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Polytrifluorochloroethylene (PCTFE) is one of the earliest synthesized and commercialized fluoroplastics. It shows ultralow dielectric constant and loss coupled with other excellent properties such as good water vapor permeation resistance, anti-corrosion, light transparency, creep resistance, and so forth, exhibiting great potential to break the bottleneck of the development of high-frequency communication field. Besides, PCTFE-based materials have already played an essential role in some high-tech fields, including chemical, medical, aerospace, and electrical industries. However, in terms of fundamental research, most of the reports concerning the chemical and physical structure of PCTFE came from the last century, but very few in recent years. Herein, the history of the development and the research progress of the structure, properties, and modification of PCTFE was introduced respectively and finally the perspective was proposed, aiming to provide guidance for the future research and application of PCTFE-based materials.
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INTRODUCTION
With the rapid development of high-frequency microwave communication technology, microwave systems are moving toward integration, multi-functionalization, high speed, and low dielectric loss (Wang et al., 2020a). Ultra-large-scale integrated circuits (ICs) with ultrahigh integration, lower power consumption, and higher performance raise more stringent requirements for high-frequency dielectric polymeric materials. Nevertheless, along with the high integration and miniaturization of ICs, mutual interference easily occurs between nearby interconnects, resulting in resistance–capacitance delay and an increase in crosstalk (Zhao and Liu, 2010; Zhang et al., 2021). Therefore, novel polymer materials with controlled dielectric constant and low loss have attracted more and more attention all over the world.
Benefiting from the highly symmetric and closely packed molecular chains, polytetrafluoroethylene (PTFE) possesses ultralow dielectric constant and dielectric loss (Wang et al., 2020b). Therefore, PTFE is widely used as the substrate of multilayered circuit board and adhesive sheet material. Unfortunately, the intrinsic insolubility and infusibility make PTFE unable to be processed with conventional technologies used for thermoplastics (Dhanumalayan and Joshi, 2018; Tomkovic and Hatzikiriakos, 2020). Besides, the creep resistance and dimensional stability are inferior due to the weak interaction between PTFE molecular chains (Dhanumalayan and Joshi, 2018). Hence, PTFE cannot meet the full demand of electronic communication field, which requires high stability and accuracy of signal transmission. Noticeably, replacement of just a single fluorine atom of PTFE with chlorine destroys the symmetry of molecular structure to reduce crystallinity and lower the melting point; hence, polytrifluorochloroethylene (PCTFE) shows satisfying thermoplasticity to be melt processed into products with desired shapes (Teng, 2012; McKeen, 2015). Compared with PTFE, PCTFE not only gains improved creep resistance property, but also shows some additional merits, exemplified by superior vapor-barrier performance and transparency (Boschet and Ameduri, 2014; McKeen, 2015), as illustrated in Table 1 (Boschet and Ameduri, 2014).
TABLE 1 | Properties of PCTFE and PTFE (McKeen, 2015)
[image: Table 1]PCTFE is one of the earliest developed and commercialized fluoropolymers (Teng, 2012). The primary applications and the timeline of the development of PCTFE are shown in Figure 1. PCTFE was first polymerized in 1934 (Carnevale et al., 2009) and the first patent corresponding with its synthesis was issued by I. G. Farbenindustrie company in 1937. Whereafter, PCTFE was further investigated by the scientists involved in the Manhattan Project for the purpose of uranium isotope separation (Boschet and Ameduri, 2014). In 1942, the USA announced the successful development of PCTFE and put PCTFE into production soon after World War II. In 1957, 3M Company commercialized PCTFE under the Kel-F trademark. In quick succession, other commercially available PCTFE products from Russia, France, Germany, Japan, and China were developed. Currently, the major productivity of PCTFE is contributed by Daikin, Honeywell, and 3M Company, and it has been widely used in the field of corrosion-resistant pipelines, integrated circuit, and pharmaceutical packaging (Song et al., 2013). For example, Honeywell’s blister used for medical packing is a kind of multilayer material integrated with PCTFE, aluminum foil, and another polymer material (John and Sandra, 2005). Nevertheless, in terms of basic research, most of the reports on the analysis of the chemical and physical structure of PCTFE came from the last century, with few reports in recent years. Therefore, in this mini-review, an overview of the research progress on the structure, properties, and modification of PCTFE was presented to provide guidance for its future development and application.
[image: Figure 1]FIGURE 1 | (A) Properties and applications of PCTFE. (B) Timeline of the development of PCTFE.
STRUCTURE AND PROPERTIES OF PCTFE
Structure
PCTFE is synthesized via radical polymerization of CTFE carrying out either in bulk, suspension (Lazár, 1958), or emulsion (Giannetti, 2001). As shown in Figure 2, the backbone of PCTFE molecule is tightly wrapped by fluorine and chlorine atoms, preventing the carbon skeleton from being exposed. PCTFE is a semicrystalline polymer with variable crystallinity ranging from 40 to 80%. The crystal structure studied by Mencik via X-ray revealed the pseudo-hexagonal lattice (lattice parameter a = b = 0.644 nm, c = 4.15 nm, α = β = 90° and γ = 120°) in PCTFE (Mencik, 1973). The main crystal planes are (101) and (102), demonstrating that PCTFE has isotactic sequences. However, the distance of the adjacent F and Cl atoms within PCTFE molecular chain is 2.75 Å, which is 80% of the one in isotactic sequences. Accordingly, PCTFE also contains syndiotactic sequences. Price et al. investigated the crystallization rate and crystal morphology of PCTFE when crystallizing at 150–190°C (Price, 1952). They found that the crystallization of PCTFE at 175–190°C was predominated by heterogeneous nucleation, while the crystallization process at 150–175°C was dominated by the combination of homogeneous and heterogeneous nucleation. Meanwhile, the influence of molecular weight on the crystallization rate was mentioned as well. According to the investigation of crystallization kinetics, the crystal growth of PCTFE is like that of polyethylene spherulites, which consist of folded-chain crystallites (Hoffman and Weeks, 1962). Furthermore, Hoffman et al. (1966) studied the process and mechanism of PCTFE segmental relaxation under different temperature conditions. By calculating the relaxation time and energy barrier required to reach the equilibrium state of the arrangement of chain segments, and comparing the real relaxation time and activation energy, they proposed that there were at least three kinds of α relaxation in the crystalline phases of PCTFE, i.e., 1) coupling flips of chains within crystals, 2) axis rotation of short molecular chains, and 3) small rotations of chains within crystals and tiny motions of folds on the rough surface of folded-chain crystals. By means of 19F solid-state NMR spectroscopy, Tatsuno et al. (2007) found that drastic molecular motions occurred within crystalline domains above 120°C, which was far below the melt temperature of PCTFE. They concluded that PCTFE crystallites are more mobile than those of other semicrystalline fluorinated polymers, such as polyvinylidene fluoride, suggesting the presence of structural imperfections in the PCTFE.
[image: Figure 2]FIGURE 2 | Molecular structure of PCTFE.
Physical Properties
The high content of fluorine and chlorine endows PCTFE with outstanding chemical corrosion resistance and chemical inertness. PCTFE is only corroded by molten alkali metal or chlorosulfonic acid at high temperature. Besides, due to the strong electronegativity of fluorine element and low polarizability of C–F bonds, PCTFE exhibits extremely low dielectric constant and loss. Moreover, in comparison of PTFE, PCTFE is less symmetric because of the existence of chlorine atoms; hence, the transparency, processability, and creep-resistance properties of PCTFE are much better than those of PTFE (Ma and Li, 2005).
Thermal Properties
PCTFE, with a glass transition temperature of 71–99°C (Khanna and Kumar, 1991) and a melting point of 211–216°C, is thermally stable up to 250°C (Boschet and Ameduri, 2014). When the temperature exceeds 310°C, PCTFE starts to decompose into –C(O)–F at the existence of O2, while the decomposition products include –CF=CF2, CF2=CFCl, and CF2=CCl2 in a nitrogen atmosphere (Zulfiqar et al., 1996). Zulfiqar et al. (1994) studied the pyrolysis of PCTFE and found that PCTFE decomposed into CTFE monomer, which was derived by the end-chain radicals originated from a C–C bond cleavage. At the same time, intramolecular chlorine atom transfer occurred, that is, the end-chain radicals grabbed the chlorine atoms from other sequences, resulting in chain fracture, degradation, and transfer reaction. In addition, as a cryogenic polymer, PCTFE shows superior low-temperature toughness and residence to creep in liquid nitrogen, liquid oxygen, and liquefied natural gas (Ma and Li, 2005). Therefore, it is widely used as a liner of liquid natural gas, liquid oxygen, and liquid nitrogen transportation pipeline, liquid fuel seals, and cryogenic valves.
Mechanical Properties
Replacing a fluorine atom in PTFE by a chlorine atom improves the mechanical properties, involving tensile strength, compression strength, and residence to creep (Teng, 2012). The mechanical properties of PCTFE can be tailored by controlling its crystallinity and molecular weight. For example, PCTFE with high degree of crystallinity is brittle, accompanied by deteriorative impact strength and elongation at break, while the one at lower crystallinity shows better toughness. Brown et al. (2006) investigated the tensile and compression response of PCTFE at various temperatures and strain rate conditions, and they found that the tensile and compression recovery had obvious asymmetry, and the strain–stress response of PCTFE was strongly dependent on temperature and strain rate (shown in Figure 3). When the temperature was above Tg, the mechanical toughness of PCTFE was significantly improved. Zhang and Zhou (2017) found that the hardness and elastic recovery ratio of PCTFE samples were increased with the decrease of temperature, but the compression ratio turned to be decreased. More significantly, the samples were demonstrated to be capable of maintaining good sealing performances at low temperature.
[image: Figure 3]FIGURE 3 | The effect of strain rate on the (A) compressive response and (B) tensile response of PCTFE at 23°C, and the effect of temperature on the (C) compressive response and (D) tensile response of PCTFE at 10–3 s−1 (Brown et al., 2006).
Dielectric Properties
Another highly desirable characteristic of PCTFE is the ultralow dielectric constant and loss in broadband, which were almost unaffected by temperature or humidity, making PCTFE an excellent choice for the material used for high-frequency communication. The dielectric properties of low molecular weight PCTFE were studied by Hara and his cooperators (Hara, 1967). They proposed that the crystalline regions contributed to the polarization, which arises from two dielectric polarizable modes in the crystalline phase: the main chain dipoles and the end group dipoles. Scott et al. (1962) studied the dielectric relaxation effects of PCTFE in a low-frequency range. They found that the highly crystalline PCTFE exhibited three distinct loss peaks at about −40, 95, and 150°C, corresponding to the loss of the lamellar surface, the chain segment motions in the amorphous phase, and the recombination of imperfections inside the crystalline region, respectively. Song et al. (2018) found that there was a great influence of crystalline structure on the dielectric properties of PCTFE. The PCTFE sample with lower crystallinity and crystal size possessed lower dielectric constant and loss, fulfilling the stringent requirement of high-frequency communication, as demonstrated in Figure 4.
[image: Figure 4]FIGURE 4 | (A–C) POM images, (D) dielectric constant, and (E) dielectric loss of PCTFE with different heat history (Song et al., 2018). Note: quench-1 h, 175°C-1 h, and 185°C-1 h mean being quenched at 0°C, and annealed at 175 and 185°C for 1 h, respectively.
Separation/Barrier Properties
Yavari et al. (2018) discovered that the unexpectedly superior He/gas separation properties of PCTFE was derived from the combination of F and Cl atoms. On the one hand, the F substituents lead to unexpectedly high He solubility and exhibit unfavorable interactions with H2 and CH4. On the other hand, Cl substituents increase solubility parameter and size-sieving ability, yielding high He/gas diffusivity selectivity. Figure 5 demonstrates the excellent performance of PCTFE for the separation of He/H2, He/CO2, and He/CH4 in Robeson’s plots. Hence, we can easily separate He from the mixture of H2 and CH4 with the aid of PCTFE. More noticeably, as the best vapor-barrier polymer, PCTFE exhibits ultralow water vapor transmission rate of 0.171 kg/(m2·h) (Xu et al., 2020). In addition, thanks to the high content of F element, PCTFE is intrinsically inert to acids, bases, and oxides. As an ideal choice for transparent packaging material, PCTFE has low absorption of infrared and ultraviolet light, as well as a high light transmittance (∼90%).
[image: Figure 5]FIGURE 5 | Comparison of PCTFE with perfluoropolymers (PFPs) and other polymers for (A) He/H2, (B) He/CO2, and (C) He/CH4 separation at 35°C in Robeson’s plots (Yavari et al., 2018).
MODIFICATIONS OF PCTFE
It must be noted, however, that in spite of the many interesting high-tech applications for PCTFE such as cryogenic components, valves, seals, gaskets, gas barrier films, and energy-related applications, PCTFE also exhibits some disadvantages (Boschet and Ameduri, 2014). First, PCTFE is only soluble in a few hypertoxic organic solvents at high temperature (above 100°C); hence, it cannot be processed through solvent method. Besides, PCTFE has a high melting temperature (Tm) and melt viscosity, coupled with a nearby similar decomposition temperature with Tm, making the melt processing of PCTFE rather difficult and costly. Moreover, high crystallization rate accompanied with high degree of crystallinity results in inferior toughness of PCTFE, restricting its further development. Noticeably, the modification of polymers is a common method to optimize their performances and broaden their application fields. Up to now, the modification of PCTFE mainly focuses on three aspects: copolymerization, blending, and surface modification.
Copolymerization Modification
CTFE can be copolymerized with other monomers to get the copolymers with better performances than PCTFE. Many co-monomers have been involved in the copolymerization with CTFE, and the copolymerization process can be divided into two categories: conventional radical copolymerization and controlled radical copolymerization (Boschet and Ameduri, 2014). Until now, the most investigated copolymers of CTFE include poly (CTFE-co-ethylene) (ECTFE) (Reimschuesel et al., 1988), poly (CTFE-co-vinylidene fluoride) (Ameduri, 2009) (P (VDF-co-CTFE), poly (CTFE-co-propylene) (Ishigure et al., 1973), poly (CTFE-co-isobutylene) (Ishigure et al., 1970; Tabata et al., 1970), poly (CTFE-co-acrylates) (Thomas and O'Shaughnessy, 1953), or poly (CTFE-alt-vinyl ether) (Reddy et al., 2011; Koti Reddy et al., 2012).
ECTFE was first synthesized by DuPont Company in 1946, but was commercialized first by Honeywell in 1974. It was reported that the commercialized ECTFE contained a 1:1 M ratio of CTFE and ethylene (Vecellio, 2000). Industrially, ECTFE is produced by aqueous free radical suspension polymerization. Meanwhile, to regulate melting point and ensure improved comprehensive properties of ECTFE, a small amount of the third monomer such as hexafluoroisobutylene or perfluorohexyl ethylene is added (Reimschuesel et al., 1988). Benefiting from the highly alternating structure, ECTFE exhibits similarly good thermal stability, weatherability, and chemical resistance as well as improved processability compared with PCTFE (Wang et al., 2007). Besides, ECTFE has higher resistance to the permeation of the chlorine and the lower coefficient of thermal expansion than other fluoropolymers; the corresponding values can be seen in Figure 6 (Vecellio, 2000). In the aspect of electrical properties, ECTFE has a low dielectric constant, ranging from 2.5 to 2.6, making ECTFE an ideal material used for communication equipment. At present, ECTFE is available in various types of plates, fibers, sheets, and coatings by means of conventional processing methods, including extrusion, injection, and rotational molding. The products of ECTFE have been widely used in the fields of photovoltaic cells and the transportation of industrial chemicals. On the other side, Ramaswamy et al. (2002) successfully prepared microporous ECTFE membranes via thermally induced phase separation (TIPS) method when dibutyl phthalate was chosen as a diluent. The microstructure of the prepared membrane can be seen in Figure 7. It was reported that the membranes with a pore size of 0.1–0.5 μm reached the requirement of microfiltration. Similarly, Xu et al. (2019) adopted acetyl tributyl citrate as diluent to prepare microporous ECTFE membrane via TIPS. The flux of water permeation with 22.4 L/(m2.h) and the ratio of salt rejection with 99.9% were achieved, making the prepared membrane a desirable candidate used as the vacuum membrane distillation. Besides, some other diluents such as glycerol triacetate (Karkhanechi et al., 2016), di-ethyl adipate (Ursino et al., 2016), and N-methyl pyrrolidone (Simone et al., 2012) are also popular in producing microporous membranes.
[image: Figure 6]FIGURE 6 | (A) Permeability of ECTFE in comparison with other polymers, (B) linear thermal expansion of ECTFE (Vecellio, 2000).
[image: Figure 7]FIGURE 7 | Representative SEM images of quenched surface (A) and cross-section views [(B): low magnification and (C): high magnification] of an ECTFE membrane cast from a 16.5 wt.% ECTFE solution onto a 150°C casting block containing a thin film of DPB (Ramaswamy et al., 2002).
Copolymers based on the random copolymerization of CTFE and vinylidene fluoride (VDF) (P(CTFE-co-VDF)) with the chemical structure of [(CF2CFCl)x (CH2CF2)y]n were first synthesized in 1955 (the simplified preparation process can be seen in Figure 8) and commercialized by the Kellogg Company (Ameduri, 2009). Noticeably, the amount of VDF is crucial in determining the performances of P(CTFE-co-VDF) copolymers. For example, P(CTFE-co-VDF) copolymers that contain only a small amount of VDF are semicrystalline, thereby remaining thermoplastic. To be specific, the introduction of VDF destroys the regularity of polymer chains to endow P(CTFE-co-VDF) with lower degree of crystallinity and melting point than PCTFE. On the other hand, those containing 30–75 mol% VDF display an amorphous state and exhibit the characteristic of elastomers. These copolymers have excellent thermal stability, anti-oil, chemical resistance, and radiation resistance performances, and can be cross-linked by cross-linking agents such as diamine, diphenol, or peroxide. Usually, we can classify the P(CTFE-co-VDF) copolymers according to their composition. For example, F2311, F2313, and F2314 are the random copolymers with the molar ratios of 1:1, 1:3, and 1:4 of VDF and CTFE, respectively (Shu et al., 1986; Gee et al., 2001). Among these, F2311, which can be prepared by vulcanizing, is a translucent elastomer with good weatherability. F2313 is slowly crystallized and has a crystallinity ranging from 10 to 20%. In addition, the initial decomposition temperature of F2313 exceeds 300°C, showing good thermal stability. F2314 is a crystalline random copolymer with outstanding cryogenic properties and excellent electrical insulation and bonding properties.
[image: Figure 8]FIGURE 8 | Preparation of P(CTFE-co-VDF) copolymers by radical copolymerization of VDF and CTFE (Ameduri, 2009).
PEVE fluorocarbon resins are alternating copolymers of CTFE and vinyl ethers (ethyl-vinyl ether, cyclohexyl vinyl ether, and hydroxybutyl vinyl ether) with a molar ratio of 1:1 (Boutevin et al., 1992). The corresponding synthesis mechanism and molecular structure can be exemplified by the synthesis and molecular simulation of the copolymers of CTFE and ethyl-vinyl ethers, as illustrated in Figure 9 (Carnevale et al., 2009). In comparison with those in PCTFE, the CTFE units provide FEVE with weatherability, while vinyl ether units lower the crystallization and endow the copolymers with good solubility, glossiness, and flexibility (Sun et al., 2019). It is worth noting that PEVE can be dissolved in either aromatics, esters, or ketones. Hence, one of the most relevant applications, by far, of FEVE copolymers is in paints and coatings. In contrast to PTFE and PVDF, FEVE paints can be cured to protection film at room temperature by adding curing agents, without experiencing high-temperature process. Therefore, FEVE copolymers are widely applied in the fields of engineering, building, new energy, and so on. Recently, to eliminate the negative effects of toxic organic solvent on environment, water-based FEVE fluorocarbon resins become the hotspots. As disclosed in the patent published by Kawakami et al. (1996), the preparation of water-based PEVE emulsion can be achieved by the introduction of hydrophilic vinyl ethers during the synthesis of PEVE.
[image: Figure 9]FIGURE 9 | (A) Simplified synthesis mechanism and (B) molecular structure of the copolymers of CTFE and ethyl-vinyl ethers (Carnevale et al., 2009).
Blending Modification
Blending modification is a convenient and efficient method to improve the macroscopic properties of polymers via physical compounding. For example, Feng et al. (2014) improved the poor stability of PCTFE during processing by adding rare earth stabilizer. They found that the dynamic thermal stability of PCTFE was significantly improved with the increase of stabilizer amount. When the 6 phr stabilizer was added, the synchronous improvement of mechanical toughness and processability was achieved. According to the patent published by Wu et al. (2015), the addition of nucleating agents offered another method to modify the mechanical and processing performances of PCTFE. Besides, Shen et al. (2021a), Feng et al. (2015), and Li et al. (2015) toughened PCTFE by melt blending it with core-shell acrylate copolymer (ACR) or CTFE copolymers, the mechanism of which was ascribed to the decreased crystal size and the crystallinity due to the strengthened interfacial compatibility. Recently, Shen and his colleagues from Sichuan University proposed a strategy of molecular relaxation by compounding PCTFE with different molecular weight and functional groups via melt blending (Shen et al., 2021b). Benefiting from the broad relaxation distribution and perfect molecular compatibility, the as-prepared PCTFE material achieved good mechanical toughness, high light transmittance, low dielectric loss, and water vapor permeability.
Excepting the toughening of PCTFE, the reinforcing modification of PCTFE was investigated as well. Wei and Shi (1995) added carbon fibers (CFs) into PCTFE and studied the impacts of the CF content and length on the mechanical performances of the composites. It was displayed that the tensile and bending strength rose up first and then turned to decline with increasing CF content. In addition, the CF with a length less than 5 mm exhibited better reinforcing effect. Wen et al. (2018) prepared CF reinforced PCTFE composites by applying extrusion-compression method. It is found that PCTFE melt was less decomposed when using a short screw extruder coupled with low extruding rate, leading to obviously improved compressive strength and compressive modulus.
In addition, Mabry et al. (2007) introduced a kind of fluorinated polyhedral oligomeric silsesquioxane (POSS) into PCTFE and demonstrated that this filler endows the composite material with excellent hydrophobicity. The water contact angle was even larger than that of neat PCTFE. The integration of POSS also lowered the equilibrium torque during extruding. More significantly, the improvement of processability did not sacrifice the thermal stability and mechanical properties of PCTFE.
Surface Modification
In some specific application fields, PCTFE would be compounded with other materials to make good for its deficiency and improve comprehensive performances. To this end, enough adhesiveness of PCTFE to other materials is required. However, because of low surface energy, PCTFE material commonly needs surface modification to reduce its interface tension with the attached materials. In comparison with other fluoroplastics, PCTFE owns unique reactive activity due to the existence of chlorine atoms. Hence, reactive functional groups can be introduced to PCTFE through nucleophilic substitution and elimination reaction. As reported by Dias et al., carboxylic acid, aldehyde, and alcohol functionalities were independently introduced on the surface of PCTFE via a particular modification process, where lithium reagents containing protected functional groups reacted with polymer film surfaces through a series of selective reduction, addition, and elimination reactions, as illustrated in Figure 10 (Dias and McCarthy, 1987). Siergiej and Danielson (1983) obtained phenyl-modified PCTFE by controlling the reaction between PCTFE and phenyllithium in helium atmosphere. The results of IR and EDS confirmed that the chlorine atoms in PCTFE are substituted by phenyl groups. Moreover, Okubo et al. (2008) conducted a surface modification by utilizing nonthermal plasma grafting polymerization technology at atmospheric pressure. The results showed that the water contact angle of the modified film was decreased from 91 to 42°. In the T-type peel test, the peel strength between the modified PCTFE film and aluminum foil reached up to 13.3 N·mm.
[image: Figure 10]FIGURE 10 | The reactions used to introduce (A) hydroxyl, (B) formyl, and (C) carboxylic groups onto the surface of PCTFE (Mabry et al., 2007).
HEALTH, SAFETY, AND RECYCLING
In contrast to the toxic CTFE, PCTFE has low toxicity and almost no toxicological activity under normal conditions. It is physiologically inert and has been approved by the Food & Drug Administration for use in contact with food or for human implants (Boschet and Ameduri, 2014). PCTFE is a partially fluorinated thermoplastic. The preferred methods for disposing PCTFE-based materials are recycling and reusing them (Drobny, 2020). Generally, the clean, unfilled, and unpigmented scrap materials from the manufacturing and processing of PCTFE can be recycled back into raw material to be reused in applications where the quality requirements are much lower (Ameduri and Sawada, 2016). However, only small portions of PCTFE waste can be recycled in this way. Noticeably, the pyrolysis of PCTFE is accompanied by the generation of some toxic compounds. Consequently, incineration can be used only when the incinerator is equipped by a scrubber for removing hydrogen fluoride, hydrogen chloride, or other acidic products of combustion. If there is no valid recycling or incineration, landfilling of PCTFE waste is justified because it is environmentally stable and contains no harmful substances.
APPLICATIONS AND PERSPECTIVES
PCTFE are widely used in the manufacture of engineering plates, bars, pipes, corrosion-resistant pumps, and valves. It can also be processed as suspensions for the purpose of corrosion protection, electrical insulation, and achieving film products. It needs to be admitted that PCTFE tended to be replaced by other fluoropolymers in the field of anti-corrosion due to the influence of its price and processing issues. Therefore, the current commercialized products primarily dropped in the field of high-end films, accounting for about 75% of the market share. Up to now, the commercialized PCTFE films possess various trade names, including Neoflon (Daikin, Japan), Aclon (Honeywell, USA), and Aclar, which are mainly used in packaging, bonding, sealing, and other areas (Gardiner, 2015). Nevertheless, PCTFE has some unavoidable limitations. First, it is insoluble in most common organic solvents unless heated above 100°C, restraining the solution processing of PCTFE. In addition, the borderline thermal stability of the PCTFE melt cannot tolerate sufficiently high processing temperatures. Degradation of PCTFE produces corrosive byproducts such as HF. Consequently, the surfaces in contact with the melted polymer should be made of corrosion-resistant alloys (Ebnesajjad and Fluoroplastics, 2015). Third, the extremely rapid crystallization and relaxation process of PCTFE brings great challenges for controllable adjustment of the molecular structure of PCTFE. In other words, in contrast to traditional polyolefins, the melting processing of PCTFE has stringent requirements to the processing machines. Based on these, exploring new processing techniques for PCTFE is promising. Besides, it is noticed that the co-monomer may bring complementary properties, leading to variable versatile CTFE-based copolymers. Therefore, a growing interest to apply CTFE-based materials to energy applications such as in piezoelectric and electrostrictive devices, fuel cell membranes, and photovoltaic has emerged. Although probably many other novel challenges exist, it can be expected that such areas will be further explored and should greatly attract the interest of industrial and academic researchers.
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