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Abstract. Plastic waste recycling for the development of new building materials, such as
cementitious composites, appears to be one of the best solutions to get rid of this type of
waste. This operation has many economic and ecological advantages. The present study
proposes some solutions for the recovery of plastic waste from PET (polyethylene
terephthalate) bottles in order to obtain, after heat treatment at 290 °C followed by step
cooling, a light composite material (PET-siliceous sand) with a hardness close to that of
natural rock. The structure of the material obtained is characterized first; then the effect of
this composite, with different substitution rates of natural aggregate, on the behavior of an
industrial screed is studied. Afterwards, some specific recommendations for the uses of this
screed, and possibly of the composite itself, are given. Although the main effects of certain
polymeric additives on the mechanical properties of mortars are known, the mechanisms
that are responsible for these effects are not yet well understood. Techniques such FTIR,
XRD, SEM and differential scanning calorimetry (DSC) are analytical tools that can be used
for the characterization and expertise of this type of composites, particularly the industrial
composite screeds. Results from the present article enabled us to state that the composition
of the materials obtained remains qualitatively unchanged and that no chemical interaction
was observed between the mineral species and the waste PET lightweight aggregate (WPLA)
or the composite itself; in fact, no new compounds were formed. In addition, the differential
scanning calorimetry (DSC) technique allowed us to conclude that the addition of WPLA has
an influence on cement hydration. The thermo-mechanical characterization of WPLA made it
possible to observe an excellent arrangement between the PET and siliceous sand. Therefore,
the development of WPLA may be another solution for a number of applications in the field
of eco-materials for construction and building.
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1. Introduction

In the field of construction, a screed is a mortar layer made of cement, resin or lime, applied on
the ground and intended to flatten, level, come on a support and / or coat elements, such as a
heating floor, and then to receive the upper layers, like tiles, a flexible floor, a floating or glued
floor (Fiches Techniques G11, 2013). Depending on the design and method of execution, two
different types of screeds may be mentioned, namely the adhering screeds, which are
incorporated or attached, and the floating screeds. The use of polymer waste in building
materials has been evolving for decades. Various kinds of screeds, composite mortars and
concretes, plastic aggregates (Alfahdawi et al. 2016; Gu and Ozbakkaloglu, 2016) and composite
aggregates WPLA (Akcadzoglu et al. 2013; Choi et al. 2009; Zuccheratte et al. 2017) have been
formulated so far. These new applications came to respond to specific demands expressed by
building and civil engineering professionals, in particular for the acoustic and thermal comfort
and durability.
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The aim of the present work is to present the results of a first experimental study on the
characterization of the structure obtained using IRTF, XRD, SEM techniques as well as thermal
analysis techniques, such as DSC, for building elements, like screeds made of composite
aggregates (PET- siliceous sand), which contain crushed PET waste. These composite aggregates
are used as substitutes for natural aggregates in order to make an industrial composite screed.
This represents an important contribution to sustainable development. Some optimal
substitution proportions have been studied as well in order to determine the feasibility limits,
unlike what has been undertaken in previous works (Algahtani et al. 2014, 2017; Choi et al.
2005, 2009; Zuccheratte et al. 2017). In general, the WPLA aggregate composites obtained seem
to be inexpensive materials that could help solve some solid waste disposal problems, in
addition to the energy gain they can generate.

2. Experimental program

2.1 Cement

The type of cement used is Matine 42.5 CP] CEM II/A, from Lafarge Cement Plant, based in Oggaz
(North-West of Algeria). This cement has a fineness of 4500 cm?2/g, absolute density of 3.09
g/cm3 and average compressive strengths of 22 MPa at 2 days, and 48 MPa at 28 days. The
chemical composition of cement, siliceous sand (Ss) and calcareous sand (Cs) as well as the
mineralogical composition of clinker are given in Tables 1 and 2, respectively.

Table 1. Elementary chemical composition of CPJ 42.5 cement, siliceous (Ss) and calcareous (Cs) sands, wt. %

Oxides | Cement Ss Cs
SiO; 17.40 | 83.29 | 11.76
Al O3 4.12 0.21 -
Fe;03 2.97 0.45 | 091
CaO 61.15 | 7.03 | 44.35
MgO 1.16 4.2 -

K20 0.66 - -
SO3 2.46 - -
Naz0 0.13 - -
LOI 8.85 - -
Cl- 0.017 - -
CaCOs - 2.27 | 59.09
CO, - 1.00 26

LOI: loss on ignition.
Table 2. Mineralogical composition of clinker (%w)

CsS C.S C3A C4AF
64 15 8 12.16

2.2 Thermomechanical protocol for the preparation of the composite aggregate WPLA
(Waste PET Lightweight Aggregate)

It is a combination of a natural element, i.e. silica sand, and upgraded waste PET bottles. Heat
treatment followed by a stepwise cooling is required in order to have slices with hardness close
to that of natural rock (Figure 1a). These fragments undergo an industrial grinding, giving
different granular fractions; the one used in this study is 0/0.3 (Figure 1b). The chemical
composition of silica sand used and the XRD analysis, MOP picture of WPLA microstructure are
shown in Table 1 and Figures 1c.d, respectively.
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2.3 Calcareous sand

The calcareous sand (CS), which will be substituted by the composite aggregate WPLA
throughout this study, is a calcium-silicate sand from SECH quarries of HASNAOUI Group, based
at Sidi Ali Benyoub (Wilaya of Sidi Bel Abbes, Algeria). The chemical composition of the sand
used, is shown in Table 1.
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Fig 1. (a) Slices, (b) Granular fractions, (c) XRD spectrum and (d) Optical Microscope picture (4.8x) of the WPLA composite
aggregate
2.4 Test Methods

It was Granular mixtures for the preparation of composite screed mortars were prepared from
Matine cement, and four combinations were obtained by partial and total replacement of the
starting silico-calcareous sand by 25%, 50%, 75% and 100% by weight of the WPLA composite
aggregate previously prepared. For each formulation, the mixtures were prepared based on
Standard ASTM C109-11 (2011), in order to fabricate specimens with dimensions 5 x 5 x 5 cm3.
These mixtures were composed of one third of binder (cement) and two thirds of aggregates
with respect to the overall weight. These aggregates are calcareous sand and WPLA. The water
to cement (W/C) ratios used allowed for workability values between 85 and 105. The
maneuverability of each type of the formulated mortars was measured according to Standard
ASTM C 1437 (2001), using the spreading table test. The molds containing the samples were
covered with a plastic film and stored in the maturation cabinet of the laboratory. After 24
hours, the samples were unmolded and immersed in lime-saturated water (ASTM C511, 2006),
for 28 days, at the temperature of 20 * 2°C. The compression and flexural strengths of the
samples were measured using a hydraulic press after 28 days (NFEN 196-1, 2005).

The characterization of the previous materials, conserved in water, was carried out using
various analytical techniques, such as the Differential Scanning Calorimetry (DSC) Thermal
Analysis which was carried out in the laboratory of CHIALI Group, located in the industrial zone
of the town of Sidi Bel Abbes. The apparatus used is a differential scanning calorimetric analyzer
(DSC, NETZSCH DSC 200PC, with temperature rise ramps equal to 10 K / min, up to 600 °C,
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under nitrogen flux).Test samples of mortar, composite, siliceous sand and PET were analyzed
according to linear heating, starting from ambient temperature up to 600 °C, with a heating rate
of 10 K/min. The analysis of the samples was carried out on an attenuated total reflection (ATR)
patch, using a Spectrum One PerkinElmer FT-IR spectrometer. The FT-IR spectra were obtained
by applying the FTIR-ATR infrared spectrometry technique to the samples for a few minutes.
The SEM and XRD analyses were performed using a HITACHI TM-1000 apparatus and a Bruker

D8 ADVANCE diffractometer (Cu-Ka), respectively.

3. Results and discussion

3.1 Interpretation of FTIR spectra of the composite aggregate and composite screed
mortars

The polymer PET is characterized by the presence of the following remarkable absorption bands
(Figure 2a):
around 867.3 cm! (out-of-plane or para-disubstituted alternating cycle deformations),

- near 1095.8 cm, due to the vibrations of the -CO- bond,
at 1577.9 cml and 1616.1 cm-1, due to the vibration modes of the benzene ring,

- around 1715.8 cm-1, due to the grouping -COO-,
at 2858.0 cm! and 2924.0 cm-!, characteristic of the bonds -CH>-,

Around 3002.2 cm, due to the valence vibrations vCH of the benzene ring (Figure 2a).

It is important to mention that the amount of the valorized polymer (PET) is much less than that
of silica sand in the WPLA composite aggregate. This component (PET) is completely masked by
the vibrations of the siliceous sand bonds. These vibrations are present in the spectrum of the
WPLA composite (in Figure 2, presence of broad and intense absorption bands around 1200 cm-
11600 cmL, and especially around 910 cm-1, which is characteristic of the Si-O bond of silica,

Figure 2b).
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Fig 2. (a) Superposition of FTIR spectra of PET and composite aggregate, (b) FTIR spectra of siliceous sand.

Figures 3 and 4 display the superposition of FTIR spectra of samples of PET, composite
aggregate, WPLAO and WPLA100. The spectra are distinguished by the presence of specific lines
for PET, composite aggregate and WPLA100. It is found that the characteristic lines of the Waste
PET Lightweight Aggregate (WPLA) correspond exactly to those observed on the WPLA100. The
lines characterizing the PET are masked by those of the WPLA composite, as shown in Figure 4.
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Fig 3. Superposition of the FTIR spectra of the samples Fig 4. Superposition of the FTIR Spectra of the samples
WPLAO, WPLA100 and PET (Gouasmi etal. 2017). WPLAO, WPLA100 and composite aggregate.

All the spectra obtained for the composites showed the same lines, more or less intense,
depending on the WPLA composite aggregate content, as shown in Figure 5. In view of the high
number of results, it was necessary to reduce the number of spectra relating to samples WPLA50
and WPLA75. Moreover, it was found that there is no chemical interaction between the inorganic
compounds and the organic molecules, and therefore no new compounds were formed. This
corroborates the results previously reported by Benosman et al. (2012) and Zuccheratte et al.

(2017).
A ir' ’
‘ , W
" 0% H20
:: 25 % H20
2: 100 % H20

10,0 \
4000,0 3600 3200 2800 2400 2000 1300 1600 1400 1200 1000 800 650,0

Fig 5. Superposition of the FTIR spectra of samples WPLAO, WPLA25 and WPLA100.

3.2. Scanning Electron Microscopy (SEM) microstructural analysis

The visualization of the microstructure of the PET-siliceous sand interface is illustrated in Figure
6 (SEM photo). The thermomechanical preparation of the WPLA composite aggregates allowed
having a good adhesion and an excellent arrangement between the plastic PET waste and
siliceous sand, as shown in Figure 6.
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Fig 6. Microstructure of the PET- siliceous sand interface in the samples of the WPLA composite using SEM.
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3.3. Differential scanning calorimetry (DSC)

Some research (Kameche et al. 2009; NFT01-021, 1974; Platret and Deloye, 1994) has reported
the identification, by thermal analysis techniques, such as DSC, ATD and ATG, of cement
hydration products such as C-S-H gel, portlandite, ettringite, gypsum and calcite. Therefore, Silva
et al. (2002) used the ATD analysis and showed the different changes resulting from the
incorporation of Ethylene Vinyl Acetate (EVA) copolymer in composite materials. Similarly,
Benosman et al. (2012) applied the ATD technique and reported the different alterations
resulting from the addition of polyethylene terephthalate (PET).

The DSC curve (Figure 7 a) relative to siliceous sand presents two peaks; one is endothermic,
around 570 °C, and is due to the a-3 phase transformation of quartz; the other one is exothermic
and is found between 450 °C and 460 °C. Polyethylene terephthalate (PET) is characterized by
the three: vitreous, crystalline and melting phases corresponding to the three temperatures of
80 °C, 130 °C and 250 °C, respectively (Figure 7 b).
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Fig 7. DSC curves, with a heating rate of 10K/min, of: (a) siliceous sand, and (b) PET.

The characterization of the WPLA composite by the DSC technique (Figure 8a) indicates the
presence of PET, which is confirmed by the presence of an endothermic peak corresponding to
the melting temperature around 250 °C and an intense exothermic peak between 460 °C and
520 °C (this peak is also observed in the case of siliceous sand).
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Fig 8. DSC curves, with a heating rate of 10K/min, of: (a) WPLA composite aggregate, and (b) WPLAO stored in

fresh water.

The DSC curves, obtained for all tests, are typical for hydrated cement pastes (Figures 8b and 9).
Five major endothermic reactions occurred, during the sample heating, as follows:

Between 30 and 105 °C: free water and some of the adsorbed water escaped from
mortar. It was completely removed at 105 °C,

Between 100 and 200 °C: various dehydration stages of C-S-H and ettringite were
observed,

At 140 °C: decomposition of gypsum CaS04.2H>0,
Between 175 and 190 °C: hydration of calcium monocarboaluminate,

Between 470 and 500 °C: dehydration of portlandite Ca(OH)..
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Fig 9. Differential Scanning Calorimetry (DSC) Thermal Analysis of WPLA50 immersed in water.

The incorporation of the WPLA (PET-siliceous sand) composite into polyphase materials affects
the DSC curve, as this can be seen in Figure 9. Peaks are observed:

Between 30 and 105 °C: free water and some of the adsorbed water escaped from
mortar. It was completely removed at 105 °C,

Between 100 and 200 °C: various dehydration stages of C-S-H and ettringite were
observed,

An exothermic peak was found at 130 °C; it characterizes the crystallization temperature
T°c of PET,

Around 140 °C: decomposition of gypsum CaS04.2H-0, probably concealed by the peak of
crystallization temperature Tc® of PET,

Decrease in the intensity of the endothermic peak for the dehydration of calcium
hydroxide (~ 455 °C),

The melting temperature of PET was observed at 255 °C,

Significant changes were noted on the DSC curve, for temperatures above 500 °C (an

exothermic shoulder was detected between 510 and 520 °C). This is certainly due to the
presence of the WPLA composite,

An endothermic peak was found around 565 °C, surely resulting from the transformation
of the structure from quartz a into quartz §3, indicating the presence of siliceous sand.

These results confirm those previously reported by Benosman et al. (2016).

4. Conclusions

On the basis of the above, the following conclusions can be drawn:

Analytical methods, such as FTIR, XRD, SEM and DSC, revealed that the composition of
the materials studied remained qualitatively unchanged and that the chemical
interactions between the mineral species and the WPLA aggregate or the composite itself
did not lead to the formation of new compounds. As part of a first attempt to evaluate an
unknown material, the FTIR spectrometry could provide a wealth of interesting
information which was later confirmed by analytical means, better suited to the cases to
be treated.

From the thermogravimetric studies previously carried out, the results of which are
illustrated by the DSC curves, it can be concluded that the addition of the PET-based
WPLA composite aggregate has an impact on the hydration of cement.
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- The thermomechanical development of the WPLA composite aggregates enabled us to
obtain a good adhesion and an excellent arrangement between the PET plastic waste and
siliceous sand. A rough surface of the composite aggregate was obtained; it exhibited
better adhesion and a larger contact area between the WPLA and the cementitious
matrix (Gouasmi et al. 2015a). Thus, it can be said that the incorporation of PET lead to a
densification of the cementitious matrix, and consequently a significant improvement in
the durability of the material.

The use of composite aggregates containing PET waste and siliceous sand in building materials
seems to be feasible given the interesting results obtained during the analysis of their
properties. Positive results have been obtained by the author (Gouasmi et al. 2015a,b, 2016)
concerning the use of this composite aggregate in building materials. This study is certainly a
valuable contribution to the PET waste recycling program and the reduction of pollution in
order to preserve the environment.
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