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VINYL CHLORIDE POLYMERS Introduction Poly(vinyl chloride) (PVC), a polymer prepared from vinyl chloride monomer (VCM),



where n = 700–1500, holds a unique position among the polymers produced today. It is relatively inexpensive and is used in such a wide range of applications that its versatility is almost unlimited. However, if it were discovered today it would probably be shelved as a somewhat intractable and thermally unstable material. How can this apparent contradiction be explained? The uniqueness of PVC can be considered under three headings: morphology, versatility, and molecular structure. Morphology. As made, PVC is particulate in nature and comes in two main sizes depending on the process used. Suspension and mass polymerizations give grains (particles) of 100–180 µm in diameter, whereas the emulsion process affords a latex of particle size 0.1–3.0 µm. The latter is dried to yield friable grain-like structures of 5–50 µm. Because of this unique particulate structure the most frequently used word in the vocabulary of the PVC technologist is morphology. In no other polymer is it as important as it is in PVC. In its polymerization, a growing PVC chain becomes insoluble in VCM above a chain length of about 10 units (1) and so PVC is essentially insoluble in its monomer and the process is thus classiﬁed as a precipitation suspension Encyclopedia of Polymer Science and Technology. Copyright John Wiley & Sons, Inc. All rights reserved.
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polymerization. However, PVC is heavily swollen and partly solvated by the monomer to the extent of 27 wt% (2) and this has a major inﬂuence on the polymerization itself as well as the ﬁnal properties and end uses of PVC. Hence, the way the PVC separates from the monomer, its future growth mechanism, and the swelling of the polymer by the monomer are critically important in its formation, handling, and subsequent processing. Versatility. Poly(vinyl chloride) is a generic name. Each producer makes a range of PVC polymers which vary in morphology and in molecular mass, depending on the intended end use. In industry, the K-value and viscosity number are used to represent molecular mass, and producers often reﬂect these parameters in the grade codes used to deﬁne different products (eg, S68/173 refers to a suspension type material with a K-value of 68, and VY110/57 to a resin with a viscosity number of 110). The calculation of the K-value is given in Reference 3 and the relationship between these parameters and molecular mass in Reference 4. PVC with K = 66–68 can be processed in rigid formulations to give pipes, conduit, sheet, and window proﬁles; K = 65–71 in ﬂexible formulations for ﬂexible sheet, ﬂooring, wallpapers, cable coverings, hoses, tubing, and medical products; and PVC with low K-values (55–60) in formulations for injection molding of pipe and conduit ﬁttings, integral electrical plugs, and blow molding of bottles and other containers. In contrast, poly(methyl methacrylate) of even very high molecular mass is still soluble in its monomer and produces only glass-like solid beads at the end of polymerization which have no internal morphology and as such are limited to a narrow range of end uses (eg, moldings for optical applications such as covers for car lights and illuminated signs). Molecular Structure. Among the range of polymeric materials produced, PVC is unique because the bulky chlorine atom imparts a strongly polar nature to the PVC polymer chain, and the essentially syndiotactic conformation of the repeat unit in the chain leads to a limited level of crystallinity (5). This results in good mechanical properties, particularly stiffness at low wall thickness, high melt viscosity at relatively low molecular mass, and the ability to maintain good mechanical properties even when highly plasticized. This enables a wide range of softness and ﬂexibility to be achieved and hence leads to an even wider variety of end uses.



Physical and Chemical Properties Vinyl Chloride Monomer (VCM). Vinyl chloride monomer (VCM), bp −13.4◦ C, is a gas at room temperature and pressure. Therefore, it is handled as a compressed volatile liquid in all polymerization operations. Its vapor pressure over the typical polymerization temperature range of 50–70◦ C is 800–1250 kPa. As a result, PVC polymerization reactors are thick-walled jacketed steel vessels with a pressure rating of 1725 kPa. VCM is slightly soluble in water (0.11 wt% at 20◦ C). This has some inﬂuence on the suspension polymerization process and is critically important to the success of the emulsion polymerization process. The
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Table 1. Typical Properties of Rigid PVC (UPVC) Property



Test ◦



a



Value



Tensile strength at 23 C, MPa Tensile modulus (1% strain, 100 s), GPab Tensile modulus (1% strain, 3 years), GPab Izod impact, J/mc



BS 2782:301G ISO R527 BS 4618 ISO R899



55 2.7–3.0



ISO R899



1.7



BS 2782:306A ISO R180



Speciﬁc gravity Coefﬁcient of linear thermal expansion, K − 1 Coefﬁcient of thermal conductivity, W/mK Flammability (oxygen index)



ISO R1183 BS 4618:3.1



107 (unmodiﬁed) 534 (modiﬁed) 1.38–1.45 6 × 10 − 5 0.14



ASTM D2863 (Fenimore Martin)



Weathering resistance Resistance to concentrated mineral acids (at 20◦ C) Maximum continuous operating temperature



45 Very good (especially white) Excellent



Field experience



60◦ C



a To



convert MPa to psi, multiply by 145. convert GPa to psi, multiply by 145,000. c To convert J/m to ft·lb/in., divide by 53.38. b To



polymerization of VCM is strongly exothermic, and its speciﬁc heat and heat of evaporation of 1.352 kJ/(kg · K) and 20.6 kJ/mol, respectively, allow the removal of the heat of reaction by the use of a condenser as well as by the more conventional jacketed vessel systems. Its explosive limits in air are 4–22 vol% and plant design, particularly when handling unreacted VCM in the recovery system, must be designed and operated accordingly. Poly(Vinyl Chloride) (PVC). Poly(vinyl chloride) is never used alone. It is always mixed with heat stabilizers, lubricants, plasticizers, ﬁllers, and other additives to make processing possible, all of which can inﬂuence its physical and mechanical properties. Table 1 lists properties of rigid (unplasticized) PVC with a total additives content of 250 µm) can give rise to ﬁsheyes (dispersion faults), and make VCM removal difﬁcult as well as result in loss of yield due to screen rejects, while ﬁnes (100 × 103 t/a. These are 10 plants with capacities between 50 and 100 × 103 t/a and 51 plants with capacity of less than 50 × 103 t/a. Between 1996 and 2000 output of PVC increased on average by 12% per annum, consumption by 15%, and imports by 20% per annum. The consumption of PVC resion in Japan and China in 1997 and 200 as well as the per given in Table 15. World PVC production was 23.3 × 106 t/a in 2000, and growth ranged from −3% (Japan) to +8% (China). Overall long-term growth worldwide is estimated at ca 4%. Table 16 summarizes the world supply/demand balance.



Table 16. World Supply/Demand Balance for PVC in 1999 (in 103 t/a) Capacity Operating rate, % Production Imports Exports Consumption N. America S. America W. Europe Japan Korea Taiwan Other Asia E. Europe Africa Middle East Others



7480 1930 6100 2810 1150 1760 4620 2290 360 910 3820



91 81 89 87 100 79 74 54 85 88 67



6800 1560 5410 2450 1150 1390 3430 1240 310 810 2550



110 470 610 10 30 160 1950 250 210 510 1050



370 460 390 780 380 360 450 760 10 340 1120



6540 1570 5630 1680 820 1190 4930 730 510 980 2480
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Toxicology and Occupational Health Vinyl Chloride Monomer (VCM). Since vinyl chloride boils at −13◦ C it is handled as a compressed liquid. It has a vapor density greater than air and so precautions are taken in design not to contain the vapor in restricted areas. Protection of reactors by relief valves or bursting disks and double-valve isolation of all lines containing VCM are basic precautions taken in the design and construction of any PVC plant vessel which contains monomer. The gas is explosive between 3.6 and 25 vol% with air and 12 vol% oxygen is required for ignition (64). Therefore, a special series of working conditions must be satisﬁed in the working environment and great care is always taken to purge lines, pumps, valves, etc before any maintenance work is started. Thorough documentation (eg, clearance to work certiﬁcates) are always used to ensure that proper isolation of plant equipment is carried out before any entry. The whole plant is contained within a “red-fence” area where smoking is not permitted and where all electrical equipment is of a gas-tight and “ﬂame-free” construction. VCM has a narcotic effect at 8–12 vol% concentration and can cause death at higher concentrations (64). For this reason early VCM and PVC plants were designed to avoid buildup of gas above 1000 ppm in the atmosphere. VCM has a pleasant ethereal smell which is ﬁrst noticed at concentrations of 500– 2000 ppm. Exposure to VCM has been shown to lead to two distinct problems. In the mid-1960s it became clear that a number of workers involved in reactor cleaning suffered from a bone condition called acroosteolysis (AOL), which affects mainly the hands and feet. Removal of the worker from exposure to VCM leads to an almost complete recovery. Since improvements to ventilating reactors and the introduction of high pressure water cleaning the incidence of AOL has ceased (65). A study of long-term exposure of rats to 30,000 ppm VCM did not reproduce any sign of AOL but they did develop cancers in various sites (66). Subsequently, an extensive study with a wide range of dose conditions relating to occupational exposure was begun in 1971 at the Institute of Oncology in Bologna (67). This showed that a very rare liver cancer, angiosarcoma, could be formed in rats at levels of 250–500 ppm VCM. The ﬁrst correlation between exposure to VCM and cancer in humans was made in 1973 when three workers at a plant in Louisville, Kentucky, were shown to have died from angiosarcoma (68). Since then other cases have been identiﬁed, all of which involved workers exposed to high concentrations of VCM as reactor cleaners or charging operators. As the period between ﬁrst exposure to VCM and the appearance of angiosarcoma is 20–25 years it is likely that the incidence of the disease will soon decrease following improvements made to operation of PVC plants since 1973. The knowledge that VCM is a human carcinogen has led to the introduction of very stringent controls by governmental and regulatory authorities to limit the exposure of workers and the general public to the monomer. In the United States, OSHA has set an 8-h TWA of 1 ppm VCM. During a shift an employee’s exposure must not exceed 5 ppm over a period of 15 min or less (69). The European regulations, EC directive 78/610, require an annual average of 
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