
50, and 70% of sand. Instead, Almeshal et al. [24] utilized up to 50% of polyethylene
terephthalate (PET) polymers as a partial replacement for sand in concrete. It was observed
that sand substitution damaged the mechanical characteristics of the concrete at different
levels. The researchers found a compressive and flexural strength reduction at 28 days
from 30% to 60% and from 58% to 84.2%, respectively, when 40% and 50% of PET was used.
Additionally, Jasim M Abed et al. [28] studied the effect of waste PET on the mechanical
properties of mortar; they used five different PET substitution rates, 5, 15, 25, and 50%.
The study showed that PET-containing mortars with 15, 25%, and 50% of PET substitution
had a reduced compressive strength, from around 28 MPa (Control) to 27-18-12 MPa,
respectively. Additionally, the flexural strength properties decreased by up to 40%. Despite
the compressive strength results (18 MPa), the researchers found that the mixture containing
25% waste PET could be considered a lightweight mortar suitable for structural purposes.
Maher Al-Tayeb Mustafa et al. [25] investigated the effect of the partial replacement of sand
(5%, 10%, and 20%) by plastic waste on the mechanical properties of concrete. In this case,
the average compressive strength decreased by 7, 12, and 24% with 5, 10, and 20% of sand
volume replacement. In all these studies, the plastic used was less than 5 mm in size.

In this work, we present a case of Waste Electrical and Electronic Equipment (WEEE)-
derived plastics substituting fine aggregate in mortar, and we show in detail how the effects
are mainly due to the chemical compatibility between plastic and the matrix, thus providing
a solid basis on which future studies may focus to improve mechanical properties.

2. Results and Discussion
Mechanical Properties

Flexural strength (Figure 1A) decreased significantly with an increase in the substitu-
tion of sand with plastic waste. However, the trend is not linear: the reduction in flexural
strength was around 37% for only 15%,,, substitution and reached almost to 50% at 45%.,,]
of plastic waste. A more linear behavior of the flexural strength with respect to the plastic
waste could be observed between 15%,,, and 90%,,, of substitution.

A very similar trend was obtained for compressive tests, as shown in Figure 1B.
At only 15%4, in volume of sand substituted with plastic waste, compressive strength
presented a 35% drop, as in the case of flexural strength. Additionally, in this case, at
45%.,01, the compressive strength was roughly half of the standard mortar, with a further
reduction for higher plastic substitution.
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Figure 1. Mechanical properties of plastic-substituted mortar as a function of the percentage of sand substituted with waste

plastics: (A) flexural strength, (B) compressive strength.

This worsening in mechanical properties for plastic-substituted mortars can be ex-
plained by considering two aspects: firstly, the difference in mechanical and physical
properties between the natural aggregate and the plastic substituent [23,29]; secondly, the
very different chemical interactions that natural aggregates or plastic substituents have
with cement [30]. In fact, the plastic has a much lower Young’s modulus than sand (a
few GPa versus several tens of GPa) and also much lower strength. Moreover, its thermal
expansion coefficient is much higher (roughly one order of magnitude). In addition, the
sand used in ordinary mortars is a polar material and chemically interacts well with the
cement surface, which is polar too. This allows a good surface adhesion and therefore a
good mechanical performance of the material thanks to a stronger interface. The chemical
composition of plastic waste differs largely from that of natural aggregates, since plastic
is composed of organic compounds that have much lower polarity and therefore cannot
generate hydrogen bonds with cement. The low interface adhesion between cement and
plastic thus results in a loss in mechanical properties.

The presence of cracks and porosities at the interface between plastic and cement is a
clear indication of the poor adhesion between these two components, and can be observed
through stereomicroscopy (Figure 2).

In particular, the stereomicroscopy images allow one to confirm the presence of two
types of defects. At low particle content, cracks are mainly observed between plastic parti-
cles and cement. These cracks are most probably due to the different physical properties of
cement and of plastic waste. A possible effect of the polishing procedure on the separation
between cement and plastic particles cannot be completely ruled out, notwithstanding
the careful polishing procedure; in any case, the presence of cracks demonstrate the poor
interfacial strength between the cement matrix and the plastic waste particles. At a higher
plastic content, large porosities between the plastic waste particles begin to occur, proba-
bly due to the nonoptimal granulometric distribution of the plastic and thus to the poor
packing of these aggregate substitutions. This porosity can also form because of the fact
that plastic particles tend to aggregate during mixing, probably due to their hydrophobic
nature, that is also the responsible for the poor interfacial adhesion with cement.
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Figure 2. Stereomicrographs of mortars (A) 0 PW, (B) 30 PW (C) 60 PW and (D) 90 PW; yellow arrow
indicates the lack of adhesion.

The microscopic analysis confirmed the density measurements provided in Figure 2B:
at low plastic substitutions, the pore volume is not much higher than the theoretical value
for a mortar at a w/c ratio equal to 0.5. Instead, at high plastic substitutions, the density
further decreases due to the formation of additional pores.

The porosity located at the interface between plastic and cement is particularly detri-
mental to the mechanical properties because it reduces the possible chemical and mechani-
cal interaction of the plastic with the cement. Thus, the plastic aggregates risk not properly
interacting with the cement, acting almost as porosities from the mechanical point of view.

To evaluate this effect, additional porosity with respect to the reference sample was
calculated from density values and correlated with mechanical properties through different
models present in the literature, specifically the Balshin model [31], shown in Equation (1),
the Ryshkewitch model [32], shown in Equation (2), the Hasselman model [33], shown
in Equation (3), the extended Zheng model [34], shown in Equation (4), and the Schiller
model [35], shown in Equation (5).

o =0o(1-p) M
o = ope ¥ (2)
oc=09—cCp 3)

e
o:nm<%> )
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In these equations, ¢ is the strength (but the same model can be applied to Young's
modulus), oy is the strength at zero porosity, p is the porosity, py is the porosity at zero
strength, p. is the porosity percolation threshold, and b, ¢, k, and # are empirical parameters.

The choice of the porosity values here is not at all trivial, since cement paste possesses
an inherent porosity. However, at w/c = 0.5, the cement porosity is very small in size,
mainly being the porosity of the gel (submicrometric) or the capillary porosity, residing
in the size range of micrometers [36,37]. The porosity linked to the presence of the plastic
aggregates is much larger than the gel or capillary porosity of cement, and for this reason,
the difference in porosity with respect to the reference sample was chosen.

The same correlation between experimental data and models was carried out consid-
ering, in lieu of porosity, the sum of porosity and of plastic substituent. This approach
was used since plastic has low adhesion to the cement matrix, as shown in Figure 3, and a
remarkably lower modulus than cement or sand. In the extended Zheng model [34], for
instance, it is hypothesised that the pores are a second phase with zero elasticity modulus,
which is also an acceptable assumption when the second phase modulus is much lower
than the matrix one.

In Figure 3, the results of the fitting of the experimental data with the different models
are presented. Five models are employed for the fitting, namely Balshin, Ryshkewitch,
Hasselman, Zheng, and Schiller, considering these two cases: in the left column (A), the

porosity is only the extra-porosity with respect to reference sample (where only cement
porosity was present). In the right column (B), the porosity is the extra-porosity plus the

plastic aggregate. The R? of the various fits are shown in the legend of each figure and
presented in Table 1.
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Figure 3. Correlation between compressive strength, flexural strength, Young’s modulus and porosity
of the pristine mortar and mortar containing 15, 30, 45, 60, 75, and 90%.,, of waste plastic. (A) the
porosity is only the extra-porosity (B) the porosity is the extra-porosity plus the plastic aggregate.
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Table 1. R? values relative to the fitting curves of Figure 3, related to the Balshin, Ryshkewitch, Hasselman, Zheng, and
Schiller models.

Type of

Property Porosity Balshin Ryshkewitch Hasselman Zheng Schiller
Flexural Only . 0.8987 0.9094 0.7478 0.8595 0.9492
extra-porosity
strength Extra-porosity +
pOTosity 0.9570 0.9766 0.9170 0.9779 0.8459
plastic
Compressive Only 0.8899 0.9012 0.7547 0.8573 0.9438
extra-porosity
strength Extra-porosity +
p . y 0.9539 0.9739 0.9201 0.9761 0.8401
plastic
Young's Only 0.9160 0.9193 0.6196 0.7794 * 0.9184
modulus extra-porosity
Extra-porosity + 0.9819 0.9944 0.8373 0.9795 0.8608

plastic

* limited bound on p. parameter added for allowing the fit. The fit is less reliable.

In the case where only the extra-porosity with respect to the reference sample is
considered, the best model seems to be the Schiller model. On the contrary, when the
plastic waste is counted as porosity, the best fit is obtained with the Ryshkewitch or the
Zheng model for strength and Ryshkewitch model for Young’s modulus. The Schiller
model is known to be less effective for porosity values close to 0% and 100%; in this case,
it is clear that when the porosity range is very wide, this model is less effective, while it
works much better on a narrow porosity range; also in this case, however, the divergence
for zero porosity is an issue to be considered when applying this model.

An additional set of calculations was carried out considering only a fraction, f, of
the plastic acting as pores. In this case, the effective porosity was an intermediate value
between the extra-porosity with respect to the reference sample and the sum of extra-
porosity and plastic content. The calculation showed that the best R fit is obtained again
with Zheng and Ryshkewitch models, and in particular for the case in which all the plastic
aggregate is considered as porosity.

Since the Zheng model approach is to consider the pores as a second phase with zero
modulus, the improved accord between model and experimental data when all the plastic
aggregate is considered porosity is a further confirmation of the very scarce role of plastic
on the strength and stiffness of the composite.

Another observation can be made by analysing the parameters oy and E in the best
fitting models, Ryshkewitch and Zheng, that represent the strength or modulus of the
pore-free material (in this case the material without extra porosity). The data are shown
in Table 2, as a function of the fraction, f, of the plastic considered as porosity. When
considering plastic as pores, this parameter always increases up to a value close to the
experimental one. This also suggests that the plastic essentially acts as porosity.
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Table 2. Values of oy and Ej parameters for the Ryshkewitch and Zheng models, as a function of the
fraction, f, of the plastic aggregate considered as porosity in the model.

0o (MPa) Eo (GPa)
f Compression Strength Flexural Strength .
Ryshkewitch Zheng Ryshkewitch Zheng Ryshkewitch  Zheng
0 25.2 23.5 6.59 6.09 29.6 19.3 %
0.1 26.1 24.6 6.80 6.36 29.8 215*
0.2 26.5 25.3 6.89 6.54 29.9 23.6*
0.3 26.8 25.7 6.95 6.66 30.0 254*%
0.4 269 26.1 6.99 6.74 30.0 27.0*
0.5 27.0 26.3 7.02 6.81 30.1 285*
0.6 27.1 26.5 7.04 6.86 30.1 29.7 %
0.7 27.2 26.7 7.06 6.90 30.1 29.2
0.8 27.3 26.8 7.07 6.93 30.1 29.2
0.9 27.3 26.9 7.08 6.95 30.2 29.3
1 27.3 26.9 7.09 6.97 30.2 29.3

* limited bound on p. parameter added for allowing the fit. The fit is less reliable.

Thus, the models also confirm the experimental indication that a small amount of
plastic waste aggregate causes a significant reduction in strength. Since plastic particles
seem to behave as large-size pores, the addition of even a small amount of plastic entails a
significant reduction in the strength of mortar.

These results are substantially in line with the literature on mortars/concretes contain-
ing waste materials, even if in the literature, a single typology of plastic waste, instead of a
mix, was generally used [17,18,24,25,28,38,39]. The results are shown in Figure 4, where
the reduction in strength as a function of the plastic volume percentage inserted in mortar
is shown for the selected literature and for this work.

L ®[17]
® [18]

e |° [24]

[28]

® o ; . ® [25]

® ‘ ® this work

20 40 60 80 100
Sand replacement with plastic (%)

Figure 4. Comparison of compressive strength reduction with other literature work.
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The literature results generally present a lower strength reduction with a low plastic
content. This effect can be ascribed, in the authors’ opinion, to the fact that generally, the
substituted plastic particles’ size is selected to mimic the sand granulometric distribution.
In this case, instead, the plastic is inserted “as is”, and in fact presents a larger mean size
than the sand. This fact, together with the low interface strength (if any) of the apolar
plastic particles with cement, creates presence of large-size defects even at low plastic
content, which cause a marked reduction in strength. At higher plastic content, instead, the
data are in line with the literature, excepting the case of Senhadji et al. [18]. In this paper,
they show a low strength reduction probably due to several factors: the use of rigid PVC,
that is a rather polar polymer and thus has a much better interaction with cement than
other polymers; the use of a very fluid mortar, both due to the high w/c ratio of 0.6 and
to the presence of a superplasticizer; the very precise reconstruction of the granulometric
curve of the PVC particles to mimic the sand one; and the washing and drying procedure
of the PVC particles before use. All these procedures, however, entail a cost, and thus
reduce the economical advantage of recycling plastic inside cement.

In this work, it was instead demonstrated that a mixed plastic waste, without prior
treatment, does not behave very differently from single-plastic ones used by other re-
searchers [18,27-29]. In fact, no matter what the type of plastic or plastic mix used, the
as-received plastic waste is detrimental to mechanical properties. Since the separation of
plastic waste that cannot be easily recycled is an expensive task, it is interesting that a
further separation step does not significantly improve the final properties of the substituted
mortar. It is also worth noting that the size of the plastic particles used in this work is
higher than those currently used in the literature, suggesting that it could also be possible
to limit the plastic waste grinding step without a significant further loss in mechanical
properties, with a conspicuous saving in both energy and money.

3. Materials and Methods
3.1. Materials

Plastic waste derived from WEEE waste was provided by IREN S.p.A. and was
characterized by the IREN laboratory. Information regarding the composition can be found
in the Supplementary Materials. An American Petroleum Institute (API) oil-well Class G
cement (Lafarge North America) was used in the preparation of the mortars, and details
about the cement used are summarized in Table 3. The Class G cement required a curing
time of 24 h at 85 °C in 100% relative humidity, which allows for the fast preparation
and characterization of specimens. CEN Standard quartzite sand purchased from Societé
Nouvelle Du Littoral was used as fine aggregate. This size distribution of sand lay within
the specific limits of UNI EN 196-1. The granulometric distribution of waste plastic was
obtained using a series of sieves and a mechanical shaker. The quantity of the retained
materials per size was evaluated by a RADWAG PS 510/C/1 analytical balance.

Table 3. Composition and properties of Class G cement.

Oxide (wt.%) Phase (wt.%)
SiO, 21.7 C3S 66
CaO 62.9 C2s 18
Al,O3 3.2 C3A 7
Fe, O3 2.7 C4AF 9
MgO 43
SO;3 2.2
Na,O 0.54
Loss on ignition 0.74

Insoluble residue 0.14




Recycling 2021, 6, 70

9of 12

The quantities used to produce mortars are shown in Table 4. The sand was substituted
in volume percentages of 0, 15, 30, 45, 60, 75, and 90%y,], for a total of seven distinct mortar
mixtures. The samples are referred to in this paper as 0 PW for no substitution with plastic
and 15 PW, 30 PW, 45 PW, 60 PW, 75 PW, and 90 PW for samples containing plastic. The
number in front of the acronym corresponds to the volume percentage of natural aggregate
substituted with plastic waste.

Table 4. Mix design for the mortars prepared with plastic waste.

Name of Sample Cement (g) Water (g) Sand (g) PW (g)

0PW 71.2 35.6 213.7 0

15 PW 71.2 35.6 181.7 14.8
30 PW 71.2 35.6 149.6 29.6
45PW 71.2 35.6 117.6 44.39
60 PW 71.2 35.6 85.5 59.18
75 PW 71.2 35.6 53.4 73.97
90 PW 71.2 35.6 214 88.78

3.2. Preparation of Specimens

The mortar mixing and preparation followed the guidelines of UNI EN 196-1, with
a water-to-cement weight ratio (w/c) equal to 0.5 and an initial (sample 0 PW) sand-to-
cement weight ratio of 3. The paste was poured into prismatic moulds 20 x 20 x 80 mm
in size, and the samples were then cured accordingly to the requirements of the class G
cement.

3.3. Density and Mechanical Properties and Optical Characterization

Density tests, compressive tests, and 3-point flexural tests were performed in order
to evaluate the influence of plastic waste as a substituent of natural aggregate in mortars.
Density was evaluated by taking the measurement of width, length, and height with a
caliper on polished samples; a RADWAG PS 510/C/1 analytical balance was employed to
measure the sample weights. A Zwick-Line z050 single-column machine with a maximum
cell load of 1 kN, a pre-load of 5 N, and a test speed of 0.01 mm/min was used for flexural
tests. Compressive strength was measured using 20 x 20 x 20 mm cubic samples cut from
the flexural test, following the ASTM C109 standard, using the same machine but with a
cell load of 50 kN, a pre-load of 30 N, and a test speed of 0.5 mm /min. At least four samples
per mixture were tested, using both flexural and compressive tests. The microstructural
investigation aimed at assessing the interfacial adhesion between the plastic aggregate and
cement in mortar was performed using a stereomicroscope Leica EZ4 W. The samples were
cut in the middle with a diamond blade in a BRILLANT 220 cutting machine and carefully
mechanically polished using 400-grit silicon carbide paper (Struers).

3.4. Characterization of Plastic Waste

The plastic waste particles’ cumulative granulometric distribution is shown in
Figure 5A. The maximum size of these particles was 5 mm, slightly higher than 4 mm,
that is generally used as the upper limit for the fine aggregate used for mortar preparation.
In the figure, the difference in the granulometric distribution between the Fuller curve
(blue stars) and the plastic waste (black squares) is shown. The Fuller curve represents
the granulometric curve that characterizes the maximum compactness of an aggregate.
The two curves do not follow similar trends, and the difference brings about non-ideal
aggregate packing, possibly leading to the formation of porosity, in particular with high
substitution rates. Porosity must be avoided, since it has a strong contribution to the
worsening of the mechanical performance of the material [34,40]. The fineness modulus of
plastic waste used was 2.5, while for standard sand, it was 3.0.
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Figure 5. Fuller curve (in blue star) and cumulative granulometric distribution of plastic waste (in black square) (A) and

variation of density as a function of the percentage of sand substituted with plastic waste (B).

The plastic wastes’ mean particle density was estimated to be 1.2 g/cm?, following
similar literature assessments [41]. Since the sand density was approximately 2.6 g/cm?,
the density of the mortar was reduced by the substitution of sand with plastic, as presented
in Figure 5B. The higher the substitution, the lower the density of the mortar. As Figure 5B
shows, with high plastic waste substitutions, the real density of the samples was much
lower than the theoretical value (normalized at 0% plastic waste), demonstrating that a
high amount of plastic waste generates extra-porosity.

4. Conclusions

In conclusion, in this work, it was demonstrated that the immobilization of WEEE
plastic waste in cement mortars is possible, with a well-known significant reduction in
strength with compared to standard mortar.

e  The use of plastic in the substitution of the aggregates reduces the density of the
mortar and also decreases the need for natural resources, but still allows maintain
mechanical properties sufficient for use in non-structural applications to be maintained,
for instance, for use in screeds or substrates in the construction sector.

It was demonstrated that the lower mechanical properties of plastic aggregates and in
particular the lack of adhesion at the interface are the main causes of the reduction
in mechanical properties of the mortars. The low adhesion of the interface generates
additional porosity and reduces the mechanical contribution of the plastic itself, overall
leading to a strong reduction in strength even at rather low plastic content (15%yy).
The comparison of experimental data with the main models describing the mechanical
properties of porous materials confirmed the low mechanical contribution of plastic
aggregates.

To tackle the mechanical issues and to improve the properties for plastic-substitute
mortars (thus allowing a more widespread use of these materials in the building
sector), low-cost strategies are necessary.
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