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Abstract

:

The present study aims to explore the impact of pristine and surfactant-modified clays (montmorillonite, bentonite and vermiculite) on the thermomechanical properties of a poly (vinyl chloride) (PVC) polymer film. Initially, clay was modified by employing the ion exchange method. The modification of clay minerals was confirmed by the XRD pattern and thermogravimetric analysis. Pristine PVC polymer film and clay (montmorillonite, bentonite and vermiculite)-based PVC polymer composite films were fabricated using solution casting. The ideal dispersion of surfactant-modified organo-clays was observed in the PVC polymer matrix due to the hydrophobic nature of modified clays. The resultant pure polymer film and clay polymer composite film were characterized using XRD and TGA, and their mechanical properties were determined using a tensile strength tester and Durometer. From the XRD pattern, the intercalation of the PVC polymer film was found in the interlayer of organo-clay while exfoliation or partial intercalation and exfoliation were observed for pristine clay mineral-based PVC polymer composite films. Thermal analysis indicated a lowering of the decomposition temperature of the composite film as clay promotes the thermal degradation temperature of PVC. Improvement in the tensile strength and hardness was found to be more frequent in the case of organo-clay-based PVC polymer films, which is only due to the hydrophobic nature of organ clays, resulting in greater compatibility with the polymer matrix.
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1. Introduction


A class of hybrid materials with layered silicate minerals that are inorganic fillers and an organic polymer matrix is known as a polymer nanocomposite. Reinforcing the inorganic filler in the polymer matrix is one of the most prominent methods that can improve the physicochemical properties of the polymer matrix, which is formed by the dispersion of a known amount of clay into a pristine polymer matrix [1]. In recent years, a lot of work has been performed to continue the research of new composites based on these clay minerals based on the findings of Toyota researchers who used layered silicates as reinforcing fillers for various thermoset and thermoplastic polymers. Properties such as thermal behavior, barrier performance, mechanical, heat distortion temperature, flame retardance, gas permeability, solvent resistance and others can be enhanced by dispersing just a little amount of nanoclay into the polymer matrix. In nanocomposites, a large area forms at the interface between nanoclay and polymer matrix, as compared to normal composites, due to which the properties of nanocomposites are enhanced to a greater extent. Due to their unique characteristics and improved properties, polymer nanocomposites are also known as advanced structural materials [2,3,4,5,6,7].



Different types of clay minerals, such as kaolinite, laponite, vermiculite and smectite, have been used as reinforcing agents due to their specific characteristics. Among all the clay minerals, smectite (montmorillonite (Mt) and bentonite (Bent)) and vermiculite (Vt) clay minerals have been used on a large scale due to their easy availability, high cation exchange capacity, high specific surface area, low cost, and environmentfriendly nature. Both types of naturally occurring clay minerals belong to a 2:1 group, where an octahedral sheet is sandwiched between two tetrahedral sheets. They are also known as the aluminosilicate layer. All clay minerals show negatively charged surfaces due to the isomorphic exchange of Al3+ for Si4+ in the tetrahedral layer and Mg2+ for Al3+ in the octahedral layer. The negative charge of clay minerals is neutralized by the interlayer ions such as Na+, K+, Mg2+, and Ca2+. These ions are mainly responsible for the hydrophilic nature of clay minerals [6].



It is not possible to have a complete dispersion of clay in the polymer matrix as the polymer matrix has a hydrophobic nature, while pristine clays (such as montmorillonite, bentonite, and vermiculite) are hydrophilic in nature [8]. Various approaches have been used to enhance clay and polymer compatibility. Therefore, the clay modification process using organic moieties has been used on a large scale to produce structured polymer nanocomposites. This is one of the best methods to enhance compatibility, which is via the modification of the surface of clay minerals [9].



There are several ways to modify clay minerals, but the ion exchange method using cationic surfactants is one of the most common methods [10], where the intercalation of the cationic surfactant into the interlayer of clay minerals is possible by replacing the interlayer’s inorganic ions, rendering the clay surface organophilic. The modification of clay minerals is performed with phosphonium ions, quaternary ammonium, and imidazolium ions by substituting inorganic exchangeable ions. Incorporating modified clays into a polymer matrix improves the interfacial adhesion, which enhances compatibility [11,12].



During the fabrication of nanocomposites, the confinement of the polymer chain was observed, and the confinement of the nanometer space generally affects the interaction between polymer chains. Three methodologies are used for the fabrication of clay-based polymer nanocomposites: solution casting, melt blending/processing and in situ polymerization [13,14,15,16,17,18].



Two types of layered silicate/polymer structures are obtained: intercalated and exfoliated [19,20,21]. Intercalated structure: The intercalation of a single extended polymer chain was observed between the layers of the silicate minerals, resulting in a well-ordered multiplayer morphology. Exfoliated structure: The complete exfoliation of silicate layers (individual layers) is observed. Generally, an intercalated or exfoliated structure of clay polymer nanocomposites depends on the chemistry of the entropic and enthalpic factors. There are many aspects of applications of clay minerals, for example, increments in the thermal stability of elastomer blends by adding nanoclay, the enhancement of the transport properties of natural rubber by incorporation of nanostructured Na-bentonite, and the improvement in the stress relaxation of natural rubber by incorporation of organo-montmorillonite. The better enhancement of the mechanical properties and thermal degradation temperature of PP-based nanocomposites obtained from quaternary ammonium modified montmorillonite. The thermos-oxidative stability of polypropylene and polyethylene was enhanced after the incorporation of carbon nanotube (CNT) and organo-montmorillonite [22]. Araujo reported a comparative study of organo-montmorillonite-based polyethylene composites where montmorillonite was modified using four different types of ammonium salts and confirmed the enhancement in various characteristics such as thermal stability, flammability resistance and mechanical properties [23].



Plenty of attention has been given by scientists and researchers concerning the preparation of clay-based polyvinyl chloride (PVC) polymer films. PVC is the most common polymer and is used on a large scale due to its unique characteristics, such as ease of processing and remarkable optical and flammable properties compared to other polymers, such as polyamide (PA), polymethyl methacrylate (PMMA), polyethylene (PE), polypropylene (PP) and many other polymers. However, due to some inherent shortcomings of PVC polymers, such as low thermal stability and brittleness, the application of PVC is limited. Therefore, it is required to produce a modified PVC polymer with remarkable properties for wide applications and high added values. Due to their enhanced properties and unique characteristics, clay-based PVC polymer composites are used for wide applications, such as coating, automotive parts [24,25]. The enhancement of the physicochemical properties of PVC polymer films is attained with the loading of low concentrations of clay/modified clay (organo-clay) [26,27,28,29,30].



There are many researchers who have confirmed improvements in the properties of PVC polymer composites after the dispersion of clay/modified clay, but none of them have ever explained the effect of different types of clay minerals on the properties of a PVC polymer in a comparative study. Wan et al. synthesized montmorillonite-based PVC nanocomposites using a melt blending method and confirmed the partially intercalated structure of nanocomposites with enhanced properties [31]. Na-bentonite-based PVC polymer nanocomposites were synthesized via in situ polymerization and they exhibited an improved thermal stability, transparency and shear-thinning rheology [32]. Wang and his co-workers used the melt blending method to synthesize intercalated montmorillonite-based PVC polymer nanocomposites and studied the thermal and mechanical properties of the synthesized nanocomposites [24].



Lots of research articles have been reported about the synthesized clay-based PVC polymer nanocomposites through melt blending in situ polymerization methods [33,34] but there are only a few papers that have investigated the synthesis of PVC polymer nanocomposites through a solution casting method.



The present paper is directed toward the preparation of clay/organo-clay-based PVC polymer films through the solution casting method and the investigation of their thermal and mechanical properties. The effect of different types of clay (montmorillonite (Mt), bentonite (Bent) and vermiculite (Vt)) is also studied on the structural and thermo-mechanical properties of PVC polymer films. Initially, pristine clay was modified using the cation surfactant, cetylpyridinium chloride (CPC), through an ion exchange method. The modified clays are known as organo-clays. The modified clays, also known as organo-clays, are further dispersed into PVC polymers to fabricate PVC polymer films. The main purpose of the present paper is to explore the effect of various clay/modified clay (Mt, Bent and Vt) on the structural, thermal and mechanical properties of PVC polymer film.




2. Materials and Methods


All types of clay minerals (Na-montmorillonite, Ca-nano bentonite (<80 nm particle size) and Mg-vermiculite) were procured from Sigma Aldrich Chemical Pvt. Ltd., St. Louis, MO, USA. Cetylpyridinium chloride and tetrahydrofuran (THF) were obtained from E. Merck Pvt. Ltd., Mumbai, India. Poly (vinyl chloride) (PVC) was obtained from Taj Resin Chemical Pvt. Ltd., Delhi, India.



2.1. Modification of Clay Minerals Using Cation Surfactant


The modification of clay minerals was carried out through ion exchange method using cetylpyridinium chloride (CPC), a cationic surfactant, by modifying the reported procedure [28]. A known amount of pristine Mt was added to 400 mL of double-distilled water and then stirred for 24 h. A total of 100 mL of cationic surfactant (2%) solution was added into the clay suspension under continuous stirring and further stirred for 2 h. The resultant solution was centrifuged for 20 min at 8000 rpm to separate supernatant and residue. The residues were allowed to dry at room temperature and were then crushed in pestle and mortar to acquire the fine particles.



The modification of bentonite and vermiculite was performed by following the same procedure as mentioned above.



The resultant powders are also called organo-montmorillonite (OMt), organo-bentonite (OBent) and organo-vermiculite (OVt).




2.2. Synthesis of PVC Polymer Film


Pristine PVC polymer film was simply synthesized through solution casting method. Initially, 5 g of PVC polymer was dissolved using 25 mL of tetrahydrofuran solvent under constant stirring at room temperature until a homogenous solution was obtained. The main reason for using this solvent is its unique characteristics. It has the capacity to dissolve PVC polymers at 20 °C, while other solvents, such as cyclohexanone and cyclopentanone, do so at 40 °C [35]. The solution was poured into a Petri dish and kept overnight to obtain a solvent-free film.




2.3. Synthesis of Clay-Based PVC Polymer Composite Film


For the synthesis of clay-based PVC polymer composite films, initially, PVC polymer was dissolved in tetrahydrofuran solvent under magnetic stirring. As reported, water is an excellent swelling agent for Mt, but it is a very poor solvent for the organo. Peterson et al. confirmed that THF is an excellent solvent for most of the modifiers but is quite a poor swelling agent for Mt [36].



On complete dissolution of polymer, clay/organo-clay (relative to the weight of polymer) was added as inorganic filler into the polymer solution and stirred until complete dispersion of clay was obtained. The solution containing clay/organo-clay and polymer was poured into a Petri dish and left overnight to evaporate the obtained solvent and polymer film. The whole synthesis procedure was performed at room temperature.



Interventional studies involving animals or humans and other studies that require ethical approval must list the authority that provided approval and the corresponding ethical approval code.





3. Results


3.1. Surface Charge Analysis


The surface charge analysis was performed using a Malvern Zetasizer nanosize, Malvern Panalytical Ltd., Malvern, UK. To determine the surface charge, 0.01% of clay/organo-clay was dispersed into double-distilled water and allowed for ultrasonication for 20 min, followed by filtering the solution using 25 µm-sized filter paper.



The pristine clay minerals have a negatively charged surface, as mentioned in the Introduction section, which is further verified by the zeta potential value. The zeta potential value is negative for all clay minerals, as shown in Table 1, indicating a negatively charged surface. On interaction with CPC, the surface charge of OMt and OBent becomes positive (+29.3 mV and +31.1 mV), suggesting CPC’s presence on their surfaces. In the case of OVt, since the surface charge remains negative (−19.1 mV), it confirmed the presence of CPC on the surface as the zeta potential value was modified from −47.0 mV to −19.1 mV. Since the Vt has a negligible ion exchange capacity due to the high layer charge density, a restriction on the expansion of interlayer spacing occurs, and so the interaction with CPC was only possible at the surface.




3.2. X-ray Diffraction Studies


To investigate the intercalation or surface interaction of CPC with clay minerals and exfoliated or intercalated structure of clay-based PVC polymer composite films. XRD patterns were performed and recorded using a Philips X′ Pert-PRO Panalytical (model 3040160) Davis, CA, USA, between 2θ values of 2° and 30°.



3.2.1. XRD Pattern of Clay before and after Modification


The X-ray diffraction method is one of the most prominent methods used to examine the interlayer spacing. The XRD pattern showed the diffraction peak point of Mt 6.2°, with the 2θ value corresponding to the 001 plane and indicating an interlayer spacing, 14.25 Å. After modification with a cationic surfactant, the diffraction peak point was at 2θ value 5.25°, which shifted toward a lower angle. Due to which, the interlayer spacing increased from 14.25 Å to 17.0 Å (Table 2). The expansion in the interlayer spacing of Mt was observed as the CPC intercalated into the interlayer of Mt. An additional peak at 8.7° occurred because of the existence of illite in Mt (Figure 1A).



The diffraction peak point of Bent was at 5.8°, corresponding to the 001 plane and showing 15.24 Å basal spacing. After modification, the diffraction angle moved toward a lower angle, and 5.4° results in an increase in interlayer spacing from 15.24 Å to 16.4 Å (Figure 1B) (Table 2). The increment in the basal spacing confirmed the intercalation of CPC in the interlayer of Bent.



The diffraction peak point for Vt was at 6.0°, indicating 14.72 Å interlayer spacing. There was no significant change in the diffraction peak point of Vt after the interaction. suggesting only a surface interaction (Figure 1C). Therefore, the interlayer spacing of Vt remained the same (Table 2). Two more diffraction peak points were observed at 3.3° (due to the interstratification) and 7° (due to presence of hydrated interlayer ions such as Mg2+, K+). The negligible change in interlayer spacing of Vt confirmed its limited expansion, suggesting an insignificant ion exchange capacity of Vt.



The expansion of the interlayer spacing was more in the case of Mt compared to Bent, indicating a greater extent of intercalation of CPC in the interlayer of Mt.



The possible interaction of CPC with clay monolayers and bilayers is shown in Figure 2.




3.2.2. XRD Pattern of Clay-Based PVC Polymer Composite Film


Figure 3 shows the XRD patterns of the pristine PVC polymer film, the pristine clay-based polymer composite film and the organo-clay-based PVC polymer composite film. In the case of pristine clay-based PVC polymer composite films, there was no diffraction peak point at Mt, Bent and Vt, suggesting either the exfoliation or partial exfoliation and partial intercalation of the structure of clay-based polymer composite films (Figure 4) [37,38].



XRD pattern of OMt and OBent-based PVC polymer composite film showed shifting of the characteristic diffraction peak point toward lower angle, 3.27° and 4.04° having interlayer spacing of 27.01 Å and 21.87 Å suggesting PVC in the interlayer region of OMt and OBent. The diffraction peak point of OVt practically remained the same for OVt-based PVC polymer composite films, suggesting a microcomposite structure with no dispersion or little dispersion of OVt (Figure 4). There was no significant characteristic diffraction peak of pure PVC polymer films, which was found due to the amorphous nature of the PVC polymer (Figure 3D).



Araujo et al. confirmed the intercalation as well as the exfoliated structure of the clay-based polyamide 6 nanocomposite [29]. Hadj-Hamou and Yahiaoui synthesized antimicrobial poly (ϵ-caprolactone) (PCL), poly (vinyl chloride) (PVC) and organo-clay nanobioblended films through the melt blending method, where the nanocomposite showed a mixed intercalated/partially exfoliated structure [39].



Based on the above observation, it can be concluded that there was a strong interaction between the inorganic filler and PVC polymer.





3.3. Thermogravimetric Analysis


The thermal behavior of PVC polymer films and clay-based PVC polymer composite films was analyzed using TGAQ–500, Perkin Elmer in a temperature range of 30–800 °C in a nitrogen atmosphere with a flowof 10 mL/minute at 10 °C/minute rate.



3.3.1. Thermogravimetric Analysis of Clay before and after Modification


The thermogram and its derivative for pristine and modified clay is shown in Figure 5 and Figure 6. The first weight loss was observed from 30 °C to 150 °C due to the physically adsorbed water, which is found less in the case of organo-clays, indicating the presence of a cationic surfactant on the surface of clay minerals, which was further confirmed from DTG curves. The second stage of weight loss was from 150 °C to 400 °C. In the case of pristine clay minerals, the weight loss was due to the loss of interlayer water (236 °C for Mt and 178 °C for Vt, confirmed from the DTG curve), while the weight loss in the case of organo-clays indicated the decomposition of CPC in their interlayer or present on the surface As the DTG data showed weight loss at 400 °C for OMt and 395 °C for OBent due to the decomposition of CPC present in the interlayer.



At the third stage, the weight loss from 400 to 800 °C was due to dehydroxylation of the structural OH groups (465 °C and 560 °C for Mt and 620 °C for Bent). In the case of Bent, no peak was observed between 150 °C and 400 °C, indicating no thermally induced changes.




3.3.2. Thermogravimetric Analysis of Clay-Based PVC Polymer Film


Figure 7 and Figure 8 show the thermal behavior of PVC polymer films containing pristine clays and organo-clays. The thermal degradation of the pure PVC took place in two major steps. The first decomposition observed in the range of 220–350 °C (294 °C confirmed from the DTG curve) was due to the dehydrochlorination of the polymer chain and is known as onset decomposition (Tonset). The second decomposition occurred at a high temperature range from 450 °C onward (465 °C and 535 °C), which was due to the cyclization of conjugated polyenes sequence in PVC to form the aromatic compounds with the residue char; this stage is known as the fastest decomposition (Trpd) [40].



The decomposition temperature of PVC was found to be high in both stages after the dispersal of pristine/organo-Mt, -Bent and -Vt in the PVC polymer matrix. Clay in the PVC matrix results in the development of char and inhibits the distribution of volatile products, which results in an increase in the thermal stability.



In the case of OMt-, OBent- and OVt-based PVC polymer composite films, the onset temperature decreased in the range of 220–350 °C (281 °C in OMt—PVC; 275 °C in OBent—PVC; 272 °C in OVt—PVC polymer composite film) due to the influence of ammonium salt, which has a strong interaction with the chloride of PVC. The organo-clay acts as a catalyst and enhances the dechlorination of PVC. Trpd for organo-clay-based PVC polymer composite films was high since they act as a barrier to prevent the evaporation of small molecules, which are produced during the thermal decomposition of PVC. In the case of clay-based PVC polymer composite films, the presence of clay enhanced the char formation, which resulted in a hindrance to volatile product diffusion. Furthermore, the amount of residue in the case of clay-based composite films is high, indicating the presence of clay in the PVC matrix [41,42].



The mass loss was found to be lower (3–5%) between 250 °C and 300 °C for pristine clay/organo-clay-based PVC polymer composite films. Mondragon et al. also confirmed the decrease in the thermal stability of PVC polymers after treating them with organo-montmorillonite at 10 °C, suggesting that organo-montmorillonite promotes the thermal degradation of PVC [43,44,45]. Chee and Jawaid also showed the effect of montmorillonite on the morphology, thermal and mechanical properties of epoxy/organo-clay nanocomposites, where they confirmed the lower decomposition temperature of nanocomposites compared to the pristine epoxy. The lowering of thermal stability was due to the existence of organic moieties on the surface of the clay, which resulted in a lowering of thermal stability [46,47].





3.4. Morphological Study


Surface images of synthesized samples were recorded using scanning electron microscopic technique. One drop of the aqueous dispersion of samples was mounted on stubs, air-dried and sputter-coated with gold in a vacuum evaporator and photographed using a scanning electron microscope model (ZEISS EVO 40) with an accelerating voltage of 30 KV coupled.



3.4.1. Morphological Studies of Clay before and after Modification


An SEM is mainly performed to analyze the changes in the morphology of pristine and modified clay minerals. The pristine clay minerals have massive plates with some phase separation. Due to the intermolecular forces, the particles in pristine clay minerals are closely attached and present in their aggregated form. On interaction with the cationic surfactant, there is a significant change in the morphology. Due to the increase in the interlayer spacing of clay, more voids can be seen to have small and aggregated particles (Figure 9). The layers of vermiculite are weakly compacted into polygonal sheets with flaked borders, whereas in the case of OVt, a distinctive, porous microstructure was observed.




3.4.2. Morphological Studies PVC Polymer Films and their Composite Films


Figure 10 shows the morphology of pure PVC polymer films and pristine clay/organo-clay-based PVC polymer composite films. From the SEM image, it is clear that the pure PVC film has a fractured surface. A significant change is observed in the morphology of the polymer film after the dispersion of the inorganic filler. The bright white spot present on the surface of the composite film confirms the presence of clay/organo-clay, whether it is in dispersed or aggregated form. In the case of organo-clay-based polymer films, the fractured surface is clearer, indicating a brittle material, as the presence of organo-clay forces the crack to follow a more complex path, increasing the fracture surface area of the film.





3.5. Mechanical Properties


3.5.1. Tensile Strength and Young’s Modulus of Clay-Based Polymer Composite Films


The tensile strength and Young’s modulus of pristine PVC polymer films and clay-based PVC polymer composite films were determined using a tensile testing machine (Instron UTM 3369). The polymer film sample was exposed to a tensile load with a 10 mm/min cross speed after being held between the upper and lower jaw of the tensile tester. The tensile strength was calculated using the following formula:


  T e n s i l e   s t r e n g t h =   F o r c e ( m a x i u m u   l o a d   a p p l i e d   t o   e l o n g a t e   t h e   f i l m )   A r e a ( w i d t h × t h i c k n e s s )    



(1)







Table 3 showed the tensile strength and Young’s modulus properties of pristine PVC polymer films and clay/organo-clay-based PVC polymer composite films. The enhancement in the tensile strength of the PVC was observed by a factor of 1.4, 1.6 and 1.3 on the dispersal of pristine Mt, Bent and Vt, respectively. The dispersion of organo-Mt, -Bent and -Vt further improved the tensile strength of the organo-clay-based PVC polymer composite film by 1.7, 1.8 and 1.3 factor, respectively.



The Young’s modulus of PVC improved after reinforcing the inorganic fillers, which indicated their improved firmness. The Young’s modulus was increased by a factor of 1.1 (Mt), 1.2 (Bent) and 1.0 (Vt) after incorporation of pristine clay, while in the case of organo-clay, it was improved by a factor 1.2 (OMt), 1.4 (OBent) and 1.0 (OVt), respectively.



The tensile strength and Young’s modulus of Vt and OVt-based PVC polymer composite films remain the same, as there was no intercalation of CPC in the interlayer of Vt, which was confirmed by the XRD and thermal analysis.



The improvement in the tensile strength suggested that organo-clay-based PVC polymer composite films show better resistance against the tensile stress due to their better compatibility with hydrophobic PVC polymers, which is acquired before the deformation of their shape.




3.5.2. Hardness


The hardness of PVC polymer films was enhanced by a factor of 1.127, 1.181 and 1.127 after reinforcing pristine clay Mt, Bent and Vt, respectively as shown in Table 4. The dispersion of organo-clay, OMt, OBent and OVt improved the hardness by factors of 1.363, 1.272 and 1.145, respectively. Due to the hydrophobic nature and better compatibility of organo-clays, they were well dispersed in the polymer matrix and enhanced the mechanical properties of the polymer matrix by acting as a reinforcement material [48]. The improvement in hardness is an indication of better resistance against the deformation of the polymer film on the application of a compressive force. Kumar et al. also confirmed the enhancement in the hardness of clay-based PMMA polymer nanocomposites. The hardness of pristine PMMA polymer composites was 58 and enhanced by a factor of 1.34 (78) after treating the PMMA polymer with organo-clay and a compatibilizer, as clay platelets enhanced the hardness by restricting the indentation [49,50].



Based on the above observation, it can be said that the interactions of PVC with organo-Mt, -Bent and -Vt show a better improvement in the mechanical properties (tensile strength, Young’s modulus and hardness) of PVC polymer films. The better improvement in the mechanical properties of organo-clay-based PVC polymer composite films is due to the inherently high moduli and aspect ratio of organo-clay results in inducing more surface area with a polymer matrix. Furthermore, clay acts as a stress transfer agent after dispersing in the polymer matrix results in enhancement in the mechanical properties.






4. Conclusions and Future Prospects


In this study, the surface of pristine clay minerals was successfully modified using a cationic surfactant, CPC, through ion exchange. The interaction between the cationic surfactant and the clay minerals was confirmed by XRD and thermal analysis. The zeta potential value confirmed the positively charged surfaces of organo-Mt and -Bent due to the presence of CPC in the form of a double layer on their surfaces, while the surface charge of Vt remained negative, indicating a single layer of CPC on its surface. The thermal analysis confirmed the improved thermal stability of clay minerals after modification.



A comparative study was performed to investigate the impact of pristine clay and organo-clays on the structural, thermal and mechanical properties of PVC polymer films. XRD studies confirmed the exfoliation structure of pristine clay-based PVC polymer composite films; intercalation was observed for organo-Mt/Bent-based PVC polymer composite films, while in the case of Vt-based PVC polymer composite films, the microstructural composite was formed. Organo-clay-based PVC polymer composite films showed more enhanced mechanical properties (tensile strength, Young’s modulus and hardness) than pristine clay-based PVC polymer composite films, as organo-clays are hydrophobic in nature; therefore, they demonstrate greater compatibility with hydrophobic PVC polymer, which results in a more homogeneous dispersal into the polymeric matrix. It can also be said that after the modification of the clay surface, the interfacial adhesion between the clay and polymer increased the results in terms of the enhancement of the mechanical properties of PVC polymer composite films.



It is noteworthy that the thermal stability of clay-based PVC polymer composite films needs to be improved as the onset temperature decreases due to the influence of ammonium salt, which has a strong interaction with chloride in PVC. Therefore, investigations must be carried out to identify an alternate to a surfactant that will provide a better stabilizing effect for PVC. An investigative study should be carried out to identify the presence of solvents in polymer composite films, as THF has the ability to intercalate into the interlayer of clay minerals.







Author Contributions


Conceptualization, N.K. and C.M.; methodology, N.K.; software, A.N.; validation, N.K., C.M. and A.N.; formal analysis, N.K.; investigation, C.M.; resources, A.N.; data curation, N.K.; writing—original draft preparation, N.K.; writing—review and editing, A.N.; visualization, C.M.; supervision, N.K.; project administration, C.M.; funding acquisition, A.N. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors are grateful to the director, University Science Instrumentation Centre, University of Delhi, and K. R. Mangalam University for providing the necessary laboratory facilities.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Gimenes Benega, M.A.; Silva, W.M.; Schnitzler, M.C.; Espanhol Andrade, R.J.; Ribeiro, H. Improvements in thermal and mechanical properties of composites based on epoxy-carbon nanomaterials—A brief landscape. Polym. Test. 2021, 98, 107180. [Google Scholar] [CrossRef]

	



Armstrong, G. An introduction to polymer nanocomposites. Eur. J. Phys. 2015, 36, 063001. [Google Scholar] [CrossRef]

	



Silva, H.; Ferreira, J.A.M.; Capela, C.; Richardson, M.O.W. Mixed mode interlayer fracture of glass fiber/nano-enhanced epoxy composites. Compos. Part A Appl. Sci. Manuf. 2014, 64, 211–222. [Google Scholar] [CrossRef]

	



Schadler, L.S. Nanocomposite Science and Technology; Wiley-VCH: Weinheim, Germany, 2003; Chapter 2. [Google Scholar]

	



Abdalla, M.O.; Ganguli, S.; Abdalla, M.A.; Dean, D.; Campbell, S. Environmental durability of polymerization of monomer reactants-type polyimide–clay nanocomposites. High Perform. Polym. 2005, 17, 239–250. [Google Scholar] [CrossRef]

	



Babu, R.; Loganathan, V.S.; Pugazhenthi, G.; Thomas, S.; Varghese, T.O. An Overview of Polymer–Clay Nanocomposites; Elsevier: Amsterdam, The Netherlands, 2017; Chapter 2; pp. 29–81. [Google Scholar] [CrossRef]

	



Abulyazied, D.E.; Ene, A. An Investigative study on the progress of nanoclay-reinforced polymers: Preparation, properties, and applications: A review. Polymers 2021, 13, 4401. [Google Scholar] [CrossRef] [PubMed]

	



Kumari, N.; Mohan, C. Basics of Clay Minerals and Their Characteristic Properties; IntechOpen: London, UK, 2021. [Google Scholar]

	



Shas, K.J.; Shukla, A.D.; Shah, D.O.; Imal, T. Effect of organic modifieds on dispersion of organoclay in polymer nanocomposites to improve mechanical properties. Polymers 2016, 97, 525–532. [Google Scholar] [CrossRef]

	



Das, P.; Mannaa, S.; Behera, A.K.; Shee, M.; Basak, P.; Sharma, A.K. Current synthesis and characterization techniques for clay-based polymer nano-composites and its biomedical applications: A review. Environ. Res. 2022, 212, 113534. [Google Scholar] [CrossRef]

	



Xu, P.; Erdem, T.; Eiser, E. A simple approach to prepare self-assembled, nacre-inspired clay/polymer nanocomposites. Soft Matter 2020, 16, 5497. [Google Scholar] [CrossRef]

	



Penaloza, D.P. Review on the Preparation and Properties of Clay-based Nanocomposites with Covalently-bound Polymer Architecture. Philli. J. Sci. 2019, 148, 813. [Google Scholar]

	



Faeq, L.S. Thermal and Mechanical Properties of Polymer/Nickel Composites. IOP Conf. Ser. Mater. Sci. Eng. 2020, 881, 012092. [Google Scholar] [CrossRef]

	



Kiliaris, P.; Papaspyrides, C.D. Polymer/layered silicate (clay) nanocomposites: An overview of flame retardancy. Prog. Polym. Sci. 2010, 35, 902–958. [Google Scholar] [CrossRef]

	



Mominul Alam, S.M.; Kawauchi, T.; Takeichi, T. Preparation, and characterization of rigid polyimide-clay-polydimethylsiloxane hybrid. High Perform. Polym. 2010, 22, 742–760. [Google Scholar] [CrossRef]

	



Mallakpour, S.; Dinari, M. Insertion of novel optically active poly(amide-imide) chains containing pyromellitoylbis-L-phenylalanine linkages into the nanolayered silicates modified with L-tyrosine through solution intercalation. Polymers 2011, 52, 2514–2523. [Google Scholar] [CrossRef]

	



Su, Y.Y.; Rwei, S.P.; Gou, W.J.; Chan, H.H.; Cheng, K.C. Effect of polar interactions on the structure and rheology of EVA/Montmorillonite nanocomposites. J. Thermoplast. Compos. Mater. 2012, 25, 987–1003. [Google Scholar] [CrossRef]

	



Mallakpour, S.; Dinari, M. Novel bionanocomposites of poly(vinyl alcohol) and modified chiral layered double hydroxides: Synthesis, properties and a morphological study. Prog. Org. Coat. 2014, 77, 583–589. [Google Scholar] [CrossRef]

	



El Achaby, M.; El Miri, N.; Snik, A.; Zahouily, M.; Abdelouahdi, K.; Fihri, A.; Barakat, A.; Solhy, A. Mechanically strong nanocomposite films based on highly filled carboxymethyl cellulose with graphene oxide. J. Appl. Polym. Sci. 2016, 133, 42356–42366. [Google Scholar] [CrossRef]

	



Dinari, M.; Mohammadnezhad, G.; Soltani, R. Fabrication of poly(methyl methacrylate)/silica KIT-6 nanocomposites via in situ polymerization approach and their application for removal of Cu2+ from aqueous solution. RSC Adv. 2016, 6, 11419–11429. [Google Scholar] [CrossRef]

	



Alexandre, M.; Dubois, P. Polymer-layered silicate nanocomposites: Preparation, properties and uses of a new class of materials. Mater. Sci. Eng. R Rep. 2000, 28, 1–63. [Google Scholar] [CrossRef]

	



Araujo, E.M.; Damião Leite, A.M.; da Paz, R.A.; da Nóbrega Medeiros, V.; de Melo, T.J.A.; de Lucena Lira, H. Polyamide 6 Nanocomposites with Inorganic Particles Modified with Three Quaternary Ammonium Salts. Materials 2011, 4, 1956–1966. [Google Scholar] [CrossRef]

	



Su, S.; Jiang, D.D.; Wilkie, C.A. Methacrylate modified clays and their polystyrene and poly(methyl methacrylate) nanocomposites. Polym. Adv. Technol. 2004, 15, 225–231. [Google Scholar] [CrossRef]

	



Wang, D.; Parlow, D.; Yao, Q.; Wilkie, C.; Vinyl, J. PVC-clay nanocomposites: Preparation, thermal and mechanical properties. Addit. Technol. 2001, 7, 203. [Google Scholar] [CrossRef]

	



Kaur, R.; Singh, P.; Tanwar, S.; Varshney, G.; Yadav, S. Assessment of Bio-Based Polyurethanes: Perspective on Applications and Bio-Degradation. Macromol 2022, 2, 284–314. [Google Scholar] [CrossRef]

	



Morgan, A.B.; Mukhopadhyay, P. A targeted review of bio-derived plasticizers with flame retardant functionality used in PVC. J. Mater. Sci. 2022, 57, 7155–7172. [Google Scholar] [CrossRef]

	



Sadak, E.M.; Komy, D.E.; Motawie, A.M.; Darwish, M.S.; Ahmed, S.M.; Mokhtar, S.M. Wax co-cracking synergism of high density polyethylene to alternative fuels. J. Sci. Res. Sci. 2014, 36, 453. [Google Scholar]

	



Pandey, A.; Singh, G.; Singh, S.; Jha, K.; Prakash, C. 3D printed biodegradable functional temperature-stimuli shape memory polymer for customized scaffoldings. J. Mech. Behav. Biomed. Mater. 2020, 108, 103781. [Google Scholar] [CrossRef] [PubMed]

	



Sudhakar, Y.N.; Selvakumar, M.; Bhat, D.K. Investigations on thermo-mechanical properties of organically modified polymer clay nanocomposites for packaging application. Polym. Polym. Compos. 2021, 29, 1191. [Google Scholar] [CrossRef]

	



Mazhar, S.; Qarn, A.A.; Haq, Y.U.; Haq, Z.U.; Murtaz, I. Promising PVC/MXene based flexible thin film nanocomposites with excellent dielectric, thermal and mechanical properties. Ceram. Internat. 2021, 46, 12593. [Google Scholar] [CrossRef]

	



Wan, C.Y.; Qiao, X.Y.; Zhang, Y.; Zhang, Y.X. Effect of different clay treatment on morphology and mechanical properties of PVC-clay nanocomposites. Polym. Test. 2003, 22, 453–461. [Google Scholar] [CrossRef]

	



Vandevyver, E.; Eichholz, E. Latest advancements in PVC/clay nanocomposites: Potential applications in plastisols. Plast. Rubber Compos. 2008, 37, 417–420. [Google Scholar] [CrossRef]

	



Wang, D.Y.; Parlow, D.; Yao, Q.; Wilkie, C.A. Melt blending preparation of PVC-sodium clay nanocomposites. J. Vinyl. Addit. Technol. 2002, 8, 139–150. [Google Scholar] [CrossRef]

	



Du, J.X.; Wang, D.Y.; Wilkie, C.A.; Wang, J.Q. An XPS investigation of thermal degradation and charring on poly(vinyl chloride)- clay nanocomposites. Polym. Degrad. Stab. 2003, 79, 319–324. [Google Scholar] [CrossRef]

	



Grause, G.; Hirahashi, S.; Toyoda, H.; Kameda, T.; Yoshioka, T. Solubility parameters for determining optimal solvents for separating PVC from PVC-coated PET fibers. J. Mater. Cycles Waste Manag. 2015, 19, 612–622. [Google Scholar] [CrossRef]

	



Petersen, H.; Jakubowicz, I.; Enebro, J.; Yarahmadi, N. Organic modification of montmorillonite for application in plasticized PVC nanocomposites. App. Clay Sci. 2015, 107, 78–84. [Google Scholar] [CrossRef]

	



Mohan, C.; Kumari, N.; Dixit, S. Effect of various types of naturally occurring clay minerals on mechanical and thermal properties of PMMA polymer composite films. MRS Adv. 2022, 7, s43580. [Google Scholar] [CrossRef]

	



Chen, T.S.; Wang, I.H.; Lee, Y.R.; Hsieh, T.H. Mechanical property of polymer composites reinforced with nanomaterials. Polym. Polym. Compos. 2020, 29, 696. [Google Scholar] [CrossRef]

	



Derdar, H.; Meghabar, R.; Benachour, M.; Mitchell, G.R.; Bachari, K.; Belbachir, M.; Cherifi, Z.; Baghdadli, M.C.; Harrane, A. Polymer-Clay Nanocomposites: Exfoliation and Intercalation of Organophilic Montmorillonite Nanofillers in Styrene–Limonene Copolymer. Polym. Sci. Ser. A 2021, 63, 568. [Google Scholar] [CrossRef]

	



Hadj-Hamou, A.S.; Yahiaoui, F. Performances of PCL/PVC/Organoclay Nanobioblends Films for Packaging Applications. Macromol. Symposia 2019, 386, 1800239. [Google Scholar] [CrossRef]

	



Bertuoli, P.T.; Piazza, D.; Scienza, L.C.; Zattera, A.J. Preparation and characterization of montmorillonite modified with 3-aminopropyltriethoxysilane. App. Clay Sci. 2014, 87, 46–51. [Google Scholar] [CrossRef]

	



Ye, F.; Ye, Q.; Zhan, H.; Ge, Y.; Ma, X.; Xu, Y.; Wang, X. Synthesis and study of zinc orotate and its synergistic effect with commercial stabilizers for stabilizing Poly(Vinyl Chloride). Polymers 2019, 11, 194. [Google Scholar] [CrossRef]

	



Andrunik, M.; Bajda, T. Modification of Bentonite with Cationic and Nonionic Surfactants: Structural and Textural Features. Materials 2019, 12, 3772. [Google Scholar] [CrossRef]

	



Bee, S.T.; Ratnam, C.T.; Sin, L.T.; Tee, T.T.; Hui, D.; Kadhum, A.A.H.; Rahmat, A.R.; Lau, J. Effects of electron beam irradiation on mechanical properties and nanostructural–morphology of montmorillonite added polyvinyl alcohol composite. Compos. B Eng. 2014, 63, 141–153. [Google Scholar] [CrossRef]

	



Khaleghi, M.; Didehban, K.; Shabanian, M. Effect of new melamine-terephthaldehyde resin modified graphene oxide on thermal and mechanical properties of PVC. Polym. Test. 2017, 63, 382. [Google Scholar] [CrossRef]

	



Chee, S.S.; Jawaid, M. The Effect of Bi-Functionalized MMT on Morphology, Thermal Stability, Dynamic Mechanical, and Tensile Properties of Epoxy/Organoclay Nanocomposites. Polymers 2019, 11, 2012. [Google Scholar] [CrossRef] [PubMed]

	



Mondragon, M.; Sanchez-Valdes, S.; Sanchez-Espindola, M.E.; Rivera-Lopez, J.E. Morphology, Mechanical Properties, and Thermal Stability of Rigid PVC/Clay Nanocomposites. Polym. Eng. Sci. 2010, 51, 641–646. [Google Scholar] [CrossRef]

	



Mohan, C.; Kumari, N.; Varma, R. Novel Approach for the Synthesis of Hybrid-Clay based Nano Pigments and their Application as Coloring Agents. Clean Tech. Environ. Policy 2023, 25, s10098. [Google Scholar] [CrossRef]

	



Kumar, M.; Arun, S.; Upadhyaya, P.; Pugazhenthi, G. Properties of PMMA/ Clay nanocomposites prepsred using various compatibilizers. Int. J. Mech. Mater. Eng. 2015, 10, 7. [Google Scholar] [CrossRef]

	



Onyedika, G.O.; Onuegbu, G.C.; Onuoha, C. Modeling the Mechanical Properties of Clay Powder Filled Recycled Low Density Polyethylene Composites. J. Mater. Sci. Chem. Eng. 2020, 8, 36–47. [Google Scholar] [CrossRef]








[image: Polymers 15 01922 g001 550] 





Figure 1. XRD pattern of (A) Mt, OMt; (B) Bent, OBent; (C) Vt, OVt. 
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Figure 2. Possible interaction of CPC surfactant with clay minerals. 
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Figure 3. XRD pattern of (A) Mt, OMt-based PVC polymer composite film. (B) Bent, OBent PVC polymer composite film (C) Vt, OVt PVC polymer composite film. (D) Pure PVC polymer film. 






Figure 3. XRD pattern of (A) Mt, OMt-based PVC polymer composite film. (B) Bent, OBent PVC polymer composite film (C) Vt, OVt PVC polymer composite film. (D) Pure PVC polymer film.



[image: Polymers 15 01922 g003]







[image: Polymers 15 01922 g004 550] 





Figure 4. Schematic showing three morphological states for clay-based PVC polymer nanocomposites. (A) Microcomposite phase. (B) Intercalated phase. (C) Exfoliated phase. 
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Figure 5. Thermogravimetric analysis (TGA curve) of (A) Mt, OMt, (B) Bent, OBent and (C) Vt, OVt. 
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Figure 6. Thermal analysis (DTG curve) of (A) Mt, OMt, (B) Bent, OBent and (C) Vt, OVt. 
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Figure 7. Thermogravimetric analysis (TGA curve) of (A) Mt, OMt-based PVC polymer composite, (B) Bent, OBent PVC polymer composite film, (C) Vt, OVt PVC polymer composite film and (D) pure PVC polymer film. 
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Figure 8. Thermogravimetric analysis (DTG curve) of (A) Mt, OMt-based PVC polymer composite, (B) Bent, OBent PVC polymer composite film, (C) Vt, OVt PVC polymer composite film and (D) pure PVC polymer film. 
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Figure 9. SEM images of (A) Mt, OMt, (B) Bent, OBent and (C) Vt, OVt. 
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Figure 10. SEM images of (A) pure PVC polymer film, (B) clay-based PVC polymer composite film and (C) organo-clay-based PVC polymer composite film. 
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Table 1. Surface charge of pristine and organo-clays.
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Clay

	
Sample

	
Zeta Potential mV






	
Montmorillinite

	
Mt

	
−17.60




	
OMt

	
+29.30




	
Bentonite

	
Bent

	
−31.10




	
OBent

	
+35.70




	
Vermiculite

	
Vt

	
−47.00




	
OVt

	
−19.10
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Table 2. XRD diffraction peak and basal spacing of clay and modified clay.
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Clay

	
Sample

	
2θ Value

	
Basal Spacing (d) Å






	
Montmorillinite

	
Mt

	
6.2

	
14.45




	
OMt

	
5.25

	
17.00




	
Bentonite

	
Bent

	
5.8

	
15.24




	
OBent

	
5.4

	
16.4




	
Vermiculite

	
Vt

	
6.0

	
14.72




	
OVt

	
5.95

	
15.09
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Table 3. Tensile strength and Young’s modulus of pristine and organo-clay-based PVC polymer composite film.
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	S. No.
	Sample Code
	Stress (Pascal)
	Strain (mm/mm)
	Tensile Strength (MPa)
	Young’s Modulus (MPa)





	01
	PVC
	07.85
	3.55
	1.58
	0.881



	02
	PVC + Mt
	14.87
	4.96
	2.20
	0.996



	03
	PVC + OMt
	14.28
	6.11
	2.71
	1.072



	04
	PVC + Bent
	16.27
	5.70
	2.53
	0.989



	05
	PVC + OBent
	20.65
	6.56
	2.91
	1.191



	06
	PVC + Vt
	08.87
	4.77
	2.12
	0.898



	07
	PVC + OVt
	14.87
	4.93
	2.19
	0.929
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Table 4. Hardness of PVC polymer films and clay PVC polymer composite films.
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	S. No.
	Sample Code
	Hardness D—Shore





	1
	PVC
	55



	2
	PVC + Mt
	62



	3
	PVC + OMt
	72



	4
	PVC + Bent
	65



	5
	PVC + OBent
	70



	6
	PVC + Vt
	62



	7
	PVC + OVt
	63
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