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Abstract:



Internally plasticized poly(vinyl chloride) (PVC) materials are investigated via grafting of propargyl ether cardanol (PEC). The chemical structure of the materials was studied by FT-IR and 1H NMR. The performace of the obtained internally plasticized PVC materials was also investigated with TGA, DSC and leaching tests. The results showed that grafting of propargyl ether cardanol (PEC) on PVC increased the free volume and distance of PVC chains, which efficiently decreased the glass transition temperature (Tg). No migration was found in the leaching tests for internally plasticized PVC films compared with plasticized PVC materials with commercial plasticizer dioctyl phthalate (DOP). The internal plasticization mechanism was also disscussed according to lubrication theory and free volume theory. This work provides a meaningful strategy for designing no-migration PVC materials by introducing cardanol groups as branched chains.
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1. Introduction


Plasticizer is one of the most important plastic additives, and is used to improve processability, plasticity and flexility of plastics. The most widely used plasticizers are phthalate esters, which account for 80% of the total consumption of plasticizer [1]. However, the potential toxicity of these phthalate esters to the human body has been reported, which has led to their restriction in consumer products [2,3,4]. In order to reduce the toxicity of plasticzier, many environmentally friendly plasticizers have been investigated, such as epoxidized jatropha oil [5], cardanol derivatives [6], polymer-plasticizer [7], polyol ester [8] and phosphate plasticizer [9]. However, these alternative plasticizers will migrate from plastic products with the prolongation of aging time, thus shortening the life of the products. To avoid the migration of plasticizer, Navarro et al. and Lee et al. [10,11,12] have studied an internal plasticization strategy whereby phthalate-based thiol additives and hyperbranched polyglycerol, respectively, were grafted onto the polymer matrix. The glass transition temperature (Tg) of PVC materials grafting hyperbranched polyglycerol groups was kept below 0 °C. Propargyl ether triethyl citrate and castor oil-based derivative were covalently bonded to the polymer matrix as an internal plasticizer, as reported by Jia et al. [13,14]. These studies indicated that this strategy was efficient for producing flexible polymer materials, and avoiding the migration of plasticizer.



Cardanol is one of the most favorable biomass resources for plasticizer production due to its relatively low cost and similar chemical structure to conventional phthalate plasticizers such as dioctyl phthalate (DOP). Cardanol derives from an agricultural by-product that is abundantly available in many parts of the chemical industry [15,16]. There are some reactive groups on the chemical structure of cardanol, such as the unsaturated carbon chains on the branched chains, benezene ring and hydroxy groups. These groups can occur hydrogenation, polymerization, sulfuration, esterification and epoxidation reactions. [17]. Therefore, the strategy of grafting cardanol groups grafted on PVC matrices is expected to produce plasticized PVC materials without migration. Recently, Po et al. studied an approach that covalently linked cardanol to the PVC matrix via Click reaction, but the internal plasticization mechanism was not discussed in detail in terms of traditional plasticization theory [18]. A kind of internally plasticized PVC material was prepared via replacing chlorine using the mannich base of cardanol butyl ether in 2017 [19], but the plasticizing efficiency of the method was lower than for the Click reaction [10,12].



Inspired by the above-mentioned pioneer works, we herein report a strategy for developing internally plasticized PVC materials by grafting propargyl ether cardanol onto the PVC matrix. Specifically, different mass of cardanol groups were grafted onto PVC matrices to obtain no-migration, flexible PVC materials. Differential scanning calorimetry (DSC) measurements were used to detect the plasticizing efficiency of the strategy, and to compare it with pure PVC. The migration stability of the internally plasticized PVC materials in n-hexane was investigated. For comparison, the migration stability of PVC films plasticized with the traditional plasticizer DOP was also tested. In addition, the internal plasticization mechanism was discussed in terms of traditional plasticization theories, such as free volume theory and lubrication theory.




2. Materials and Methods


2.1. Materials


Cardanol (99%, acid value 5.5–6.6. Iodine value 210–250) was provided by Jining Hengtai Chemical Co., Ltd. (Jining, China) Propargyl bromide solution, tetrahydrofuran (THF), potassium carbonate, sodium azide, methanol, acetone, cuprous bromide, 5,5-dimethyl-2,2-dipyridyl, N,N-dimethylformamide (DMF) and dioctyl phthalate (DOP) were kindly provided by Nanjing Chemical Reagent Co., Ltd. (Nanjing, China) Polyvinyl chloride (PVC) was supplied by Hanwha (KM-31, Seoul, Korea).




2.2. Synthesis of Propargyl Ether Cardanol


To a 100 mL flask equipped with a condenser tube was added 30.4 g (100 mmol) of cardanol, 13.08 g (110 mmol) of propargyl bromide solution and 15.2 g (110 mmol) of potassium carbonate in 50 mL of acetone. The mixture was stirred at 65 °C for 12 h. The solution was purified by evaporating under vacuum after washing the mixture with deionized water (yield: 97%).




2.3. Synthesis of Azide-Functionalized PVC (PVC-N3)


To a 100 mL flask were added 2.0 g of PVC, 2.0 g of NaN3 and 100 mL of DMF. The mixture was allowed to stir at 30 °C for 24 h and precipitated into water/methanol mixture (1/1 by volume), and dried in a vacuum to obtain the PVC–N3 [14]. Figure 1 showed the synthetic route of PVC–N3. Elemental analysis: 35.13% C, 8.21% H, 18.47% N, and 38.19% Cl.


Figure 1. Synthesis of internally plasticized PVC materials.
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2.4. Synthesis of Internally Plasticized PVC Materials


Internally plasticized PVC materials were prepared by dissolving a certain amount of PVC–N3, PEC, cuprous bromide and 2,2′-dipyridine in 40 mL of DMF in a three-neck flask equipped with a mechanical stirrer, nitrogen pipe and thermometer. The reaction was kept at 30 °C and stirred for 24 h. Then, the mixture was precipitated into water/methanol mixture (1/1 by volume) after filtering to remove the copper salts, and dried in a vacuum to obtain PVC-0.25PEC. Table S1 (see Supplementary Materials) shows the composition of reactants. Figure 1 shows the synthesis route.




2.5. Preparation of PVC Films and PVC–DOP Films


A total of 1 g of internally plasticized PVC materials were dissolved in 20 mL of THF. The mixture was stirred at 40 °C for 20 min until the solution appeared transparent, and was then poured into a glass petri dish (5 cm diameter), and dried in a constant temperature drying box at 60 °C for 24 h to completely remove residual THF. PVC–DOP films were prepared by dissolving a total of 2 g of PVC and 1 g of DOP in 20 mL of THF using the same method.




2.6. Characterization


2.6.1. Elemental Analysis


Elemental analysis was conducted on an elemental PE-2400 analyzer (PERKINELMER Instrument Crop., Waltham, MA, USA).




2.6.2. Fourier-Transform Infrared (FT-IR)


Fourier transform infrared (FT-IR) spectra of propargyl ether cardanol and internally plasticized PVC materials were investigated on a Nicolet iS10 FTIR measurement (Nicolet Instrument Crop., Madison, WI, USA). The spectra were acquired in the range of 4000 to 500 cm−1 at a resolution of 4 cm−1.




2.6.3. 1H Nuclear Magnetic Resonance (NMR)


1H NMR measurements were conducted on an AV-300 NMR spectrometer (Bruker Instrument Crop., Karlsruhe, Germany) at a frequency of 400 MHz. CDCl3 was used as solvent and tetrametnylsilane (TMS) as an internal standard.




2.6.4. Gel Permeation Chromatography (GPC)


The molecular weights of PVC and internally plasticized PVC materials were measured using an efficient gel chromatograph made by Waters, Milford, MA, USA at 30 °C (flow rate: 1 mL/min, column: mixed PL gel 300 mm × 718 mm, 25 μm) using THF as solvent. The number-average molecular weight, weight-average molecular weight and polydispersity indices (Mw/Mn) were calculated by calibrating with polystyrene standards.




2.6.5. Thermogravimetric Analysis (TGA)


TGA was carried out using a TG209F1 TGA thermal analysis instrument (Netzsch Instrument Corp., Bavaria, Germany) in N2 atmosphere (50 mL/min) at a heating rate of 10 °C/min. The temperature was scanned from 40 to 600 °C.




2.6.6. Differential Scanning Calorimetry (DSC)


Glass transition temperature (Tg) was characterized using a NETZSCH DSC 200 PC analyzer (Bavaria, Germany); the temperature ranged from −60 °C to 100 °C in N2 atmosphere (50 mL/min) at a heating rate of 20 °C/min. Tg values reported were taken from the second heating run in order to eliminate thermal history and to correspond to the midpoint of the DSC curves measured from the extension of the pre- and post-transition baseline.




2.6.7. Leaching Tests


PVC films and internally plasticized PVC films were cut so that different groups had the same surface area. The thickness of all the films was around 2.0 mm. The films were weighted and immersed in n-hexane at 50 °C for 2 h. Then, these films were dried and reweighed. The extraction loss was calculated according to Equation (1).


Degree of migration = (W1 − W2)/W1 × 100



(1)




where W1 = initial weight of test films, and W2 = final weight of test PVC films [20].






3. Results


3.1. Chemical Structure of PEC


Figure S1 presents the FT-IR spectra of the cardanol and PEC. The strong and broad absorption peak at 3332 cm−1 in the FT-IR spectra of the cardanol was attributed to stretch vibration of –OH groups. The absorption peak appeared at 3007 cm−1, which was assigned to the olefinic C–H stretch of cardanol. The peaks at 2924 and 2853 cm−1 were associated with the =C–H and –C–H bonds, respectively. The peak at 1586 cm−1 was attributed to the C–C bonds. The broad absorption of the C=C stretching vibration mode from the benzene ring could be observed in the range of 1454–1152 cm−1 [20,21]. In comparison to the FT-IR spectra of the cardanol, the characteristic absorption peak of the –OH groups at 3007 cm−1 disappeared in the FT-IR spectra of PEC. A new peak appeared at 3306 cm−1, which was attributed to alkyne C–H stretch, and the C≡C stretch characteristic absorption peak appeared at 2122 cm−1.



1H NMR of cardanol and PEC was also investigated. In 1H NMR of cardanol (Figure S2, see Supplementary Materials), the signal appeared at δ 0.94 ppm, which was assigned to the protons of the methyl groups on the branched chains. Strong signals appeared at δ 1.36, δ 1.41, δ 2.09, δ 2.5 and δ 2.8 ppm, and were attributed to the protons of methylene groups. Peaks appeared at δ 5.41 ppm, which were associated with protons of hydroxyl groups. The signal of the olefin groups appeared at δ 5.44 ppm, and the signals of the protons for the benzene rings could be observed at δ 6.71, δ 6.82 and δ 7.18 ppm [19,21,22]. In comparison to the 1H NMR spectrum of cardanol, a new signal appeared at δ 4.75 ppm, which was attributed to the protons of methylene groups connected to alkynyl groups. Another new peak appeared at δ 2.61 ppm, which was associated with the protons of alkynyl groups. The FT-IR and 1H NMR data indicated that PEC had been obtained.




3.2. Chemical Structure of Internally Plasticized PVC Materials


Figure 2 shows the FT-IR spectra of PVC and PVC-0.25PEC, PVC-0.50PEC and PVC-0.75PEC. In comparison to the FT-IR spectra of PVC, a new strong peak appeared at 2110 cm−1, which was attributed to the characteristic absorption peak of the azide group (–N3 stretch) [23,24,25], indicating that PVC–N3 had been prepared. With more PEC grafted onto the PVC matrix, the peaks at 2910, 1586 and 1152–1454 cm−1, which were attributed to C–H stretch, C–C bonds, and the C=C stretching vibration mode derived from the benzenoid ring of PEC, respectively, appeared stronger than PVC–N3, indicating that the PEC had been grafted onto the PVC matrix.


Figure 2. FT-IR spectra of PVC and internally plasticized PVC materials.
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1H NMR of PVC and internally plasticized PVC materials are presented in Figure 3. As can be seen from the 1H NMR spectra of PVC, peak at δ 4.5 ppm was attributed to protons of –CHCl–(CH2)– [14,18,26]. Peak b at δ 2.2 ppm was assigned to protons of –CHCl–(CH2)–. The 1H NMR of PVC–N3 was similar to PVC, indicating that the chemical environment of the protons was similar. Peak a′ at δ 4.5 ppm was associated with the protons of –CHCl–(CH2)–, and peak b′ at δ 2.2 ppm was attributed to the protons of –CH(N3)–(CH2). Peaks a′′ and b′′ at δ 4.5 and 2.2 ppm were associated with the protons of –CHCl–(CH2)– and –CH(N3)–(CH2)–, respectively, which were weaker than for PVC and PVC–N3, but some new peaks appeared at δ 7.18, δ 5.5, δ 2.85 and δ 0.89 ppm, which were associated with the protons of benzene rings, olefin groups, methylene groups and methyl groups of branched chains derived from PEC [26,27,28], respectively, indicating that the PEC had been grafted onto the PVC matrix.


Figure 3. 1H NMR of PVC and internally plasticized PVC materials.
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The click reaction level can be evaluated by examining the molecular weight change [29,30]. The molecular weight and polydispersity indices of PVC and internally plasticized PVC materials were investigated by GPC analysis. The results are shown in Figure 4 and Table 1. As can be seen in Figure 4, the GPC peak of internally plasticized PVC materials shows a clear shift to a higher molecular weight region compared to that of PVC, which indicates that the cardanol groups had been grafted onto the poly (vinyl chloride) via click reaction. PVC and PVC-0.25PEC show a single GPC peak with a clear shift to a higher molecular weight region, which indicates that no homopolymer contamination was generated in the reactions, while PVC-0.50PEC and PVC-0.75PEC show two GPC peaks, indicating that homopolymer was produced in the reactions. In addition, the peak area of internally plasticized PVC materials decreased gradually with an increasing number of cardanol groups grafted onto the poly (vinyl chloride), which indicates that the highly branched internally plasticized PVC materials had been filtrated by the organic membrane in the dissolution process. The data for number-average molecular weight (Mn), weight-average molecular weight (MW), and polydispersity indices are presented in Table 2. Mn and MW of PVC materials increased gradually with greater numbers of cardanol groups grafted onto the PVC matrix. Mn of PVC, PVC-0.25PEC, PVC-0.50PEC and PVC-0.75PEC was 15,100, 21,200, 23,800 and 25,400 g/mol, respectively, which indicates that the internally plasticized PVC materials had been obtained.


Figure 4. GPC spectra of PVC and internally plasticized PVC materials.
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Table 1. Relative molecular mass and polydispersity indices of PVC materials.







	
PVC materials

	
Number average molecular weight (Mn/g·mol−1)

	
Weight-average molecular weight (MW/g·mol−1)

	
Polydispersity indices






	
PVC

	
15,100

	
18,900

	
1.2




	
PVC-0.25PEC

	
21,200

	
26,700

	
1.2




	
PVC-0.50PEC

	
23,800

	
30,200

	
1.3




	
PVC-0.75PEC

	
25,400

	
31,900

	
1.3










Table 2. TGA and DSC data of PVC materials.







	
PVC materials

	
Td (°C)

	
Tg (°C)

	
Char residue (%)






	
PVC

	
278.4

	
85

	
5.8




	
PVC-0.25PEC

	
211.3

	
67

	
10.0




	
PVC-0.50PEC

	
209.4

	
59

	
16.5




	
PVC-0.75PEC

	
208.6

	
42

	
17.6











3.3. Performances of Internally Plasticized PVC Materials


The thermal properties of PVC, PVC-0.25PEC, PVC-0.50PEC and PVC-0.75PEC with different cardanol group contents were investigated using DSC and TGA measurements. As shown in Figure 5, the DSC curves of PVC and internally plasticized PVC materials with increased of cardanol group content did not present any melting peaks, indicating that all of the PVC materials had amorphous characteristics. A clear broadening of the Tg is observed, which indicates that the PVC and cardanol are not miscible. Additionally, none of the PVC materials exhibited any melting peaks, indicating their amorphous characteristics. Tg data for PVC, PVC-0.25PEC, PVC-0.50PEC and PVC-0.75PEC are summarized in Table 2, and were 85, 67, 59 and 42 °C, respectively. The decline in Tg with different contents of cardanol groups was mainly caused by the internal plasticizing effect of the cardanol groups. Tg is an important evaluation criteria in Mauritz and Storey’s mathematical models [31]. In this theory, plasticizing efficiency for reducing Tg can be controlled by structural features of the plasticizer, such as the branchiness of the side chains and the length of those chains. For the same molecular mass, branched plasticizers have higher plasticizing efficiency parameter values than linear structures. In this study, internally plasticized PVC macromolecules with higher branchiness side chains caused it to become a kind of internal plasticizer. The decrease in Tg illustrated that internally plasticized PVC materials induced a plasticizing effect on themselves.


Figure 5. DSC curves of PVC and internally plasticized PVC materials.



[image: Polymers 09 00621 g005]






The onset degradation temperature (Td) and char residue are summarized in Table 2. As can be seen from Table 2, internally plasticized PVC materials had poorer thermal stability than PVC. The Td of internally plasticized PVC materials decreased from 278.4 to around 210 °C with an increase in the number of cardanol groups grafted onto the PVC, which was caused by the unstable properties of azide groups under high temperature [18]. Char residue of PVC was 5.8% at 600 °C, the data reached 17.6% for PVC-0.75PEC. The reason for this is the fact that internally plasticized PVC materials have a higher relative carbon content than PVC, and that the thermal degradation process of internally plasticized PVC materials produces more char residue than PVC. Figure 6 presents the TGA curves of PVC and internally plasticized PVC materials with different contents of cardanol groups. PVC grafted with a variety of different functionalities showed a decrease in thermal stability below 220 °C, and increase in thermal stability above 220 °C. With an increased number of cardanol groups grafted onto the PVC chains, the thermal degradation of PVC-0.50PEC and PVC-0.75PEC at above 220 °C produced more char residue than PVC-0.25PEC. The char residue plays an important role in improving the thermal stability of internally plasticized PVC materials, because the char residue covers on the surface of internally plasticized PVC materials and prevents them from undergoing pyrolysis. One recent study has indicated that pyrolysis products of cardanol derivatives in gas phase include –OH– containing compounds, saturated hydrocarbons, CO2, CO, and aromatic derivatives; all of these compounds were burned and produced char residue [32]. Therefore, the potential degradation products of the new plasticizer do not have any adverse effects on humans or the surrounding environment.


Figure 6. TGA curves of PVC and internally plasticzied PVC materials.
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The common non-attached plasticizer based on cardanol acetate [6], epoxidized cardanol phenyl phosphate ester plasticizer [33], and epoxidized cardanol laurate [34] are easily leached from PVC in organic solvent, which is not conducing to make PVC products long-lasting and stable. The loss of plasticizers pollutes environments and produces a potential threat to human health. The internal plasticization strategy can effectively avoid the loss of plasticizer. The leaching tests of internally plasticized PVC films and PVC–DOP films were studied in n-hexane at 50 °C for 2 h. The results showed no migration in the leaching tests for internally plasticized PVC films, but 15.7% of the DOP leached from PVC–DOP films into n-hexane. These results indicate that the internal plasticization strategy was efficient for avoiding loss of plasticizers.




3.4. Mechanism of Internal Plasticization


Traditional plasticization mechanisms include lubricity theory, gel theory, free volume theory, kinetic theories and mathematical models. Internal plasticization mechanisms can also be illustrated based on these theories. Kilpatrick [35] and others [36,37] developed lubricity theory. This theory holds that plasticizer, which acts as a molecular lubricant, allows the polymer chains to move freely over one another when a force is applied to the plasticized polymer [34]. Figure 7 shows the structure of PVC and internally plasticized PVC materials under lubrication theory. PVC chains cannot move freely, because these PVC chains without branched chains are tangled up. These molecular characteristics of polymer chains make PVC present as stiff and difficult to process. For internally plasticized PVC materials, cardanol groups grafted onto PVC chains can serve as a kind of molecular lubricant; this structure helps them move freely, causing internally plasticized PVC chains to present as flexible and easy to process.


Figure 7. Structure of PVC and internally plasticized PVC materials under lubrication theory.
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Free volume theory can be used to explain internal plasticization by evaluating the three kinds of movement for chain-like macromolecules: end movement, subgroup movement and crankshaft movement [38]. As can be seen from Figure 8, there are two kinds of movement for PVC macromolecules, because there are no branched chains on the chemical structure of PVC. Meanwhile, there are three kinds of movement for internally plasticized PVC macromolecules, because cardanol groups were grafted onto PVC. The grafting of cardanol groups onto PVC increases the distance and free volume of PVC chains and makes them easier to move. The increase in distance and free volume promotes the end movement, subgroup movement and crankshaft movement of internally plasticized PVC chains, causing the materials to present as flexible and easy to process.


Figure 8. Three kinds of movement for chain-like macromolecules in free volume theory.
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4. Conclusions


Internally plasticized PVC materials were synthesized by the grafting of PEC. The obtained PVC-0.25PEC, PVC-0.50PEC and PVC-0.75PEC exhibited efficient internal plasticization effects. Because cardanol groups grafted onto PVC chains is able to serve as a kind of molecular lubricant, the structure caused internally plasticized PVC chains to move freely, further increasing the distance and free volume of PVC chains and making them much easier to move than PVC. This will cause PVC materials to possess potentially flexible qualities, making them easy to process. The obtained internally plasticized PVC materials exhibited poorer thermal stability and more char residue than PVC. The Tg of the internally plasticized PVC materials reached 42 °C. No migration was found in leaching tests for internally plasticized PVC films, but 15.7% of DOP leached from PVC–DOP films into n-hexane. Therefore, this work provides a meaningful strategy for designing advanced PVC materials by introducing cardanol groups as branched chains.








Supplementary Materials


The following are available online at http://www.mdpi.com/2073-4360/9/11/621/s1, Figure S1: FT-IR spectra of cardanol and PEC, Figure S2: 1H NMR of cardanol and PEC, Table S1: The composition of reactants.





Acknowledgments


This work was supported by the National Natural Science Foundation of China (Grant Nos. 31670578, 31670577 and 31700499), National Key Research and Development Program of China (2017YFD0601000) and the Fundamental Research Funds from Jiangsu Province Biomass and Materials Laboratory (JSBEM-S-2017010).




Author Contributions


Puyou Jia, Meng Zhang and Yonghong Zhou conceived and designed the experiments; Puyou Jia, Rui Wang, Lihong Hu and Chao Sun performed the experiments and analyzed the data; Puyou Jia wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Bocque, M.; Voirin, C.; Lapinte, V.; Caillol, S.; Robin, J.J. Petro-based and bio-based plasticizers: Chemical structures to plasticizing properties. J. Polym. Sci. Part B Polym. Chem. 2016, 54, 11–13. [Google Scholar] [CrossRef]

	2. 
Boisvert, A.; Jones, S.; Issop, L.; Erythropel, H.C.; Papadopoulos, V.; Culty, M. In vitro functional screening as a means to identify new plasticizers devoid of reproductive toxicity. Environ. Res. 2016, 150, 496–512. [Google Scholar] [CrossRef] [PubMed]

	3. 
Bui, T.T.; Giovanoulis, G.; Cousins, A.P.; Magnér, J.; Cousins, I.T.; Wit, C.C. Human exposure, hazard and risk of alternative plasticizers to phthalate esters. Sci. Total 2016, 541, 451–467. [Google Scholar] [CrossRef] [PubMed]

	4. 
Pérez-Albaladejo, E.; Fernandes, D.; Lacorte, S.; Porte, C. Comparative toxicity, oxidative stress and endocrine disruption potential of plasticizers in JEG-3 human placental cells. Toxicol. In Vitro 2017, 38, 41–48. [Google Scholar] [CrossRef] [PubMed]

	5. 
Chieng, B.W.; Ibrahim, N.A.; Then, Y.Y.; Loo, Y.Y. Epoxidized jatropha oil as a sustainable plasticizer to poly(lactic acid). Polymers 2017, 9, 204. [Google Scholar] [CrossRef]

	6. 
Greco, A.; Maffezzoli, A. Cardanol derivatives as innovative bio-plasticizers for poly-(lactic acid). Polym. Degrad. Stabil. 2016, 132, 213–219. [Google Scholar] [CrossRef]

	7. 
Jarray, A.; Gerbaud, V.; Hemati, M. Polymer-plasticizer compatibility during coating formulation: A multi-scale investigation. Prog. Org. Coat. 2016, 101, 195–206. [Google Scholar] [CrossRef]

	8. 
Jia, P.Y.; Zhang, M.; Hu, L.; Feng, G.; Bo, C.; Zhou, Y. Design and synthesis of a castor oil based plasticizer containing THEIC and diethyl phosphate groups for the preparation of flame-retardant PVC materials. RSC Adv. 2017, 7, 897–903. [Google Scholar] [CrossRef]

	9. 
Wang, X.; Zhou, S.; Guo, W.; Wang, P.; Xing, W.; Song, L.; Hu, Y. Renewable cardanol-based phosphate as a flame retardant toughening agent for epoxy resins. ACS Sustain. Chem. Eng. 2017, 5, 3409–3416. [Google Scholar] [CrossRef]

	10. 
Navarro, R.; Perrino, M.P.; Tardajos, M.G.; Reinecke, H. Phthalate Plasticizers Covalently Bound to PVC: Plasticization with suppressed migration. Macromolecules 2010, 43, 2377–2381. [Google Scholar] [CrossRef]

	11. 
Lee, K.W.; Chung, J.W.; Kwak, S. Structurally enhanced self-plasticization of poly(vinyl chloride) via click grafting of hyperbranched polyglycerol. Macromol. Rapid Commum. 2016, 37, 2045. [Google Scholar] [CrossRef] [PubMed]

	12. 
Navarro, R.; Perrino, M.P.; García, C.; Elvira, C.; Gallardo, A.; Reinecke, H. Highly flexible PVC materials without plasticizer migration as obtained by efficient one-pot procedure using trichlorotriazine chemistry. Macromolecules 2016, 49, 2224–2227. [Google Scholar] [CrossRef]

	13. 
Jia, P.Y.; Hu, L.; Feng, G.; Bo, C.; Zhang, M.; Zhou, Y. PVC materials without migration obtained by chemical modification of azide-functionalized PVC and triethyl citrate plasticizer. Mater. Chem. Phys. 2017, 190, 25–30. [Google Scholar] [CrossRef]

	14. 
Jia, P.Y.; Hu, L.; Zhang, M.; Feng, G.; Zhou, Y. Phosphorus containing castor oil based derivatives: Potential non-migratory flame retardant plasticizer. Eur. Polym. J. 2017, 87, 209–220. [Google Scholar] [CrossRef]

	15. 
Fouquet, T.; Fetzer, L.; Mertz, G.; Puchot, L.; Verge, P. Photoageing of cardanol: Characterization, circumvention by side chain methoxylation and application for photocrosslinkable polymers. RSC Adv. 2015, 5, 54899–54912. [Google Scholar] [CrossRef]

	16. 
Gour, R.S.; Kodgire, V.V.; Badiger, M.V.J. Toughening of epoxy novolac resin using cardanol based flexibilizers. Appl. Polym. Sci. 2016, 133, 43318. [Google Scholar] [CrossRef]

	17. 
Perdriau, S.; Harder, S.; Heeres, H.J.; de Vries, J.G. Selective conversion of polyenes to monoenes by RuCl3-catalyzed transfer hydrogenation: The case of cashew nutshell liquid. ChemSusChem 2012, 5, 2427–2434. [Google Scholar] [CrossRef] [PubMed]

	18. 
Yang, P.; Yang, J.; Sun, H.; Fan, H.; Chen, Y.; Wang, F.; Shi, B. Novel environmentally sustainable cardanol-based plasticizer covalently bound to PVC via click chemistry: Synthesis and properties. RSC Adv. 2015, 5, 16980–16985. [Google Scholar] [CrossRef]

	19. 
Jia, P.Y.; Hu, L.H.; Shang, Q.Q.; Wang, R.; Zhang, M.; Zhou, Y. Self-Plasticization of PVC materials via chemical modification of mannich base of cardanol butyl ether. ACS Sustain. Chem. Eng. 2017, 5, 6665–6673. [Google Scholar] [CrossRef]

	20. 
Zhang, M.; Zhang, J.; Chen, S.; Zhou, Y. Synthesis and fire properties of rigid polyurethane foams made from a polyol derived from melamine and cardanol. Polym. Degrad. Stabil. 2014, 110, 27–34. [Google Scholar] [CrossRef]

	21. 
Chen, J.; Liu, Z.; Jiang, J.; Nie, X.; Zhou, Y.; Murray, R.E. A novel biobased plasticizer of epoxidized cardanol glycidyl ether: Synthesis and application in soft poly(vinyl chloride)films. RSC Adv. 2015, 5, 56171–56180. [Google Scholar] [CrossRef]

	22. 
Yao, L.L.; Chen, C.; Xu, W.; Ye, Z.; Shen, Z.; Chen, M. Preparation of cardanol based epoxy plasticizer by click chemistry and its action on poly(vinyl chloride). J. Appl. Polym. Sci. 2017. [Google Scholar] [CrossRef]

	23. 
Lafarge, J.; Kebir, N.; Schapman, D.; Gadenne, V.; Burel, F. Design of bacteria repellent PVC surfaces using the click chemistry. Cellulose 2013, 20, 2779–2790. [Google Scholar] [CrossRef]

	24. 
Kiskan, B.; Demiray, G.; Yagci, Y. Thermally curable polyvinylchloride via click chemistry. J. Polym. Sci. Part A Polym. Chem. 2008, 46, 3512–3518. [Google Scholar] [CrossRef]

	25. 
Akat, H.; Ozkan, M. Synthesis and characterization of poly (vinylchloride) type macrophotoinitiator comprising side-chain thioxanthone via click chemistry. eXPRESS Polym. Lett. 2011, 5, 318–326. [Google Scholar] [CrossRef]

	26. 
Liu, Z.; Chen, J.; Knothe, G.; Nie, X.; Jiang, J. Synthesis of epoxidized cardanol and its antioxidative properties for vegetable oils and biodiesel. ACS Sustain. Chem. Eng. 2016, 4, 901–906. [Google Scholar] [CrossRef]

	27. 
Chen, J.; Nie, X.; Liu, Z.; Mi, Z.; Zhou, Y. Synthesis and application of polyepoxide cardanol glycidyl ether as biobased polyepoxide reactive diluent for epoxy resin. ACS Sustain. Chem. Eng. 2015, 3, 1164–1171. [Google Scholar] [CrossRef]

	28. 
Huang, K.; Zhang, Y.; Li, M.; Lian, J.; Yang, X.; Xia, J. Preparation of a light color cardanol-based curing agent and epoxy resin composite: Cure-induced phase separation and its effect on properties. Prog. Org. Coat. 2012, 74, 240–247. [Google Scholar] [CrossRef]

	29. 
Bowers, B.F.; Huang, B.; Shu, X.; Miller, B.C. Investigation of reclaimed asphalt pavement blending efficiency through GPC and FTIR. Constr. Build. Mater. 2014, 50, 517–523. [Google Scholar] [CrossRef]

	30. 
Geng, J.; Li, H.; Sheng, Y. Changing regularity of SBS in the aging process of polymer modified asphalt binder based on GPC analysis. Int. J. Pavement Res. Technol. 2014, 7, 77–82. [Google Scholar]

	31. 
Mauritz, K.A.; Storey, R.F.; Wilson, B.S. Efficiency of plasticization of PVC by higher-order di-alkyl phthalates and survey of mathematical models for prediction of polymer/diluent blend Tg’s. J. Vinyl Technol. 1990, 12, 165–1173. [Google Scholar] [CrossRef]

	32. 
Caiying, B.; Lihong, H.; Puyou, J.; Bingchuan, L.; Jing, Z.; Yonghong, Z. Structure and thermal properties of phosphoruscontaining polyol synthesized from cardanol. RSC Adv. 2015, 5, 106651–106660. [Google Scholar]

	33. 
Jie, C.; Xiaoying, L.; Yigang, W.; Ke, L.; Jinrui, W.; Jianchun, J.; Xiaoan, N. Synthesis and application of a novel environmental plasticizer based on cardanol for poly(vinyl chloride). J. Taiwan Inst. Chem. Eng. 2016, 65, 488–497. [Google Scholar]

	34. 
Xiaoying, L.; Xiaoan, N.; Jie, C.; Yigang, W.; Ke, L. Synthesis and Application of a Novel Epoxidized Plasticizer Based on Cardanol for Poly(vinyl chloride). J. Renew. Mater. 2017, 5, 154–164. [Google Scholar]

	35. 
Daniels, P.H. A brief overview of theories of PVC plasticization and methods used to evaluate PVC-plasticizer interaction. J. Vinyl Addit. Technol. 2009, 15, 219–223. [Google Scholar] [CrossRef]

	36. 
Cadogan, D.F.; Howick, C.J. Plasticizers in Kirk-Othmer Encyclopedia of Chemical Technology; John Wiley and Sons: New York, NY, USA, 1996. [Google Scholar]

	37. 
Clark, F.W. Plasticizer. Chem. Ind. 1941, 60, 225–230. [Google Scholar]

	38. 
Wancong, S.; Zhibo, S.; Pingping, J. Plasticizers and Their Applications, 2nd ed.; Chemical Industry Press: Beijing, China, 2004; pp. 536–538. [Google Scholar]



























© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  polymers-09-00621


  
    		
      polymers-09-00621
    


  




  





media/file8.jpg
Heat Flow Exo —=

PVC
—— PVC-0.25PEC
~———PVC-0.50PEC
PVC-0.75PEC

Temperature('C)

100





media/file11.png
Weight loss (%)

100

80

60

40

20

—=— PVC

= PVC-0.25PEC
vvvvvv = PVC-0.50PEC
..... = PV(C-0.75PEC

| | | | |
100 200 300 400 500 600

Temperature("C)





media/file6.jpg
MV

40

35

304

254

20

—PpPVe
PVC-0.25PEC

~— PVC-0.50PEC
PVC-0.75PEC

10 n
Minutes(min)

13





media/file1.png
W NaN; WH

Cl Cl C1 Cl CIN;Cl Cl =
PVC PVC-N;
OH o
R 7
I R, Click reaction
Cardanol Propargyl ether cardanol (PEC)

Internally plasticized PVC materials






media/file16.png





media/file13.png
Internally plasticized PVC materials





media/file10.jpg
Weight loss (%)

L e e BN
50 \
60 4 ¢ ‘-
a0
- PVC
w ] v PVC-02SPEC
= PVC-0.50PEC
= PVC-0.75PEC
0 T T T

T T
100 200

300 400

Temperature(°C)






media/file7.png
MV

1[——pvc
7 |- PVC-0.25PEC
.| |——PVC-0.50PEC
| ——PvC-0.75PEC
25 —
20
15 H
10 H
5 —
0
-3 ! | ! | ! | |
8 9 10 11 12

Minutes(min)





media/file12.jpg
pVC Internally plasticized PVC materials





media/file9.png
Heat Flow Exo —

59°C

— PVC

— PVC-0.25PEC
— PVC-0.50PEC
— PVC-0.75PEC

| ! | ! | ! | ' |
0 20 40 60 80

Temperature('C)

100





media/file14.jpg
Internally plasticized PVC materials

) End movement

") “Subgroup movement

\__~ :Crankshaft movement.





media/file5.png
a b
Cl Cl C1 Cl b
a

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5

a b

Cl N; Cl CI

2.5 2.0 1.5 1.0 0.5 0.0 -0.5

L L\l T 2 d - L} ” ! n L) L 1 J ! T 1 - ! | 1 Al T |

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 La 0.5 0.0 -0.5

Chemuical shitt (ppm)





media/file15.png
Internally plasticized PVC materials

‘End movement

) :Subgroup movement

\__~ :Crankshaft movement.





media/file3.png
Transmittance(%)

PVC | C-H stretch
2910 em™)
PVC-N,

X
N- stretch (2110em™1)

N
PVC-0.25PEC Iﬁfm LW

C=C stretch
5V C -0 S0PEC (1152- 1454cm™)
C-C
(1586¢cm™1)

PVC-0.75PEC

Ali

Ll l Ll I Ll I Ll I Ll I Ll I Ll
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber(cm'l)






media/file4.jpg
7s 7o &5 so 85 5o 45 (o 35 %o 25 Zo 1s 1o os do s

s

1%

7s 7o 6 &0 &5 8o s 4o 35 3o 25 zo 15 1o a5 oo s

Chemical shift (ppm)






media/file0.jpg
NaNy s A ASASw
1a N aa

PVC-Ny

i

el = @

Ry

Propargyl ether cardanol (PEC)

22120

Click reaction






media/file2.jpg
Transmittance(%)

VC Calskech ﬂm\/’\/ﬂq

(2910 em™)
l:VC-NJ \/"“ \M lfvv_AM

- stretch (2110em1) V

- 3 == iy n
PVC-0.25PEC vV \VW” w

C=C stretch
PVC-0.50PEC WY ~\ r)\ ( 152- 1454cm-‘)

ussscm ‘

veorseEc WY "(—\«

T T T T -
4000 3500 3000 2500 2000 1500 1000 500

‘Wavenumber(em™)





