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Abstract: In the context of developing sustainable materials and promoting environmental protection
through the valorization of solid wastes, a thermoplastic composite was fabricated using coal fly
ash (FA) and expanded polystyrene (EPS) waste. FA was employed as the reinforcing filler, while EPS
waste, dissolved in acetone, served as the polymer matrix. Composites were prepared by incorporating
varying weight fractions of FA, ranging from 20 to 80 wt.%, into the polystyrene matrix via
compression molding. The resulting materials were thoroughly characterized to evaluate their
mineralogical, physicochemical, mechanical, and microstructural properties. The findings indicated
that an optimal composite composition containing 70 wt.% fly ash and 30 wt.% polystyrene matrix
exhibited a compressive strength up to 15 MPa. In this study, we not only present a novel composite
material but also address environmental concerns by contributing to the reduction of solid and plastic
waste pollution.
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1. Introduction

The development of sustainable materials that meet key requirements such as high strength, low
weight, and durability has attracted considerable attention. Polymer matrix composites have shown
great potential to fulfill these demands [1]. Plastic waste generated in large quantities, such as
polystyrene, offers an alternative source of raw material for the development of polymer matrix
composites. Polystyrene alone accounts for approximately 10 wt.% of the total plastic waste produced
worldwide, representing nearly 15 million tons annually [2,3]. Polystyrene is a hydrocarbon
thermoplastic polymer with a very low density (20 to 30 kg/m?), which contains 98% air and only 2%
polystyrene; it is mostly used for thermal insulation, packaging, and storing of many products due to
its flexible structure, impact absorption property, impermeability, and mechanical robustness; in
addition, polystyrene has a stable form in the presence of many chemicals and does not perform
chemical reactions except some kinds of acids, solvents, and aliphatic compounds that dissolve
it [4—6]. It is challenging to collect expanded polystyrene due to its low bulk density. Reducing the
volume of polystyrene remains one of the best approaches to collect it. Chemical and thermal
techniques are generally adapted to reduce the volume of polystyrene and thus make their recycling
easy [7]. Thus, researchers have carried out studies on the use of polystyrene based matrix (polystyrene
dissolved in solvent) as a matrix in the elaboration of composite materials; several raw materials,
organic and inorganic, have been used as fillers for polystyrene composites [8—10]. Masri et al., [11]
involved the use of date palm leaflets as the reinforcement into polystyrene matrix. The researchers
found that date palm leaflets-polystyrene composite are 50% more insulating than similar composites
based on wood waste and polystyrene found in the literature, and their mechanical properties are
suitable and can be improved through the preparation process. Adeniyi et al. [12] explored the
elaboration of hybrid composites by the reinforcement of polystyrene matrix with kaolin clay and
expanded polyethylene powder and investigated their microstructural and mechanical properties. The
authors showed that the incorporation of kaolin clay enhance the mechanical proprieties. However,
they emphasized that the study is important for its role in converting multiple types of solid waste into
valuable products. This approach not only addresses waste management but also creates useful
engineering materials from recycled materials.

Moreover, solid wastes generated from industrial production activity remain one of the most
solicited renewable resources that can be employed as reinforcements in polymer composite
materials [13,14]. Coal fly ash (FA) generated from coal combustion in thermal power plants is one of
those industrial by-products [15]. Around the world, the amount of FA generated annually by thermal
power plants is approximately 750 million tons per year [16]. The amount of generated FA is
increasing as thermal power plants increase. FA is mainly composed of silica (Si0;), alumina, iron
oxide, lime, and magnesia. Physicochemical and mineralogical properties of FA depend on the type of
coal used in thermal power plants, combustion conditions, how the fumes are treated, and the nature
of storage [17].

The use of coal FA as a filler in polystyrene-based matrix (polystyrene dissolved in solvent) to
develop polymer composites at ambient temperature is unreported. Within this framework, we aim to
develop a new composite material based on coal fly ash and polystyrene wastes. FA was used as the
reinforcing material and polystyrene, dissolved in acetone, as the matrix. This work not only suggests
the elaboration of a new composite material but also leads to reducing the pollution associated with
disposal solid and plastic wastes.
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2. Materials and methods
2.1. Principal materials

FA used in this study was obtained from the Supercritical Power Plant of Safi, Morocco, and it
was used without modifications. The FA was collected from the electrostatic separator after the
combustion of ground coal in a pulverized boiler at a temperature of more than 1400 °C. FA is an alum
inosilicate material in the form of a dark grey powder, soft to the touch, similar to cement, as shown
in Figure 1. The X-ray diffraction (XRD) analysis result for FA material shows that it is mostly
composed of quartz (Si02) and mullite (3A1,03-2S10,), as verified by many researchers [18,19].
Additionally, we note the presence of an amorphous aluminosilicate phase (indicated by the broad
hump between 20 and 30°) (Figure 2) [20]. Moreover, the microscopic morphology of FA, presented
in Figure 1, was analyzed using scanning electron microscope (SEM). It is shown that FA particles are
mainly spherical crystallized glass beads, and their surfaces are smooth and dense (area 1). In addition,
FA consists of discrete amorphous ash particles with irregular shapes that are mainly generated by
rapid cooling and combustion temperature (area 2) [21]. Polystyrene (PS) was collected from the
plastic wastes management stock of the Faculty of Sciences Rabat, Morocco.

()
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Figure 1. (a) Macroscopic and (b) microscopic aspects of coal fly ash particles.
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Figure 2. Mineralogical composition of fly ash from XRD patterns.

2.2. Preparation of polystyrene matrix

The polystyrene matrix used for the fabrication of FA—PS composites was obtained by dissolving
expanded polystyrene waste (Figure 3a) in acetone (784 kg/m?), according to the mass ratio defined in
Eq 1; the prepared matrix is presented in Figure 3b.

Yes — 0.56 (1)

MG.C

Where Mps is the mass of polystyrene waste and M, is the mass of acetone.

(b)

Dissolving
in acetone

Figure 3. (a) Expanded polystyrene and (b) polystyrene matrix.
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2.3. Preparation of the FA-PS composites

FA and PS were the major components used in this study as two types of solid waste materials
mixed at various ratios. FA-PS composites were obtained by mixing the resulting polystyrene paste,
used as the thermoplastic matrix, and the reinforcement by incorporating FA particles by ratios
of 20%, 30%, 40%, 50%, 60%, 70%, and 80% (Table 1). Each mixture of FA particles and recycled
PS were mixed manually to ensure total homogenization between the two wastes. The mixtures were
compressed in a steel cylindrical mold to produce the final composites under a pressure of 250 MPa
for at least 2 min. The resulting FA-PS composites were stored at room temperature for 28 days to
complete reaction and solidification before analyzing and testing.

Table 1. Mixture proportions of FA-PS composites (wt.%).

Composite samples Fly ash (wt.%) Polystyrene matrix (wt.%)
FA80-PS20 80 20
FA70-PS30 70 30
FA60-PS40 60 40
FA50-PS50 50 50
FA40-PS60 40 60
FA30-PS70 30 70
FA20-PS80 20 80

2.4. Characterization of the FA-PS composites
2.4.1. Water absorption and apparent density

Water absorption and apparent density of FA-PS samples were performed based on Archimedes
principle, according to ASTM, 2006. The water absorption of FA-PS samples was determined
according to Eq 2 [22]:

Water absorption (%) = % (2)
1

where W>was the weight of FA-PS samples after being boiled in water for 5 h and immersed for an
additional 24 h. W; was the weight of FA-PS samples before being immersed in water.

2.4.2.  XRD analysis

XRD analysis was performed using a LabX XRD-6100 Shimadzu diffractometer with copper
anode Cu-Ko radiation (A = 1.5418 A) in the angular range of 20 = 10—70° with a step size of 2°/min
operating at a voltage of 40 kV and an ampere rating of 30 mA.

2.4.3. Fourier Transform infrared spectroscopy (FTIR) analysis

The FTIR analysis was performed using a VERTEX 70 in the wavelength range from 400
to 4000 cm~! with a spectral resolution of 4 cm~'. The FTIR spectra were taken in transmittance mode.
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2.44. Thermal analysis (TG-DTG)

A (labsys Evo 1F) SETARAM was employed for thermal analysis (TG-TDG) with linear heating
from room temperature (~20 °C) to 1000 °C and at a rate of 10 °C/min under a nitrogen atmosphere.

24.5. SEM

The morphology of FA and FA-PS samples was analyzed using a JEOLJSM-IT-100 SEM
equipped with an energy dispersive X-ray (EDX).

2.4.6. Compressive strength

The compressive strength of the synthesized FA-PS composites was measured in accordance with
ASTM C1231 (2010) using cylindrical samples (2 cm in diameter and 3.6 cm in height) after 28 days
of curing. Testing was performed with an RP25 ATF hydraulic press at a loading rate of 0.5 MPa/s.
For each formulation, a minimum of three replicate samples were tested, and the average value was
reported as the representative compressive strength.

3. Results and discussion
3.1. Macroscopic appearance

Macroscopic examination of the FA-PS composites, presented in Figure 4, revealed that samples
containing less than 50% of PS deformed and lost their cylindrical shape during the curing process. In
contrast, composites with PS contents above 50% retained their initial cylindrical geometry. Moreover,
the hardening of the samples was influenced by the polystyrene matrix, which hardened more rapidly
as the amount of FA in the composite increased. This behavior can be attributed to the ability of FA to
quickly absorb acetone, which subsequently evaporates due to its high volatility [23].

FA/PS 50/50

2 13 14 15
[T ST P et | ||

Figure 4. Macroscopic appearance of elaborated FA-PS composites with varying fly
ash/polystyrene ratios (20/80 to 80/20).
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3.2. Water absorption and density

Water absorption is a key indicator of the water resistance of FA-PS composites, as it provides
valuable insight into their porosity and microstructural characteristics. The water absorption results for
the FA-PS composites are presented in Figure 5. Overall, the results indicated that the FA-PS
composites exhibited low water absorption rates. As the PS content increased from FA-PS20 to
FA-PS80, the water absorption decreased significantly from 4.34% to only 0.14%. These results
demonstrated that increasing the PS content reduced the water absorption of FA-PS composites. This
behavior was attributed to the hydrophobic nature of PS, whose closed-cell porous structure effectively
limits water penetration [24]. However, as the FA content increased, the water absorption rate also
rose, indicating that FA enhances the water absorption behavior of FA-PS composites. Overall, these
results showed that increasing the polystyrene matrix is essential to improve water resistance and
strengthen structural integrity, while limiting degradation, which is particularly advantageous from the
point of view of durability. The density results of the FA-PS composites are also presented in
Figure 5, illustrating the effect of varying PS ratios on composite density. The density values
decreased with increasing PS content. Specifically, the FA-PS20 composite exhibited the highest
density (1.554 g/cm?), whereas the FA-PS80 composite showed the lowest density (0.712 g/cm?). This
reduction was mainly attributed to the intrinsically low density of PS. The low-density characteristic
of FA-PS composites highlights their potential for lightweight structural applications.
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Figure 5. Density and water absorption of the produced FA-PS composites.
3.3. Thermogravimetric analysis (TGA)

The TGA was performed to investigate the weight loss versus the temperature for FA-PS
composites with varying FA contents from 20 to 80 wt.%. The results of the TGA and its derivative
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curves (DTG) are presented in Figure 6. Generally, all samples exhibited a similar degradation
behavior characterized by a single-phase decomposition starting at 300 °C, with maximum
decomposition occurring at 450 °C. Thus, the one large peak in Figure 6, which shows the derivation
of the weight change of each FA-PS composite (i.e., differential TGA curve), confirmed this
decomposition. Similar observations have been reported for polystyrene based composites [25,26].
This phase resulted in a weight loss ranging from 19.5 wt.% for the FA80-PS20 sample to 68 wt.% for
the FA20-PS80 sample, which can be attributed to the decomposition of the cyclic structure of
polystyrene matrix to volatiles styrene monomers [27]. This result incidatec that as the fly ash content
increased from 20 to 80 wt.%, the total weight loss significantly decreased, indicating the presence of
thermally stable phases, which enhance the thermal stability of the FA-PS composites. This improved
thermal stability is attributed to the inert nature of FA contents, which originates from combustion and
contains only minimal amounts of volatiles and moisture and includes non-decomposable phases such
as Si0; and 3A1x03-2S10; [28,29]. These inorganic constituents remain thermally stable during heating,
contributing to the increased residual mass at elevated temperatures, leading to enhanced overall
thermal stability of the FA-PS composites.

It is also worth noting that the 5% of weight loss presented by the two composite samples
FA70-PS30 and FA80-PS20 could be due to the evaporation of the residual acetone, which begins
after the softening of the PS around 300 °C [30].
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Figure 6. TGA of FA-PS composites: (a) TGA curves and (b) DTG curves.
3.4. SEM/EDS analysis

The SEM was used to investigate the microstructure of the FA-PS composites and distribution of
FA particles into polystyrene matrix. Figure 7 presents the SEM micrographs of fractured surfaces
FA80-PS20, FA50-PS50, and FA20-PS80 composites, respectively. In contrast to the unfilled
polystyrene matrix, which exhibited a flat and smooth surface [31], the FA-PS composites displayed
rough and irregular morphologies, reflecting the incorporation and distribution of FA particles. The
micrographs further revealed a biphasic structure, in which the FA particles were dispersed within the
polystyrene matrix. The microstructural observations revealed distinct differences among the three
composite formulations. In the FA20-PS80 sample, the polystyrene matrix consituted the continuous
phase, effectively embedding the FA particles and producing a relatively homogeneous microstructure

AIMS Materials Science Volume 13, Issue 2, 187-204.
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with a smooth surface and minimal void formation. However, the limited amount of FA reduced the
reinforcement effect, resulting in modest mechanical performance. In the FA50-PS50 sample, a more
noticeable entanglement of polymer chains around FA particles was observed, leading to the formation
of larger particle aggregates. Despite this increased interaction, the interfacial bonding remained
insufficient, enabling micro-voids to persist within the structure. This led to reduced structural
cohesion and consequently lower compressive strength. Conversely, the FA80-PS20 sample exhibited
a more compact and continuous microstructure. The higher FA content promoted closer particle
packing and increased the extent of particles matrix contact. Although the amount of PS was lower, it
remained sufficient to form a continuous binding phase around the ash particles, enhancing interfacial
adhesion. This result correlated well with the high compressive strength recorded for this composition.

Figure 7. SEM micrographs for FA-PS composites: (a) FA80-PS20; (b) FA50-PS50; and
(c) FA20-PS80.

The diagrams of the chemical composition, expressed by weight concentration and obtained at an
intensity of 20 keV, are displayed in Figure 8. The results indicated that the major chemical elements
present in the FA-PS composites are carbon (C), oxygen (O), silicon (Si), and aluminum (Al).

AIMS Materials Science Volume 13, Issue 2, 187-204.
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Moreover, the weight concentrations of oxygen, silicon, and aluminum increased as the FA content
increased. This result agreed with XRD analysis, indicating that coal FA is mainly composed of SiO»
and 3A1,03-2S10,. However, the concentration by weight of C increased as the content of polystyrene
matrix increased, reflecting its organic nature, which was consistent with the carbon-rich character of
the polymer matrix, as confirmed by the EDS map showing the distribution of the principal chemical
elements in the FA-PS composites illustrated in Figure 9. Additionally, the presence of other elements
such as magnesium (Mg), phosphorus (P), calcium (Ca), potassium (K), iron (Fe), and titanium (T1)
was detected in the samples, and their weight concentrations increased with increasing FA content.
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Figure 8. EDS chemical analysis of FA-PS composites: (a) FA80-PS20; (b) FA50-PS50;
and (c) FA20-PS80.
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Figure 9. Combination of SEM micrographs and EDS map showing the distribution of
principles chemicals elements into FA-PS composites: (a) FA80-PS20; (b) FA50-PS50;
and (c) FA20-PS80.
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3.5. FTIR analysis

The infrared spectroscopic was used to determine functional groups present in the FA-PS
composites, the characteristic bands are listed in Table 2. The FTIR results are illustrated in Figure 10
and indicate the presence of bands related to the two major components of the manufactured
composites. The band between 3060 and 3025 cm™! was attributed to the aromatic stretching vibration
of an alkene carbon-hydrogen bend (C—H) [32]. However, the two peaks at 2920 and 2845 cm™! were
also assigned to asymmetric and symmetric stretching vibration of the alkene C—H [33,34]. In addition,
the peaks between 1600 and 1450 cm™! were related to the C—C stretch aromatic of phenyl [35], and
the two peaks at 746 and 697 cm™' were attributed to a monosubstituted benzene ring [36]. The
previous bands and peaks became intense in the FTIR spectra with the increase of the percentage of
PS in FA-PS composites. This indicated that all previous peaks were associated with the presence of
the polystyrene matrix [32—36]. Furthermore, a major absorption band appeared between 1263
and 974 cm™!, and that centered in ~1072 cm™! was associated with the presence of T-O (T = Al; Si)
asymmetric stretching vibrations that corresponded to quartz present in FA [37]. A small band
appeared at 550 cm! was attributed to symmetric stretching of AI-O-Si in mullite, which is also
present in FA. However, the band associated with Si—O-Si and O-Si—O in bending vibration was
at 470 cm™! [38]. This result confirmed the presence of certain characteristic properties of the precursor
materials (polystyrene matrix and coal fly ash) in the formulated composites. The incorporation of FA
into the matrix appeared to involve chemical interactions, as evidenced by the appearance and
disappearance of characteristic peaks. The emergence of new peaks suggested the formation of new
chemical bonds, while the disappearance of some original peaks indicated the breaking of existing
bonds during the composite formation process.

Table 2. FTIR characteristic bands.

Wavenumber (cm™) Characteristic band References
3060 C—H aromatic stretching vibration [32,33]
3025

2920 C—H asymmetric stretching vibration [33]
2845 C—H symmetric stretching vibration [33,34]
1600-1450 Phenyl ring stretching vibration [33,35]
1263-974 (centred in1072) T-0O asymmetric stretching vibration (T = Al, Si) [37]
746 Mono-substituted benzene ring [35,36]
697

550 Symmetric stretching of AI-O-Si in mullite [38]
470 Si—0-Si and O-Si—O in bending vibration [38]

AIMS Materials Science Volume 13, Issue 2, 187-204.
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Figure 10. FTIR spectra of FA-PS composites.

3.6. Compressive strength test

The compressive strength test remains an important parameter to investigate the mechanical
performance of FA-PS composites. Figure 11 shows the effect of FA content weight ratio on the
compressive strength behavior of FA-PS composites at 28 days of curing. For FA-PS samples with FA
contents between 30% and 60%, the compressive strength remained relatively low, ranging
between 2.5 and 4.2 MPa, indicating limited contribution of FA to the mechanical performance in this
range. A significant improvement was observed in the composite FA70-PS30, where the compressive
strength sharply increased to approximately 15 MPa, reporting that this proportion provides an optimal
cohesion between FA and polystyrene matrix. This result indicated that the increase of FA content
enhances the mechanical performance of the final FA-PS composites, which is related to the reactivity
of FA defined by the presence of a high amount of the amorphous aluminosilicate phase, as shown
by its mineralogical composition. However, for FA80-PS20, the compressive strength decreased
to 12.5 MPa, which may have been attributed to the excessive FA content causing weaker bonding as
well as an insufficient polymer matrix to maintain structural integrity. Overall, the results reported an
optimum FA content of 70 %, giving FA-PS composites with the highest compressive strength.
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Figure 11. Compressive strength of FA-PS composites as a function of fly ash weight ratio.
4. Conclusions

In order to reduce the environmental pollution related to mineral and plastic wastes, new
composite material was developed based on coal fly ash by-product and expanded polystyrene wastes.
FA by-product was used as reinforcement and expanded polystyrene waste, dissolved in acetone, was
used as a matrix. In this work, the mineralogical, thermal, microstructural, and mechanical properties
of the composites were performed to characterize the FA-PS composites. It was observed that the
presence of FA enhanced the thermal property of the composite more than the presence of the
polystyrene matrix. The FTIR results suggested that a chemical reaction was taking place between the
FA and the polystyrene matrix. This was reflected in the appearance of new peaks and the
disappearance of others, indicating changes in the chemical structure of the material. Moreover, these
chemical interactions were further supported by the EDX analysis, which showed carbon as the
dominant element across all the composite samples. Furthermore, a maximum compressive strength
of 15 MPa at 28 days was achieved for FA70-PS30, highlighting their potential as substitute materials
in various applications. Overall, we successfully demonstrated the recycling of waste materials to
create a novel composite with promising properties. In future studies, researchers should focus on
optimizing the fabrication process to enhance these properties and broaden the potential applications
of the material.
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