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Abstract

Utilization of recycled polymers and solid waste into useful products is targeted for controlling greenhouse gas emissions. The aim is to prepare
and apply novel and boosted environmentally friendly composites as full waste-based sources based on recycled polyvinyl chloride (PVC)
matrix, waste-based plasticizer (P), and green CaCOj3 nanofiller (F). Respectively, P and F improvers were obtained via the glycolysis of
polyethylene terephthalate (PET) waste and from eggshells solid waste. Selected concentrations of composites were extruded and then hot-
pressed. FTIR, XRD, and DLS data affirm the formation of amorphous P and crystalline F nanoparticles. PVVC-F nanocomposites provide
thermal stability; however, PVC-P specimens have a lower thermal profile due to plasticization. The results of the migration test indicate the
stability of the proposed composites in different media. The surface hardness increased by adding more percentages of F nanofiller, by 28.6%,
for PVC-F30; however, the addition of P decreased the hardness owing to the smooth plasticized surface. All concentrations of PVC-F
nanocomposites promoted sharply the tensile strength of PVC; they also increased the elastic modulus by 82%. In addition, the PVC-P
composites succeeded in increasing the strain to 46%. The proposed composite was applied as water pipes for the first time without failure,
compared to neat recycled PVC. The given data approves the successful grafting of recycled PVC with waste-based polyester plasticizer and
green carbonate nanofiller.
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1. Introduction

Polyvinyl chloride (PVC) is considered as one of the most widely applied thermoplastic polymers that puts the sharply
increased demands in the global markets [1,2]. PVC is characterized by the high strength, thermal stability, moisture and
bacterial resistance, stability to migration, and stiffness. Like mentioned characteristics make PVC as a durable polymer
compared with other famous thermoplastics, such as polypropylene and polyethylene. In addition, the presence of C-CI group
in PVC increases the possibility of the polymer backbone to attach with other materials for supporting more features, depending
upon the field of application [3-5]. PVC and its composites are being used in many different industries and applications, such
as water pipe, food packaging, cable and wire insulation, laminations, floor coverings, partition frames, synthetic clothing, in
addition to the utilization as supporting materials in construction and infrastructural applications [6-8]. Some biological uses,
and medical tools and devices are currently manufactured based on concentrations of PVC; drug packing, blood bags and
hospital flooring are examples for the related application [9-11]. Focusing on the conversion of polymeric and solid waste to
economic value, some trials for recycling were developed by means of chemical methods, such as homogeneous and
heterogeneous catalysis, ionic liquids mediation, and super fluids. Other ways of physical and thermal recycling were reported
depending on the process, matrix type, and formulation [12-17]. In fact, the base of recycling, and the exploitation of plastic
waste, solid and industrial aggregates, nature-based materials, low-carbon reactants etc. are environmentally encouraged for
potential and sustainable uses [18-23]. Some bio-based fillers, such as biochar and starch, have been utilized for the safe
application of a wide range of polymers [24,25]. For recycling of PVC, the PVVC-polyurea-isocyanurate network mixture was
depolymerized via different glycolysis conditions including time, temperature and catalyst. The recycled PVC, obtained as
~90%, was found to have suitable degradation and viscosity to reuse in the injection molding processing [26]. Other
thermoplastic polymer was recycled and then used as plasticizing filler for PVC [27]. Furthermore, it is well-known that PVC
is usually subjected to plasticization process for easy formulation and application throughout different plasticizers. Generally,
some plasticizing agents are being incorporated to PV C types for the purpose of smoothing, softening, and strain-gain [28]. As
the added fillers directly affect the processing technique, in addition to the polymer type itself, so the plasticizers and fillers
should be compatible with the selected formulation technique [29,30]. A series of plasticizer copolymers were applied to PVC,
and optimized giving the best mechanical and physical performance, compared with the traditional types [31]. Another diester
plasticizer was prepared form lactic acid, and then blended with PVVC via a suitable processing technique. The results indicated
good stability, compatibility and flexibility with reducing the glass transition temperature [32]. Another study discussed the
effect of different stabilizers on the polyester-plasticized PVVC composites for stable optical applications [33]. Different
concentrations of dioctyl phthalate and triethyl citrate plasticizing fillers were adjusted for PVC; they altered the overall thermal
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profile and the migration properties [34]. A novel plasticizing compound derived from chlorinated paraffin and di(2-ethylhexyl)
4-hydrophthalate has exhibited more plasticizing efficiency and enhanced compatibility, compared with the commercial one
[35]. Yu and Selvadurai examined the stability of plasticized PVC sheets after exposure to water and ethanol solutions with
different concentrations [36]. Plasticized PVC with cardanol additive was prepared successfully, and compared with the
commercial dioctyl terephthalate and epoxidated soybean oil; the results indicated more plasticizing effect, durability and
UV/thermal stability using the first additive [37]. The properties of plasticizing effect, physical properties and mechanical
performance of different ester plasticizers with different loading percentages on the flexibility of PVC matrix have been studied
in details [38-40]. With definite applications, the thermoplastics need to be filled especially if they in the plasticized form. The
CaCOs is recommended for PVVC because of its low-cost and the provided functionality. The induced increase in viscosity could
be controlled by the softening and elasticity provided by the plasticizer itself. So the final properties are expected to be promoted.
Based on the ideas given above, the research conducted on reinforcing PVC with full environmental materials is still inadequate,
to the best of our knowledge. The objective of this research is to enhance recycled PVC with plasticizer obtained from recycled
PET, and carbonate nanoparticles obtained from natural sources. Aligning with the international objective of recycling and
reducing greenhouse gas emissions, the novelty arises from the complete waste source of the proposed composite. The obtained
nanocomposites were applied as sustainable water pipes. The environmentally friendly fillers and composites were investigated
by means of structural, thermal, physical, and mechanical characteristics.

2. Experimental and methods
2.1. Materials

The starting materials used are mentioned here. Ethanol and diethylene glycol (Fisher Scientific) were used for the glycolysis
reaction. The recycled water bottles were used as the source of PET polymer. Zinc acetate and succinic acid (Fisher Scientific)
were taken as catalytic agents. The eggshells waste was used for the source of green CaCOz nanoparticles. All materials have
been used as revived, excepting the waste materials exposed to washing.

2.2. Preparation of waste-based plasticizer and nanofiller

This section provides informative details on the formation of the waste-based plasticizer and green nanofiller. The proposed
plasticizer was prepared using waste PET and glycol via glycolysis reaction as following. The post-consumed PET water bottles
were cut with a crusher to small pieces with dimensions of 2 x 2 cm?2. The crushed pieces were washed with water/ethanol
solution, and then with distilled water, and dried at 40 °C for two hours. The preparation process of waste-based plasticizer was
performed by extrusion using a DP-Dongguan single-screw extruder. Firstly, the clean recycled PET pieces were included with
diethylene glycol in the inputting position with a rotation speed of 28 rpm, and an internal pressure of 18 MPa. The extrusion
temperature was elevated gradually, starting from the feeding zone to the extrudate zone, from 210 °C to 255 ©C. 50 g PET, 40
ml diethylene glycol, 2 g zinc acetate and 10 g succinic acid were used at starting materials. The extrudate was cooled and
crushed in the form of pellets to obtain the waste-based plasticizer (P). The environmentally friendly CaCOz nanoparticles were
prepared, as stated elsewhere [41], from the eggshells waste. The solid waste was collected, grinded, washed several times with
hot water, and partially calcinated at ~ 400 °C for seven hours to obtain the carbonate/oxide intermiX. The obtained nanoparticles
were utilized as the green nanofiller (F) for improving the recycled PVC matrix.

2.3. Processing of PVC-waste-based plasticizer/CaCOs nanocomposite

The processing of the proposed nanocomposites, regarding filling PVC matrix with waste-based plasticizer (P) and
environmentally friendly CaCOs nanofiller (F) particles, was performed by the same single screw extruder, as second extrusion
for complete compatibility. The concentrations of P and F were adjusted from 0% to 7% and 40%, respectively. Firstly, the all
components were fed and then the final nanocomposites were granulated in the form of pellets. The nanocomposites were finally
subjected to hot-press, at 0.45 MPa and 145 ©C, to obtain the sheets of PVVC-waste-based plasticizer/CaCOs nanocomposites,
which are labeled as PVVC-P-F. The hot-press method was chosen for formulating the prepared composite in the shape of testing
specimens. The obtained compressed sheets were then characterized. Such methodology assures the compatibility and
distribution of fillers in the PVVC matrix. The details of related concentrations of PVC-P-F nanocomposites are shown in the
section of discussion.

2.4. Analysis and characterization

The spectra of Fourier transform infrared (FTIR) were measured by Bruker-Vertex FTIR spectrophotometer, the chemical
structure was detected within the wavenumber range of 400 cm and 4000 cm. The X-ray diffraction patterns (XRD) were
measured by the Bruker-Phaser XRD diffractometer using the XR source of CuK-alpha, 1.54 A wavelength, current of 50 mA,
at 4K voltage within the range of 5° and 70°. The particle size distributions was identified by the Malvern NANO-ZS dynamic
light scattering (DLS) using the sonication-bath at room temperature. The thermal stability was tested by thermogravimetric
analysis (TGA) using Mettler Toledo SF-TGA analyzer; the samples were weighted throughout heating from the room
temperature to 600 at N2 atmosphere with the rate of 5 °C/minute. The Barcol impressor (Gardco) was used for determining the
surface hardness according to the ASTM D-2583 standard. The tensile properties were measured by the Universal Tensile Tester
following ASTM D-638 standard. The migration test was performed to the prepared composites following the standard of
ASTM D-1239 within different environments.
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3. Results and discussion
3.1. Microstructural characterization

The structures of the prepared materials were investigated by Fourier transform infrared (FTIR). Figure 1 displays the
formation of waste-based plasticizer. Specifically, the absorption band at 2950 cm is attributed to the C-H vibration stretching
in CH2 groups. The band near 1420 cm characterizes the C-H vibration bending. The sharp band at 1740 cm™ is arising from
the stretching of the more C=0 groups in the prepared ester [42]. The further screened bands in the range of 1070 cm* and 1250
cm are related to the C-O-C asymmetric and symmetric stretching in the polyester linkage [43]. In addition, the prepared green
CaCOs nanoparticles were characterized by FTIR as represented in Figure 2. The absorption broad band at 1426 cm, and the
small one at 880 cm* are attributed to the asymmetric stretching and bending vibrations of C-O bonds in CaCOs [44-45]. The
X-ray diffraction patterns (XRD) of waste-based plasticizer is shown in Figure 3; the wide diffraction peak located in the 26
range of 10° and 21° characterizes the amorphous polyester phase. In that way; the formation of polyester plasticizer from the
thermoplastic solid waste through the esterification is available. Similar results were reported elsewhere [46,47]. The XRD
patterns confirm the obtaining of P, as given by the FTIR data. The formation of green CaCO3 nanoparticles was also confirmed
by XRD analysis. As illustrated in Figure 4, the crystalline phase of calcium carbonate nanoparticles is reached regarding the
presence of the main sharp peak at ~29.2°, and the other shoulders at position degrees within the range of 23° and 66° [48,49].
Furthermore, the dynamic light scattering (DLS) characteristic technique (Figure 5) has confirmed the successful attaining of
CaCOs nanoparticles with an average particle size of 95 nm. The performed microstructural and sizing characterizations affirm
the formation of the waste-based plasticizer and the calcium carbonate nanoparticles, which will be taken as environmentally
friendly improvers for the recycled PVC matrix.
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Figure 1: FTIR of waste-based plasticizer.
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Figure 2: FTIR of green CaCOj3 nanoparticles.
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Figure 5: Particle size distribution of green CaCOj; nanoparticles.

3.2. Thermal profile

As thermogravimetric analysis (TGA) is a standard testing in which the changes in mass-loss of a specimen is monitored
during its progressive heating, the effects of grafting of the prepared P and F fillers on the thermal behavior of PVC matrix are
studied by TGA. The related results of PVC-waste-based plasticizer composites are shown in Figure 6. As per the thermograms
of neat PVC and its plasticized specimens, we notice a similar behavior corresponding to four fundamental zones of thermal
decomposition. The first is an initial zone, which is located from the starting temperature to ~120 °C. It results from the standard
dehydration process for the inside moisture content (evaporation of moisture and volatile impurities). The second zone, starting
from ~180 °C to ~280 °C, represents the cleavage of backbone chains of PVVC matrix. There is somewhat stable behavior after
the second zone till ~350 °C, which possesses a lower rate of thermal decomposition. The temperature range between ~360 °C
and ~420 °C is the third zone where all composites degrade sharply regarding the formation of char. With further ignition, the
final zone appears to be a steady one, and accompanied with the residual content of ash. The specimens of PVVC, which are filled
by P show lower thermal stability compared with the neat PVVC. The plasticization itself might smooth the flowability and
increase the mobility and space among polymer segments, which may improve the mixing with numerous additives as spacer,
however a decline in thermal behavior and other properties may be occur [50,51]. The low concentrations of the prepared
plasticizer have a minimal effect on the thermal stability of PVC as noted by shifting the degradation temperatures to few lower
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ones. PVC-P3 and PVC-P5 have acceptable stability near PVC; however the PVC-P7 has a noticeable low thermal stability.
The obtained data are summarized in Table 1, it can be seen that the temperature of initial degradation due to 10% weight loss
(Tonset) located in the range of 204 °C and 200 °C for PVC-P3 and PVC-P5, however it recorded 191 °C for PVC-P7. This is
similar to the temperatures of the main degradation at 50% weight loss (Toso0). The residual contents after ignition (R%) are
almost the same due to the thermal degradation of organic materials. The TGA of PVC-green CaCOs nanocomposites is
indicated in Figure 7. The thermograms of the neat PVC and its low concentration nanocomposite (P\VVC-F10) have a similar
plateau with a close thermal profile at the four zones mentioned before. However, the higher concentrations (PVC-F20, PVC-
F30 and PVC-410) show different and reformist profile by shifting the degradation temperatures to higher ones. It was reported
that the nanostructures promoted the thermal stability of PVC [52]. Basically, the main areas of thermal decomposition
correspond to the elimination of HCI “dehydrochlorination”, and the releasing of polyene radicals and unsubstituted aromatics
[53]. In more details, Table 2 collects the thermal properties of degradation of P\VC-green CaCO3s nanocomposite. F improved
the thermal stability of the neat PVC as indicated by the sharp increase of Tonset from 208 ©C to 221 ©C, 243 °C, 260 °C and 274
oC respectively for PVC-F10, PVC-F20, PVC-F30 and PVVC-F40. Furthermore; the higher To.so temperatures of nanocomposites
affirm the thermal stability induced by the miscibility between PVC matrix and green F. The PVC-F30 and PVC-F40 have
raised the To.s0 to 389 °C and 400 °C, compared with 358 °C for PVC as the most thermally stable nanocomposites. The taken
filler has claimed the mass transport barrier against HCI degradation, and transfer the thermal degradation to higher temperatures
indeed; related observations were reported elsewhere [54]. The residual ashes were increased dramatically corresponding to the
more content of F nanofiller because of residue left from the nanocomposite; the higher percentage is more than 37%. This
result suggests minimizing the evaporation rate of HCI during heating resulting in increasing of thermal properties. As a whole,
the TGA results confirm the successful incorporation between PVC matrix and its fillers, which altered the thermal profile.

100 ~

]
]

Weight (%)

I
(=]
|

()
(=]
}

0 4 4 i : i i T
20 100 130 260 340 420 500 580
e

Temperature {°C)

Figure 6: TGA of PVC-waste-based plasticizer composites.

Table 1: Fundamental results of thermal decomposition of P\VVC-waste-based plasticizer composite.

Sample Tonset (°C) Toso (°C) R (%)
PVC 208 358 3.7
PVC-P3 204 355 3.9
PVC-P5 200 305 35
PVC-P7 191 288 4
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Figure 7: TGA of PVC-green CaCO3; nanocomposites.

Table 2: Fundamental results of thermal decomposition of P\VC-green CaCOs nanocomposite.

Sample Tonset (°C) Toso (°C) R (%)
PVC 208 358 3.7
PVC-F10 221 366 8.8
PVC-F20 243 387 185
PVC-F30 260 389 28.7
PVC-F40 274 400 37.3

3.3. Migration test

The migration test investigates the resistance property of the plasticizer and filler to dislodge out of polymer matrix, in order
to check the reliability for the application and to evaluate the efficiency of plasticization and processing. The migration of the
prepared composites was performed using distilled water, ethanol anhydrous and petroleum ether environments. The specimens
with dimensions of 20 x 20 mm? were soaked in 200 ml of the mentioned media for 24 h at room temperature. The soaked
specimens were taken, wrapped off solvents on surface, dried overnight at 40 °C, and weighted again after exposure. The weight
loss as the migration percentage was estimated according to Equation 1, where Wo and Ws donate the specimen weight before
and after soaking in the different environments.

Migration rate (%) = Wo - Ws / Wo 1)

Figure 8(a) and (b) elucidate the percentages of migration rate of PVC-waste-based plasticizer composites, and PVC-green
CaCOs nanocomposites in the different environments. Respectively, the distilled water, ethanol and petroleum ether simulate
the aqueous, polar, non-polar environments. The composites show a good stability against migration; this is noticed within all
environments due to the effective compatibility and good processing of the composites. The method of processing and the
attachment between all constituents of composite strongly affect its physical characteristics in addition to mechanical properties
[55]. The dual extrusion processing results in well-mixed PVC-fillers composites. It has a positive effect on stability against
migration. Hence, the proposed waste-based plasticizer and green nanofiller can be beneficial to the lubrication among the
segments of PVC matrix. The stability against migration in water and alcohol indicates the hydrophobic nature of composite.
Furthermore, in the environment of petroleum ether, the composites show a higher rate of migration but still much lower than
the limit. This agrees with some of findings that were declared elsewhere [56]. The indicated results confirm the physical
stability and the positive effect of the fillers used, besides the effective extrusion processing technique, which minimizes the
leaching rate.
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Figure 8: Migration test of PVC-waste-based plasticizer composites (a), and PVVC-green CaCO3; nanocomposites (b) in different media.

3.4. Hardness

The effect of adding P and F fillers on the surface mechanical property of PVC matrix was investigated by the Barcol
impressor. In Figure 9, it is noticed that PVC-P3 and PVVC-P5 have the same surface hardness at 48 BHC. They are a little bit
lower than that of PVC at 49 BHC. However, the PVC-P7 composite decreased the surface hardness to 45 BHC. The plasticizers
usually cause a reduction in some of mechanical properties of the matrix used, as a result of the smoothing and mellowing effect
[57,58]. We can state that the highest concentration of our solid-waste plasticizer P lowers the surface stiffness of the recycled
PVC matrix to a very little extent. However, the other concentrations i.e. PVC-P3 and PVC-P5 composites have acceptable
hardness values. Regarding the effect of F on PVC matrix, the hardness was found to be increased with the more content of the
green F nanoparticles. The impressor read 56 BHC, 61 BHC, 63 BHC and 62 BHC respectivlly for PVC-F10, PVC-F20, PVC-
F30 and PVC-F40 nanocomposites, in comparison with the 49 BHC of neat PVC. As there is some drawback in PVVC-F40, the
addition concentration was stopped at this concentration of the proposed nanocomposite. The last observation is attributed to
the accumulation phase of excess particles inside the polymer matrix, which negatively affect the nanocmposite product. It was
described that the more concentrations of filler in different scales could deteriorate some of mechanical properties [59-61]. As
per the obtained mechanical properties, the formula containing P5 and F30 can be considered as the optimized nanocomposite.
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Figure 9: Hardness values of PVC-waste-based plasticizer composites, and PVC-green CaCO3 nanocomposites.
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3.5. Tensile properties

The tensile testing was done to the prepared composites for evaluating the mechanical properties after blending recycled
PVC matrix with the proposed P plasticizer and green F nanofiller, as illustrated in Figure 10 and Figure 11, respectively. In
more details, the achieved values of tensile strength, elongation, and elastic modulus are presented in Table 3 and 4 for the P-
and F-based PVC. It is noticed that P resulted in decreasing the strength and increasing the strain, so the incorporated waste-
based plasticizer supported the recycled PVC matrix with additional ductility. However, the incorporation of F nanofiller
demonstrated a significant strength to PVC, and the elongation percentage was minimized with the more content of F.
Specifically, the PVC-P3, PVC-P5 and PVC-P7 increased the elongation of PVC form 32% to 34%, 38% and 46%, respectively.
The taken concentrations of P plasticizer increase the free volume among the segments of PVC. So the flexibility and sliding of
the composite increase that leading to plasticization effect. The good plasticizers are able to enhance the elongation of the matrix
[62]. However, these concentrations declined the value of tensile strength, especially with highest concentration (PVC-P7). In
case of blending PVC with the prepared green F nanoparticles, the tensile strength respectively reached 20.5 MPa, 24.9 MPa,
31.9 MPa and 27 MPa for P\VC-F10, PVC-F20, PVC-F30 and PVVC-F40 nanocomposites, compared with the 19.4 MPa of blank
PVC. The reason of the little decrease in the PVC-F40 specimen may be due to the aggregated structure upon excessive
concentration, as noticed previously in the hardness section. The extra loading of nanofillers dramatically decreases the
mechanical performance [63]. It is worth mentioning that the Young's modulus behaved in parallel with the tensile strength.
Generally, the incorporation of P and F have different behaviors where the first improves the elasticity distinctly, and somewhat
reduces the strength. Furthermore, the green F nanofiller maximizes the stress by more than 64%. The given data indicate the
ability of prepared environmentally friendly plasticizer and nonofiller to improve the mechanical performance of the recycled
PVC. The proposed additives are significantly applied in the recycled thermoplastics.

25 +
i —_— DY C
20 +
i — PVC-P3
T s [ e PYC-P'5,
é .
= : — PVC-P7
wi
E .
& 10 +
5 L
D, 2 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 0.01 0.02 0.03 0.04 0.05 0.06
Strain

Figure 10: Tensile test of P\VC-waste-based plasticizer composites.

Table 3: Details of tensile data for PVVC-waste-based plasticizer composites.

Sample Tensile Elongation (%) Young's
strength modulus
(MPa) (MPa)
PVC 194 32 643
PVC-P3 18.9 34 617
PVC-P5 15.5 38 419
PVC-P7 11.6 46 266
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Figure 11: Tensile test of PVC-green CaCO3; nanocomposites.

Table 4: Details of tensile data for P\VC-green CaCOs nanocomposites.

Sample Tensile Elongation Young's
strength (%) modulus
(MPa) (MPa)
PVC 19.4 32 643
PVC-F10 20.5 30 700
PVC-E20 24.9 28 907
PVC-F30 319 26 1307
PVC-E40 27 24 1170

3.6. Application

The aim here is to apply the proposed composites as a water pipe. The prepared composites based on PVVC-P5 and PVC-F30
were manufactured using the single extrusion of granulated particles. 12 m of 1 inch diameter pipe was formulated for this
application. The proposed plasticized and filled composites showed enhanced applicable performance over the blank recycled
PVC pipe. After analysis, the composites displayed neither damage nor leakage with applying 9 bar pressure. In contrast, the
neat PVC pipe suffered from the water leakage. In a conclusion, the prepared waste-based plasticizer and green nanofiller-based
PVC composites show improved properties, and can be employed in water pipe. This section approves the application as water
pipe with the gained characteristics measured previously. Such enhanced character is being added to the environmentally
friendly impact regarding the use of recycled PVC matrix, and the incorporated solid waste-based plasticizer and green
nanofiller starting materials.

4. Conclusion

A new type of boosted and recycled polyvinyl chloride (PVC) was prepared. The modification was performed by plasticizing
with a solid waste-based plasticizer and filling with a green CaCO3 nanofiller. The solid-waste waste plasticizer (P) was
prepared by the glycolysis of polyethylene terephthalate waste (PET), and the source of nanofiller is the eggshells waste.
Different concentrations of PVC-P and PVC-F composites were formulated via a single extrusion process, followed by hot
pressing. The characterization sentence approves the successful obtaining of amorphous P plasticizer ester and crystalline F
nanoparticles based on the microstructural testing. The thermal profile of the prepared composites was changed due to moving
up the thermal degradation temperatures to higher degrees in the case of PVC-F nanocomposites. The plasticized PVC-P
composites displayed little stability due to the effective plasticization. Furthermore, the proposed composites show improved
physical and plasticizing properties regarding the lubrication of polymer segments. The composites show good stability against
migration in different media due to their effective compatibility and good processing techniques. Mechanically, the addition of
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more concentrations of P and F led to increased flexibility and strength, respectively. However, the values of surface hardness
were promoted by the PVC-F composites by 30%. The data show the good plasticizing effect caused by the plasticizer P and
the effective filling by the green F nanofillers. As per the obtained properties, the formula containing P5 and F30 can be
considered the optimized nanocomposite. The proposed PVC-P5 and PVVC-F30 were investigated as water pipes; they showed
enhanced applicable performance over the blank recycled PVC pipe. The novelty aspect comes from the successful utilization
of recycled PVC by environmentally friendly plasticizer and nanoparticles as enhanced water pipe composites. The proposed
composites demonstrate a green advance over the virgin types. The added value PVVC-P and PVVC-F composites can share global
trails for exploiting plastic and solid waste.
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