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ARTICLE INFO ABSTRACT

Keywords: The main objective of this work is to review the capability of using waste marble dust (MD)
Recycled polyethylene terephthalate particles as reinforcing materials in recycled polymeric composites to achieve environmentally
PET

friendly materials. In the present study, polymer composites were fabricated from recycled
polyethylene terephthalate (rPET) and MD and then analyzed for their structural and thermal
properties. Preparation of rPET-based composites containing 0-20 wt% MD was carried out
through extrusion and injection molding. For their characterization Fourier transform infrared
spectroscopy (FTIR), differential scanning calorimetry (DSC), thermogravimetric analysis (TGA),
and dynamic mechanical analysis (DMA) were applied. The DSC analysis revealed a nucleating
effect of MD on rPET, which was manifested in a higher crystallization temperature (196.7 °C =
204.4 °C); however, the marble particles were also found to hamper chain mobility, thereby
decreasing the crystallinity ratio (23.7 % = 19.2 %) of rPET and altering its crystalline structure.
According to the TGA measurements, a slight increase occurred in the thermal stability of rPET,
its major decomposition temperature increased from 446 °C to 451 °C when 20 wt% MD was
incorporated into it. DMA showed an improved stiffness in the entire investigated temperature
range for MD-filled composites versus neat rPET. Additionally, several factors were derived from
the DMA data, including the effectiveness factor, degree of entanglement, and reinforcing effi-
ciency factor which all suggested a decent interaction between the components indicating a
proper reinforcing ability of marble powder. However, above 5 wt% MD content the reinforcing
efficiency deteriorated due to the agglomeration of filler particles, which was also supported by
scanning electron microscopic images.

Marble dust
Thermal properties
Composites

1. Introduction

The utilization of waste resources in the manufacturing industry is becoming increasingly common [1]. Utilizing waste resources
does not only help to reduce the environmental burden associated with their disposal but also proves helpful in developing low-cost
products and encourages sustainability [2]. Furthermore, the use of waste materials follows the concept of circular economy, which
seeks to finish the loop by reusing discarded materials rather than adhering to a linear model where resources are harvested, utilized,
and then discarded [3]. A circular economy promotes system enhancements to eliminate waste, better use of resources, and to establish
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a more sustainable equilibrium between the environment, the economy, and society [4,5]. Marble, a metamorphic rock composed of
recrystallized dolomite (CaMg(COs3)2) or calcite (CaCOs3), has long been prized for its numerous applications, including in sculpting,
architecture, and decorative arts [6-8]. Nevertheless, excavating useable marble from the quarry and its subsequent factory processing
generates enormous waste, almost 75 % of the overall output according to some estimations [8]. Approximately 200 million tons of
marble processing residues are estimated to be discarded as waste annually, causing social, environmental, and economic problems
[9]. Because of the growing environmental concerns caused by waste materials and the rigorous restrictions governing their disposal,
researchers are increasingly incentivized to employ marble waste in developing new innovative products. According to studies, marble
waste may be applied to various industries, including glass, agriculture, paper, and construction [6-10]. Using waste properly may
decrease pollution, and the planet can become cleaner and “greener”. Using marble waste to replace conventional fillers in developing
polymer composites can be alluring. The chemical composition of waste marble, which includes conventional additives such as silicon
dioxide, aluminum oxide, and calcium oxide, bolsters its utility in developing sustainable composites [6,7].

The utilization of marble dust (MD) and polyethylene terephthalate (PET) was investigated by Cinar and Kar [11] in their study on
producing eco-friendly polymer composites. According to their findings, higher amounts of MD resulted in enhanced stiffness,
hardness, thermal conductivity, and bending strength of the developed composites. In their research, Bakshi et al. [12] investigated the
viability of integrating marble waste in different amounts to produce polypropylene-based composites. The researchers emphasize that
the desired density and mechanical properties can be attained by carefully selecting the appropriate marble waste loading and molding
temperature parameters. The influence of incorporating MD at different weight percentages (0 %, 10 %, 20 %, and 30 %) on the
mechanical and thermal characteristics of glass fiber-reinforced epoxy composites was examined by Choudhary et al. [13]. Their
findings suggest that including MD increased the fabricated composites’ hardness, crystallinity, thermal conductivity, and dynamic
mechanical properties. Among mechanical properties, tensile strength decreased, while fracture toughness and inter-laminar shear
strength increased with an increased MD loading. In contrast, the composites’ flexural modulus, tensile modulus, and flexural strength
exhibited an upward trend up to an MD content of 20 %. On the other hand, it decreased when higher amounts of MD were added. By
employing a decision-making technique, the authors determined that 20 % MD dosage is adequate for achieving the optimal com-
bination of the evaluated properties. Nayak and Satapathy [14] conducted a study in which they developed polyester-based composites
utilizing waste MD for engineering applications related to wear. The research examined the influence of marble particle size (ranging
from 58 to 155 pm) and loading level (0-40 % by weight). The findings revealed that when the particle size or weight percentage of MD
increased, the properties of the produced composites, including compressive strength, impact energy, and hardness, also increased.
The research by Sharma et al. [15] focused on the impact of incorporating MD at varying weight percentages (ranging from 0 % to 24
%) on jute fiber-reinforced epoxy composites’ mechanical and thermal properties. The findings of the study indicated that an increase
in MD content resulted in improvements in evaluated properties of the developed composites, including elastic modulus, hardness,
fracture toughness, flexural modulus, and strength (including impact, compressive, inter-laminar shear, and flexural strength). Soydal
et al. [16] fabricated epoxy/MD composites with a marble content of 0-30 wt%. The authors observed that the incorporation of MD
effectively raises the Young’s modulus of epoxy while reducing the ductility. Considering the strength of epoxy no significant alteration
was found when the concentration of MD did not exceed 20 wt%, above that, however, the strength of the composites decreased.
Choudhary and his colleagues [17] prepared ternary composites based on epoxy with glass fiber and marble powder as reinforcement.
In their study, the effect of 0-30 wt% MD was analyzed regarding the mechanical and wear properties. The incorporation of waste MD
was observed to improve the dynamic mechanical properties of epoxy/glass fiber composites by increasing the storage modulus values.
The wear rate of the fabricated samples was also reduced with increasing waste MD content. The literature also demonstrates the
impact of waste MD particles on the physical, mechanical, and thermal properties of different polymer matrix composites, including
poly(lactic acid) [18,19], high-density polyethylene [20], low-density polyethylene [21], and polypropylene [22].

Nowadays, plastic pollution has emerged as a significant environmental concern, given the exponential growth in the production of
disposable plastic items, surpassing the world’s capacity to handle them effectively [23]. The optimal approach to address plastic
waste is through recycling, which enables the creation of similar products from the original materials for various purposes [24,25].
Incorporating recycled plastics, mainly recycled polyethylene terephthalate (rPET), in multi-component polymeric materials is
increasingly favored due to its numerous advantages [26,27]. One such attribute is embodied energy, which measures 27-30 MJ/kg
for rPET, whereas primary PET possesses an embodied energy of 78-86 MJ/kg [28]. Consequently, utilizing rPET in product
manufacturing allows for approximately 50-60 % energy savings compared to primary PET, attributable to the disparity in embodied
energies between primary production and recycling processes [29]. Various waste materials such as sawdust [30], rice husk [31],
window glass powder [32], recycled newspaper fibers [33], palm oil fuel ash [34], and fly ash [35] have been reported to influence the
mechanical and thermal performance of rPET. However, limited research is available on using waste MD in developing rPET-based
composites.

Although in our previous study [36] we investigated the physical, mechanical, and sliding wear properties of MD-filled rPET
composites, the impact of MD loading on thermal, thermo-mechanical, and structural features has yet to be explored. Consequently,
this study aims to assess the impact of incorporating MD as a filler in rPET for producing composite materials using an extrusion
process and injection molding. Fourier transform infrared spectroscopy (FTIR), differential scanning calorimetry (DSC), thermogra-
vimetric analysis (TGA), and dynamic mechanical analysis (DMA) are employed to gain a deeper comprehension of how filler loading
affects thermal behavior, including glass transition, melting, and crystallization.
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2. Materials and methods
2.1. Materials

Commercially available rPET granules were obtained from Fe-Group Invest Zrt. (Budapest, Hungary). The intrinsic viscosity of the
light blue rPET pellets was 0.80 dL/g. The MD used as filler was purchased from Taj Granites Private Ltd. (Jaipur, India). It had a
particle size of 5-15 pm, while its density was 2.68 g/cm®. The scanning electron microscopic image of the MD is shown in Fig. S1
(supplementary materials).

2.2. Fabrication of the samples

As a first step of processing both components were dehumidified in a DEGA-2500 drying unit (Corte Franca, Italy). Throughout the
drying — which lasted for a period of 6 h — the temperature was set to 140 °C. The composites were fabricated by melt mixing, carried
out using a Labtech LTE 20-44 twin-screw extruder (SamutPrakarn, Thailand). Twin-screw extruders are known to have an excellent
mixing capacity; therefore, it was expected that using this machinery would provide a homogenous dispersion of MD particles in the
rPET matrix. The diameter of the screws was 20 mm, while their L/D ratio was 44. The rotational speed during the compounding was
set to 30 rpm and the temperature of the extruder barrel sections to 250-280 °C. Composites of 0-20 wt% MD content were fabricated
this way. The composition (including the gravimetric and volumetric ratios of the components) and designation of the samples are
listed in Table 1. The extruded composites were dried once more under the same circumstances as before the extrusion (140 °C for 6 h)
and then injection molded with an Arburg Allrounder 420C injection molding machine (Lossburg, Germany) with a screw diameter of
35 mm. The barrel temperature was 255-275 °C. The injection rate was set to 65 cm®/s, while the injection pressure was 1200 bar. The
holding pressure profile was 850-600-250 bar. The residual cooling lasted for 30 s with a mold temperature of 65 °C.

2.3. Characterization and testing

Fourier transform infrared measurements were performed using a Tensor 37 (Bruker, USA) FTIR apparatus equipped with an
attenuated total reflectance (ATR) detector, with the following parameters: number of sample spectra: 16; wave number range: 400-
4000 cm™Y; and resolution: 4 cm ™}, FTIR measurements were performed twice for each sample. The presented curves are the averages
of the two parallel measurements.

The crystallinity of the materials was investigated using a DSC131 EVO (Setaram, France) differential scanning calorimetric in-
strument, with samples of 6-8 mg. The heating-cooling-heating cycles were carried out between 30 and 320 °C at a rate of 10 °C/min,
with two parallel measurements per sample. The first heating cycle only served the purpose of erasing the thermal history of the
samples and the second cycle was applied to analyze the melting behavior and crystallinity. The ratio of crystallinity (X.) was
calculated using Equation (1):

AH,,per

Xe=-Fg— 1)
AHL pir X Orper

where AHp,pgr (J/8) is the apparent melting enthalpy of rPET, AHppgr (J/g) is the melting enthalpy for 100 % crystalline rPET and w,pgr
is the weight fraction of rPET in the corresponding composite. The degree of crystallinity was calculated considering an ideal melting
enthalpy (AH% ) of 140 J/g [37].

Thermogravimetric analysis was performed with a LabsysEvo (Setaram, France) analyzer at a heating rate of 20 °C/min in a ni-
trogen atmosphere in the temperature range of 50-1000 °C, with two parallel measurements per sample. This technique was used to
study the thermal stability of the samples by analyzing the mass loss curve and its derivative.

The variation of dynamic mechanical properties was measured with a DMA 25 (Metravib, France) apparatus using a temperature
sweep in a tension mode between 0 and 90 °C at a heating rate of 2 °C/min. The gripped length was 20 mm, the frequency was set to 1
Hz and the amplitude was 20 pm. DMA measurements were performed once on each sample. The whole procedure of sample prep-
aration and characterization is shown as a flow chart in Fig. 1.

Table 1
Designation and composition of the prepared composites.
Designation rPET content [wt.%] MD content [wt.%] rPET content [vol%)] MD content [vol%]
rPET 100 0 100 0
rPET_2.5MD 97.5 2.5 98.7 1.3
rPET_5MD 95 5 97.4 2.6
rPET_10MD 90 10 94.6 5.4

rPET_20MD 80 20 88.6 11.4
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Injection molding into specimens

Fig. 1. Flow chart of the rPET/MD composite fabrication and characterization process.

3. Results and discussion

3.1. Structural properties

Heliyon 10 (2024) e25015

The presence of marble particles within the rPET matrix was analyzed by ATR FTIR measurements. Fig. 2 represents the ATR FTIR
spectra of rPET, MD, and the composites containing 2.5, 5, 10, and 20 wt% marble. Fig. 2a shows the entire analyzed wave number
range, while Fig. 2b focuses on the so-called fingerprint region, which is mostly defined between 1800 cm™! and 400 cm™!. The
repeating unit of PET chains contains four functional groups, namely an ethyl group, an aromatic ring, and two ester groups [38].
Within the above-described functional groups, the following covalent bonds can be found: C—C, C—=C, C—H, C—0, C=0, and aromatic

ring.

When examining the FTIR spectrum of unfilled rPET, clear peaks related to the absorption bands appeared at 2962, 1713, 1408,
1338, 1240, 1093, 1014, 872, and 723 cm ™}, and there is one additional peak at ~1100 em ™!, which is mostly overlapping with that at
1093 cm ™~ !.According to the literature, the absorption band at 2962 cm™! stands for the asymmetric stretching of the C—H bond. The
band at 1713 cm ™! is a peak of ester due to the symmetric stretching of the C=0 group [39,40]. The peaks at 1408 and 1338 cm ™" are
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Fig. 2. Complete FTIR spectra of spectra of rPET, marble dust, and their composites with various MD content (a), fingerprint region (b).



L. Lendvai et al. Heliyon 10 (2024) e25015

attributed to the C—C stretching within the aromatic ring and to the C—O stretch of ester, respectively [40]. The three major peaks at
1240, 1093, and 1014 cm ™! represent the stretching of —O—. The peak at ~1100 cm ™! — which is present in the form of a shoulder peak
of the one at 1093 cm™! — can be ascribed to the out-of-plane stretching of G—H. The band at 872 cm ™! corresponds to the
para-disubstituted benzene stretching [41], while the peak at 723 cm~ ! can be assigned to the out-of-plane flexion of the aromatic ring
[39].

Meanwhile, the marble powder exhibited three major peaks at 1413, 877, and 727 cm’l, respectively, out of which the first one
corresponds to the asymmetric stretching vibration of carbonate radicals, thereby representing the presence of calcite mineral (CaCO3)
in the MD as confirmed in previous studies [42,43]. The band at 877 cm™! may either suggest Si-O stretching vibrations or the
out-of-plane bending absorption of carbonate ion in CaCO3 according to the literature [43,44], while the band at 727 cm ! can be
ascribed to the in-plane bending of calcite [43]. Regarding the rPET/MD composites a combination of the absorption bands exhibited
by rPET and MD can be observed, with their intensity being proportional to the ratio of the corresponding component, which suggests
no alteration in the chemical structure of the matrix or the filler when being combined through melt mixing.

3.2. Thermal properties

Among the semi-crystalline polymers PET is generally known as a one with rather low crystallization rate, which is disadvanta-
geous when it comes to engineering applications, and therefore, crystallization is often facilitated by incorporating various fillers that
act as nucleating agents [45]. Representative heat flow traces recorded during the DSC measurements are depicted in Fig. 3, while the
data derived from the curves are collected in Table 2. The curves corresponding to the cooling cycle are shown in Fig. 3a. The DSC trace
of unfilled rPET shows a single exothermic transition peaking at 196.7 °C, which represents the crystallization temperature (T,) of the
polymer. When MD was embedded into it, the T, of rPET gradually shifted to higher temperatures, reaching 204.4 °C for both the
rPET_10MD and rPET_20MD samples. This increment in T as a function of MD content indicates an earlier crystallization during the
cooling process, which can be attributed to a nucleating effect of MD exerted on the polymer. Anis et al. [46] used micro-sized Al
particles as a filler for PET, which was also found to facilitate crystallization, while Alshammari et al. [47] incorporated graphite as
filler exhibiting the same results. Therefore, it seems straightforward that small-sized rigid particles, including MD, can be used
effectively for nucleation in PET composites regardless of whether they are carbonaceous, metallic, or ceramic-based. This kind of
behavior is not uncommon for polymer composites of other matrices filled with micron- and nano-sized rigid additives [18].

Fig. 3b shows the second heating curves of the DSC measurement. Apparently, the first change to be observed was a minor shift in
the baseline between 65 and 80 °C representing the glass transition (Tg) of rPET. The reason for this baseline shift being rather
moderate is the relatively high crystallinity of the samples, which — besides decreasing the ratio of amorphous domains - also facilitates
the formation of rigid amorphous (RAF) structures instead of mobile amorphous (MAF) ones. As a consequence, the Tg-s of the samples
were evaluated later based on the DMA measurements. With further temperature increase, a rather broad endothermic double peak
was found for rPET, corresponding to its melting temperature (T;;; and Tp2). In the literature, the presence of two overlapping
endothermic peaks is either ascribed to the existence of two distinct crystalline polymorphs or a single one containing a certain amount
of less regularly oriented chain segments that go through a rearrangement/recrystallization during the melting [48]. For the unfilled
rPET matrix, the first melting peak occurred at 240.5 °C and the second one at 249.1 °C, with the second one being the superior in size.
With the addition of waste MD, no discernible pattern based on the filler content was observed in the T;, values, suggesting that the
marble did not affect the thermal stability. Meanwhile, as a function of MD content, the first melting peak became more and more
prominent relative to the second one. Zhao et al. [48] made similar observations for PET-based multi-component materials and
claimed that the formation of less regularly oriented chain segments is reasonable when the mobility of the chain molecules is
hampered for some reason. It makes sense that the same phenomenon occurred here, since rigid filler particles, such as MD
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Fig. 3. Crystallization (a) and melting (b) curves of rPET and its MD-filled composites obtained through DSC measurements.
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Table 2

Data of unfilled rPET and the rPET/MD composites, derived from DSC curves.
Sample T.[°C] Trm1[°C] Tz [°C] AHpppr[J/8] X [%]
rPET 196.7 240.5 249.1 33.1 23.7
rPET 2.5MD 201.3 243.0 249.5 30.1 22.1
rPET_5MD 203.6 243.6 249.8 26.2 19.7
rPET_10MD 204.4 244 249.6 26.8 21.2
rPET_20MD 204.4 242.2 248.4 21.5 19.2

incorporated into thermoplastics, indeed tend to reduce molecular mobility.

The crystallinity (X,) of the samples was calculated using Equation (1) and listed in Table 2. The crystallinity ratio of rPET was
determined as 23.7 %, and it slightly decreased in the presence of MD particles, bottoming at 19.2 % for the composite rPET_20MD.
This reduction in crystallinity — especially considering the nucleating effect of MD — further supports the assumption that the embedded
marble powder hampers the mobility of rPET chain molecules, which at the same time suggests a rather strong interaction between the
components.

Fig. 4 shows the TGA thermograms of the fabricated samples. TGA is considered the most favored technique for comparing the
thermal stability of different materials. The mass loss of the samples is depicted in Fig. 4a, while its derivative (DTG) can be seen in
Fig. 4b. Based on the TGA curve of unfilled rPET a two-step degradation process can be identified, where the initial degradation starts
at a relatively low temperature and is followed by a secondary degradation stage at a higher temperature. The most significant weight
loss was suffered during the first decomposition process, which took place between 390 and 480 °C. According to the literature, it is
associated with the decomposition of chain molecules through an end-group initiated mechanism and then the thermal decomposition
of the products formed during the above-mentioned degradation process [49]. The second degradation stage —corresponding to the
thermal degradation of the cross-linked carbonaceous structures that were formed during the first stage — started at 500 °C and lasted
until 650 °C. After that, the material retained its residual mass of ~20 % even until 1000 °C. This relatively high ash content for PET
polymer is typical [50], especially when measured in an inert nitrogen atmosphere, where the thermally stable cross-linked carbo-
naceous species are less prone to undergo further degradation, making the second degradation step less prominent.

Contrary to neat rPET, the MD-containing composites exhibited a three-step degradation, with the third step corresponding to the
thermal decomposition of marble powder. The weight loss of MD was observed in the temperature range of 650 and 770 °C, which is
close to those values that were reported in the literature [51]. The mass loss of MD at this elevated temperature can be attributed to the
decomposition of CaCO3, which undergoes a reaction upon heating. During this reaction an evolution of CO, takes place, and as a
result, only calcium oxide remains of CaCO3. Obviously, with increasing MD content the degradation step corresponding to this re-
action gets more and more prominent. The TGA data demonstrated almost equal thermal stability of the composites, irrespective of the
MD dose. Furthermore, the ash content of the composites exhibited an increase with MD loading, despite the fact that the degradation
of rPET took place within the same temperature range. Gao et al. [52] obtained comparable findings using PET composites loaded with
CaCOs. The authors claimed that within a certain temperature range of 430.26-431.10 + 0.82 °C, the ash content of the composites
showed a rise as the CaCO3 loadings rose. Thumsorn et al. [53,54] and Chowreddy et al. [55] also found comparable outcomes
regarding the thermal stability and heightened ash content of rPET composites when reinforced with CaCO3 particles, hybrid
ammonium polyphosphate/talc/glass beads, and carbon nanotubes. Prior studies have shown that the addition of marble particles to
other polymeric matrices, such as polypropylene [56] and epoxy [57], enhances the thermal stability and ash content of the resultant
composites.
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Fig. 4. TGA (a) and DTG curves (b) of rPET and its composites with various MD content.
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3.3. Dynamic mechanical properties

Dynamic mechanical analysis (DMA) was carried out on the samples in order to obtain information on the trend of the viscoelastic
parameters, namely storage modulus (E'), loss modulus (E"), and loss factor (tan 8), as a function of temperature. Fig. 5a shows the
storage modulus versus temperature curves of the prepared samples. For unfilled rPET, the storage modulus was 1936 MPa at 0 °C and
it gradually decreased with increasing temperature. A sharp drop in E' was found in the range of 55-80 °C corresponding to the glass
transition of the polymer. A similar behavior was observed for the MD-filled composites; however, they exhibited considerably higher
storage modulus values. For example, the sample rPET 5MD had an E’ of 2150 MPa at 0 °C (relatively 11 % higher than that of rPET),
while rPET_20MD showed a value of 2606 MPa at that point (relatively 35 % higher than that of rPET). This pattern aligns with earlier
research that documented a rise in the storage modulus of rPET composites when reinforced with glass fibers [58], natural fiber [59],
talc particles [60], and carbon nanotubes [55]. The addition of waste marble particles to epoxy [13,61], and waste slate particles to
poly(lactic acid) [62], has been shown to enhance the storage modulus of the resultant composites.

The glass transition of the polymers can be better appreciated from the trend of tan 6, (Fig. 5b). The loss factor curve of unfilled
rPET showed a double peak with maximum points at 65 °C and 78 °C. Both are in the same temperature range where the DSC curves
exhibited a baseline shift corresponding to the T,. The two distinct peaks refer to a heterogeneous amorphous structure in rPET, which
is assumed to be consisting of rigid amorphous (RAF) and free mobile amorphous (MAF) domains. RAF domains typically surround the
crystalline segments of the polymer and also any filler or additive incorporated into it [63]. Karayannidis et al. [64] have shown by
thermomechanical analysis that two T, temperatures can be detected for many semi-crystalline polyesters, including PET, with the first
one corresponding to MAF and the second one to RAF transformation. This specific behavior is not observed in the DSC thermogram of
the same semi-crystalline rPET sample. It is reasonable because the RAF represents the fraction of the amorphous phase that does not
contribute to the heat capacity change, therefore it cannot be detected in the calorimetric glass transition. Meanwhile, the RAF may
contain chain molecules whose mobility is hindered in the presence of crystallinity or filler.

With increasing marble loading, however, the T situated at lower temperature becomes less and less prominent, suggesting that the
MAF fraction in the amorphous phase decreases. The probable reason for this is that a strong interfacial connection was formed be-
tween the dispersed MD filler and rPET matrix, which also causes the formation of a RAF phase around the filler. This is also in good
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Fig. 5. Storage modulus (a) and loss factor (b) as a function of temperature, and Cole-Cole plot (c) of the fabricated samples.
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agreement with the conclusions drawn from the DSC results. As the concentration of MD increases, this RAF volume and the RAF
around the crystalline phase together represent an increasing proportion of the amorphous phase. Furthermore, it was observed that
the height of the tan 6 peak decreased when MD particles were included. The decrease in the peak height of tan & correlates to the
decrease in molecular chain mobility in rPET due to the addition of MD particles. Kumar et al. [61] found similar results in terms of
reduced tan § peak height when examining the influence of MD concentration in epoxy composites. The findings align with previous
studies conducted by Pegoretti and Penati [58], Yamada and Thumsorn [60], Chowreddy et al. [55], and Paczkowski et al. [65]. These
studies also observed a reduction in the peak height of tan § for rPET composites reinforced with glass fiber, talc particles, carbon
nanotubes, and wood flour, respectively.

The Cole-Cole plot, which was used to analyze the structural changes in composites with the addition of MD particles, indicated the
composites’ system homogeneity. According to the literature, the homogeneity of the system is determined by the form of the curves,
whether elliptical or semicircle [66,67]. As shown in Fig. 5¢, the relationship between storage modulus and loss modulus illustrates the
characteristics of the composite system. It can be noticed that the curves of the current composite systems’ Cole-Cole plots are
elliptical. Very excellent adherence between the MD particles and the rPET matrix is indicated by the curve’s elliptical or imperfect
semicircular shape, and also the qualitative shape of the plots is similar [62,66]. The excellent interaction is also demonstrated through
various parameters as seen below. Previous studies have shown comparable findings in Cole-Cole plots for waste slate particles [62]
and polymer composites filled with MD [13,61].

Using the storage modulus data, several factors, including the effectiveness factor, degree of entanglement, and reinforcing effi-
ciency factor are calculated to elucidate the reinforcing mechanism of MD within rPET. The efficiency of the reinforcing filler is
assessed by the effectiveness factor (E-factor). The efficiency of reinforcement dispersion in the matrix is decreased with a greater E-
factor value. Equation (2) can be used to calculate the E-factor [68]:

=
E,
composite

E — factor = : 2)
El‘
(2)..
matrix

where E' denotes the storage modulus and the subscripts r and g denote the rubbery and glassy regions, respectively. For E’g, the
average of E from the temperature range of 20-30 °C was considered, and for E’,, the value of the E’ at 85 °C was utilized.

The E-factor emphasizes the role of MD loading in the transition from the glassy to the rubbery state, with a lower value indicating
more reinforcing efficacy. A lower E-factor was reported for greater MD content in the composite (Fig. 6a), indicating stronger
reinforcing effectiveness as MD loading increased. More MD particles in the rPET matrix resulted in improved MD particle/matrix
interactions as well as greater particle/particle interactions, resulting in higher stress-transfer between MD particles and matrix and
hence reinforcing ability. The results are in line with prior research that found decreased E-factor of various reinforced polymer
composites. Incorporating increased wood waste fibers into poly(3-hydroxybutyrate) by Panaitescu et al. [68], graphite flake into
acrylonitrile butadiene styrene by Pandey et al. [69], carbon nanotubes into poly(ether ketone) by Chauhan et al. [70], and ramie fiber
into polypropylene by He et al. [71] has been shown to decrease the E-factor of the resulting composites.

From the results of E, the degree of entanglement (&) between the matrix and reinforcing filler in the polymer composite has also
been estimated. Equation (3) may be used to calculate the & values [69-71]:
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Fig. 6. E-factor (a) and degree of entanglement (b) of the prepared samples.
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where, E’; is the storage modulus in the rubbery region (i.e., 85 °C), R is the universal gas constant and T is the temperature (in Kelvin).

Fig. 6b depicts the computed @ findings for the examined composites. It has been noticed that @ increases as the MD content of the
composites increases. The chance of interaction among filler particles increases dramatically as the concentration of reinforcement
increases, which may lessen the degree of entanglement. However, the behavior of entanglement is growing in nature, implying less
contact between filler particles. The pattern is consistent with the storage modulus values. This trend is in line with previous studies
that reported an increase in the degree of entanglement of polymer composites reinforced with graphite flake [69], carbon nanotubes
[70], and ramie fiber [71].

The reinforcement efficiency factor (R-factor) provides information on filler-matrix bonding by accounting for the effect of frac-
tional filler addition into polymer composites. The R-factor may be calculated using Einstein’s equation (4), which is as follows [71,
72]:

E,—E,
R — factor = z X A C)
!

14

where, E is the storage modulus, and the subscript ¢ and p represent the composite and pure rPET polymer, respectively. The average of
E from the temperature range 20-30 °C was considered for calculation. The symbol V; denotes the volume proportion of the MD
particles.

Fig. 7a shows the computed R-factor for the composites under investigation. The R-factor has been seen to increase for composites
up to 5 wt% of MD content, attaining maxima at 5 wt% of MD loading, and then declining when more MD is added. Due to potential MD
particle agglomerations, higher MD loadings (>10 wt%) drop the R-factor. He et al. [71] and Jyoti et al. [72] investigated the per-
formance of ramie fiber and carbon nanotube-reinforced polymer composites, likewise noticing an initial increasing trend in R-factor
and later a decreasing pattern with increased reinforcement ascribed to its agglomeration. Agglomeration of MD is also present within
the samples examined in this current study as seen on scanning electron microscopic (SEM) images in Fig. S2 provided as supple-
mentary materials. Agglomeration of filler particles in polymer composites might be avoided by the introduction of various disper-
sants; however, using such chemicals would compromise the environmentally friendliness of the developed composites.

The inclusion of reinforcements into the polymer matrix is widely known to severely limit the mobility of polymer chains, which is
responsible for stiffness augmentation. The tan § plot also verifies the stiffness variations in the produced composites. The addition of
MD particles, as shown from the tan § plot, not only causes the tan § peak to migrate towards higher temperatures but also causes the
peak magnitude to decrease. The drop in the tan 6 peak implies a decrease in active polymeric chains and an improvement in interface
bonding. It may thus be used to estimate the number of polymer chains immobilized via matrix-filler interaction using Equation (5)
[71,73]:

Wy — (1 — Ao)(ﬂ
@o

A= (5)

where, A, and o represent the volume fraction of the immobilized polymer chains and the fraction of energy loss in the composites. The

symbols Ag and g represent the volume fraction of the immobilized chains and the energy loss fraction in pure rPET. Equation (6) may
compute the energy loss fraction @ using tan § at the start of the glass transition region, i.e., 60 °C [71,73]:
1
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Fig. 7. R-factor (a) and immobilized polymer chains volume fraction (b) of the prepared samples.
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This impact is brought about by restricting the polymer matrix by MD particles, which is consistent with the storage modulus trend.
Additionally, larger 4, values are seen for composites filled with 20 wt% MD, resulting in improved interactions between the filler and
the matrix as well as the filler and the filler. This trend is consistent with previous studies by He et al. [71] and Hejna et al. [73] that
reported an increase in the immobilized polymer chains fraction of polymer composites reinforced with ramie fiber and agricultural
waste, respectively.

In order to attain a deeper comprehension of the interfacial interactions that take place between the MD particles and the rPET
matrix, the adhesion factor, also known as the A-factor, was computed by taking the results of the tan § (peak value) and applying
Equation (7) to them [70-73].

tan 6. — tan 5, 1
tan 6, 1-V;

A — factor = )]

where, tan § is the loss factor, subscript c and p stand for composite and pure rPET polymers, respectively. The symbol Vyrepresents the
MD particles’ volume fraction.

The A-factor values for the composites under investigation are shown in Fig. 8a. Good adhesion and improved interactions between
the matrix and low A-factor values indicate reinforcement. Fig. 8a shows that, when compared to an A-factor of 0 for pure rPET, the
value of the A-factor drops with growing MD content up to 5 wt% and, after that, increases. The 5 wt% MD reduces the A-factor, an
appropriate weight fraction of filler, and lowers composite-to-polymer damping ratios. The potential for interaction between filler
particles should grow as the concentration of MD particles (>10 wt%) increases, raising the A-factor’s value. The results are in line
with prior research of Panaitescu et al. [68], Pandey et al. [69], and He et al. [71] that reported an initial increasing trend in A-factor
which decreased with higher reinforcement concentration.

The interaction between the matrix and fillers impacts dissipation in polymer composites in addition to the matrix. The interphase
property between the reinforcing filler and polymer matrix may be identified using the tan §. The filler-matrix interphase adhesion in
polymer composites may be calculated using the B-factor, as shown in Equation (8) [71,72]:

tan 6, — tan 6. _ 1

B — factor =————— X — 8
factor an’s, X 7 ®)

where tan § is the loss factor, subscript ¢ and p stand for composite and pure rPET polymers, respectively. While the B-factor is a
parameter used to adjust the volume fraction of the reinforcing filler, Vy is the volume fraction of the reinforcing filler.

Fig. 8b depicts the B-factor values for the composites under consideration. The strong interactions between filler and matrix lead to
immobilized interphase production, necessitating a volume correction factor (B-factor). The magnitude of interfacial interactions may
be inferred from the B-factor value. As the B-factor increases, the immobilized layer thickens, and the interfacial contacts intensify. As
shown in Fig. 8b, the highest value of the B-factor in the current investigation occurs at 5 wt% of MD. After that, it gradually goes down
as filler-to-filler contact takes over and becomes preponderant. The results are in line with the published literature. Jyoti et al. [72]
investigated the performance of carbon nanotube-reinforced polymer composites and likewise noticed an initial increasing trend in the
B-factor and later a decreasing pattern with increased reinforcement ascribed to its agglomeration. It is also in good accord with our
previous research [36], where the same rPET/MD composites were characterized for their mechanical and morphological properties,
and it was found that MD effectively improves the strength of rPET up to 5 wt% filler content. Above that, however, both the tensile and
flexural mechanical properties deteriorated due to the agglomeration of the marble particles, which can also be observed in the SEM
images of Fig. S2.

4. Conclusions

This work was devoted to studying the structural and thermal properties of polymer composites prepared from rPET as a matrix and
waste marble particles as fillers with an MD content of 0-20 wt%. Melt compounding of the composites was performed using a twin-
screw extruder and the resulting pellets were then injection molded into suitable specimens. Structural properties of the fabricated
samples were investigated through FTIR measurements, while DSC, TGA, and DMA analyses were carried out to investigate their
thermal features. Based on the analyses the following conclusions can be drawn:

o The FTIR analysis showed no alteration in the molecular structure of the components.

e The DSC revealed that the MD particles acted as nucleating agents in the rPET, shifting its crystallization (196.7 °C) to higher
temperatures (=204.4 °C). The marble particles also reduced the mobility of chain molecules, thereby decreasing the overall
crystallinity ratio of the polymer.

e According to the TGA measurements there was only a slight increase in the thermal stability of rPET. As a function of MD content,
its T}, increased from 446 °C up to 451 °C.

¢ DMA measurements showed an improved storage modulus of the MD-filled composites in the whole examined temperature range
when compared to unfilled rPET. Based on the DMA results, several factors were also determined that indicated a proper adhesion
between rPET and MD suggesting a decent reinforcement ability of marble.

e Above 5 wt% MD content, filler-to-filler contact takes over due to agglomeration leading to deteriorating mechanical features. The
agglomeration of filler particles was also shown through SEM images.
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Fig. 8. A-factor (a) and B-factor (b) of the prepared samples.
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