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MISCIBILITY OF PVC WITH CHLORINATED PE
AND CHLORINATED PVC

Jan-Chan Huang
Department of Plastics Engineering, University of Massachusetts
Lowell, Lowell, Massachusetts, USA

Miscibility of PVC with chlorinated PE and chlorinated PVC was reviewed. The
miscible region of chlorine content ranged from 44 wt% to 65 wt%, which was not
symmetric to the chlorine content of PVC, 56.7 wt%. Two group contribution
methods were used to calculate solubility parameters of polymers. The results of
solubility parameters showed a more symmetric miscible region with respect to the
value of PVC. However, the ranges of miscibility were different. It was 2.3
J /cm3)0‘5 in a three-dimensional method and was 1.5 (J /cm3)0‘5 in the Fedors
method.
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INTRODUCTION

Poly (vinyl chloride), commercially known as PVC, was first recog-
nized and characterized more than 100 years ago. Due to its poor
thermal stability and processing difficulty, it was not until about 1930
that PVC started to gain commercial importance. The problems of poor
thermal stability were overcome by the development of copolymer-
ization techniques and suitable additives, such as stabilizers, fillers,
and plasticizers.

PVC is frequently compounded with other materials acting as sta-
bilizers or plasticizers. This makes the study of polymer blending a
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natural extension. When large amounts of rubbery polymers are added
into PVC, they can act as macromolecular plasticizers and impact
modifiers. The use of another polymer to blend with PVC offers three
advantages: (1) It improves impact strength of PVC; (2) it improves
processibility; and (3) it gives a higher heat deflection temperature
than a system using liquid plasticizers. Many reviews on PVC blends
have been made in the past [1-5].

There are several definitions of compatibility and miscibility of
polymer blends. Some studies consider a compatible blend as one that
exhibits desirable physical properties, such as improvement of impact
strength. Others define compatible blends as polymer mixtures that do
not exhibit symptoms of phase separation. Generally, “miscibility” is
used for dissolution of molecules at the molecular level with only one
glass transition temperature (Tg), while “compatibility” is used for
more general cases that blends have useful properties. The experi-
mental methods most often used for the measurement of Tg are dif-
ferential scanning chlorimetry (DSC) and dynamic mechanical
analysis using the Rheovibron. A partially miscible blend is expected
to exhibit two Tg’s intermediate between those of the pure compo-
nents. If the change of Tg is a function of the relative amounts of each
component in the blend, a phase diagram can be constructed for a
partially miscible blend [1,2].

Normally, elastomers do not need to be miscible with a glassy
polymer on a molecular level to improve the impact properties. A
separate rubbery phase with Tg about 60°C below room temperature is
necessary for impact improvement [6]. But good adhesion between the
two phases is still necessary [7]. Therefore two polymers need to be at
least compatible. For PVC, impact modifiers should also maintain a
sufficient size of rubbery domains in a network structure [8—10].

THEORETICAL BACKGROUND

Equilibrium miscibility of polymers is the most basic thermodynamic
element in the analysis of blend compatibility. The classical theory of
solution begins with the equation for free energy of mixing [1,2]:

A(}mix = AHmix - TASmix (1)
where AG,,;, is Gibbs free energy of mixing, AH,;, is the heat of

mixing, and AS_;, is the entropy change due to mixing. Two conditions
are necessary for miscibility [1,2]:

AG,i <0 (2)
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and
82C}mix
d¢*
where ¢ is the volume fraction of one component. R. L. Scott was
among the first to adapt the Flory-Huggins equation to polymer
blends. The expression of AG,;, is [1,2]:

>0 (3)

AGae = (RTV/Ve)| (82 ) In i + (2 ) ns + 10a0s| 4

where V is the total volume, Vr is a reference volume taken as the
smallest repeat unit of components, ¢, and ¢z are the volume fraction
of components A and B, X, and Xg are the degree of polymerization of
A and B in terms of Vr, and y is the polymer—polymer interaction
parameter. The two terms containing X, and Xy are entropy terms,
which provide a negative contribution to the free energy of mixing. But
for polymer blends these two terms are essentially zero because of the
large value of X’s. This leaves the last term of Eq. (4), which is the
enthalpy of mixing, dominating the free energy of mixing of polymer
blends.

When y is zero or negative a miscible blend could be obtained. For a
small y a partially miscible blend is obtained. In this case the mutual
solubility depends on temperature and molecular weight [1,2]. The
effects of temperature on miscibility of polymer blends are complex,
and both lower critical solution temperature (LCST) and upper critical
solution temperature (UCST) may be observed. UCST behavior, in
which a homogeneous blend at a given temperature undergoes phase
separation on cooling, is characteristic of endothermic mixing and
positive entropy of mixing. Such behavior is common in mixtures of
low molecular weight materials and polymer solutions, and is pre-
dicted by traditional thermodynamic theories. In contrast, LCST
behavior, in which components of a mixture undergo phase separation
on heating, is characteristic of negative heats of mixing and negative
excess entropy. This type of behavior is more frequently seen in
polymer blends and is predicted by newer theories [1,2].

Chlorinated polyethylene (CPE) and chlorinated PVC (CPVC) are
structurally similar to PVC with the only difference in their chlorine
content. The mutual miscibility of these modifiers depends upon the
chlorine content and the distribution of the chlorine atoms on the
polyethylene backbone. CPE is prepared by chlorination of PE and
CPVC is prepared by chlorination of PVC. Chlorination of PE and PVC
can be conducted in solid state or in solutions. PE is a highly crys-
talline material. If the polymer is in solid state, chlorination begins
at amorphous areas and crystalline surfaces, followed by melting
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and exposure of fresh areas for chlorination. Chlorine frequently
concentrates unevenly in certain regions of the polymer during
chlorination. This uneven distribution is referred to as block chlor-
ination. The most widely used commercial process for chlorination
employs an aqueous suspension. Chlorination in solution, on the other
hand, tends to be more uniform, being limited only by solvation, i.e.,
how well the chains are stretched out. The crystallinity of PE is gra-
dually destroyed in chlorination. For example, it has been shown that
the crystallinity of polyethylene can be destroyed by random chlor-
ination in solution when the chlorine content exceeds 35 wt% [11].
PVC also contains a small amount of crystallinity, which accounts
for its unusual properties. X-ray studies indicate that PVC is sub-
stantially amorphous although some small percentage (<5%) of crys-
tallinity is present. Studies using nuclear magnetic resonance (NMR)
techniques indicate that conventional PVC is about 55% syndiotatic
and the rest largely atactic in structure. When chlorinated, PVC also
gradually losses its crystallinity. But in block chlorination it has been
reported that there was an increase of the syndiotactic fraction
because the atactic portion was selectively chlorinated first [12].

LITERATURE REVIEW

Ajroldi et al. [13] studied the dynamic mechanical properties of melt-
mixed blends comprised of 15% PVC and 85% CPVC of either 67.1% or
67.4% Cl, and found them incompatible. Carmoin et al. [14] studied
blends of PVC and heterogeneously chlorinated PVC prepared by
Brabender and milling cylinder. Blends with CPVC of 62.5% Cl
showed a single Tg’s which varied quasi-linearly with blend composi-
tion. For CPVC with 67.5% Cl the blend exhibited two Tg’s.

Double and Walsh [15] studied phase diagrams of a solution of PVC
and a chlorinated polyethylene. The latter contained 42 wt% Cl and
1 wt% S as SO,Cl group. The blends were found to be compatible over
some range of composition and exhibited the phenomenon of a lower
critical solution temperature (LCST). Since the blends behaved as a
single phase at low temperature, the chlorine content at 42% was
likely the boundary of miscibility with PVC.

Clark et al. [16] studied blends of PVC with several CPVCs with Cl
content ranging from 63% to 68%. It was concluded that compatibility
decreased with increasing molecular weight and Cl content. CPVC
with Cl content 65% and below had only one Tg and could be regarded
as miscible with PVC.

Xu et al. [17] studied binary blends of PVC, CPE, high-density
polyethylene (HDPE), and low-density polyethylene (LDPE), and their
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ternary blends. Their CPE contained 36% chlorine. They concluded
that a small amount of PE increased the impact strength of PVC. As
little as 3% PE showed a significant effect. A small amount of PE also
improved the impact strength of PVC/CPE blends. Electron micro-
graphs showed that PE contributed to the formation and perfection of
a CPE network structure and increased the impact strength of the
PVC/CPE blends. The dynamic viscoelastic spectra data revealed that
CPE was incompatible with PVC but might act as a compatibilizer for
PVC/PE. In the blends CPE/HDPE and CPE/LDPE the Tg’s moved
toward each other, indicating a partial miscibility.

Xu et al. [18] also studied the compatibility, morphology, fusion
behavior, and mechanical properties of blends of PVC, acrylic resin,
and CPE. The acrylic was a copolymer of methyl methacrylate and
ethyl acrylate at a ratio of 9:1. The CPE contained 36% chlorine. The
results indicated that PVC and acrylate were miscible with only one Tg
in both DSC and Rheovibron studies. PVC and CPE were immiscible
with two Tg’s. With increasing acrylic content in PVC/CPE blends,
the’interfacial adhesion improved, resulting in the increasing com-
patibility of the blends. Acrylic was more effective in promoting fusion
while CPE with a small amount of acrylic enhanced impact strength.

Several practical properties of PVC-acrylonitrile-butadiene-styrene
(ABS) and PVC-CPE blends were reported by Deanin and Chuang
[19]. Both ABS and CPE worked as impact modifiers. The impact
strength increased substantially with concentration, while flexural
modulus and heat deflection temperature decreased slightly. CPE
containing less than 24 wt% Cl were incompatible with PVC and
generally were not used with PVC. Those with 25—40 wt% Cl were the
best impact modifiers having practical compatibility [5].

Table 1 summarizes the conclusions about miscibility of PVC with
CPVC and CPE. It can be concluded that CPE with 42 wt% Cl was the
lower bound of miscibility while CPVC with 65 wt% Cl was the upper
bound of miscibility. It can be noticed that this range is not completely
symmetric with respect to chlorine content of PVC, which is 56.7 wt%.
Toward the low Cl side there is a difference of about 14% and toward
the high Cl side the difference is about 8%. This variation is a result of
chlorine concentration and density change, which is explained later
through the solubility parameter discussion.

SOLUBILITY PARAMETER

In 1916 Hildebrand pointed out that the order of solubility of a given
solute in a series of solvents is determined by the internal pressure of
the solvents. Later, Scatchard introduced the concept of cohesive



09:41 19 January 2011

Downl oaded At:

678 J.-C. Huang

TABLE 1 Conclusions of Miscibility of PVC with CPE and CPVC

Polymer Ci content (%) Comments Reference
CPE 36 Immiscible [17,18]
CPE 42 LCST [15]
PVC 56.7

CPVC 62.5 miscible [14]
CPVC 63 miscible [16]
CPVC 64 miscible [16]
CPVC 65 miscible [16]
CPVC 67.1 immiscible [13]
CPVC 67.4 immiscible [13]
CPVC 67.5 immiscible [14]
CPVC 68 immiscible [16]

energy density into Hildebrand’s theory, identifying this quantity with
the cohesive energy per unit volume. Finally, Hildebrand gave a
comprehensive treatment of his concept and proposed the square root
of the cohesive energy as a parameter identifying the behavior of
specific solvents. In 1949, he proposed the term “solubility parameter”
and the symbol “6” which is defined as:

_AE,\ (12
5= (T") (5)

The square of J is often called the cohesive energy density. The
concept of the solubility parameter was initially used in polymer-sol-
vent systems, in particular by the coating industry and also by the
elastomer industry. The former was interested in providing compat-
ibility of the solvent system with a coating resin; the latter was more
concerned with the unfavorable swelling of a cured rubber by solvents.
Years later, the extension of the concept of the solubility parameter to
polymer—polymer systems was popularized by Bohn [20]. The solubi-
lity of a given polymer in various solvents is largely determined by its
chemical structure. As a general rule, structural similarity favors
solubility. This means that the solubility of a given polymer in a given
solvent is probable if solubility parameters of the polymers and the
solvent are within one to two units of each other.

It has been shown that the Flory-Huggins interaction parameter
can be related to the solubility parameter of two components by [1,2]:

2
y= oSV ©
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where V, is the volume of repeat units of the polymers. The above
equation implies that y is always positive and most polymer blends
will not be miscible unless their structures are very similar and
bring the two solubility parameters close together. A negative value
of y can occur when a specific interaction exists and is not accounted
for by Eq. (6). Since LCST was observed in the CPE/PVC blend, a
small positive heat of mixing and y are expected. Therefore, the use
of the solubility parameter concept in discussing miscibility is
appropriate.

The solubility parameters of solvents can be determined experi-
mentally from heat of vaporization data. For polymers, the solubility
parameter can be determined from the swelling of polymers by a series
of solvents. Similar to other thermodynamic properties, solubility
parameters can be estimated based upon the chemical structure of
molecules. Small [21] was the first to propose a group calculation
method for solubility parameters. Fedors [22] developed another
system of group molar attraction constants together with constants of
molar volume. Both approaches calculate heat of vaporization and
molar volume separately from values of each structural group and
calculate the solubility parameter using Eq. (5). These approaches are
considered to be one-dimensional approaches.

The cohesive energy of organic compounds may be divided into
three parts, corresponding to three types of interaction forces: dis-
persive, polar, and hydrogen bonding [23]. Dispersive forces are the
result of a fluctuating atomic dipole formed from a positive nucleus
and a negative electron cloud. They occur in all molecules and
usually contribute a dominating portion of intermolecular interac-
tion. Polar forces include both permanent and induced dipoles.
Hydrogen bonding interaction exists between a hydrogen donor and
a hydrogen acceptor. PVC is known to be a weak hydrogen donor
and contains a small amount of hydrogen bonding interaction
energy. The cohesive energy density can be properly separated into
three components, and the corresponding solubility parameter
expression is:

8% =05 + 0% + 0} (7)

where 4 = the dispersion compound of ¢, J, = the polar component of 9,
and 6y, =the hydrogen-bonding component of é. For each of the three
components of the solubility parameter, a group calculation method
and a comprehensive table of characteristic values for functional
groups are given by van Krevelen [24].
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In calculating the properties of CPE, PVC, and CPVC the chlorine is
assumed to exist as —CHCIl—. This is true in PVC and is likely to be
true in CPE with low chlorine content. For CPVC a finite amount of
chlorine exists as —CC1ly— which is discussed later. The molar volume
of polymers can also be calculated by a group addition method given in
van Krevelen. The value for methylene in the calculation is 16.45 cm?®/
mol and for the chloromethylene group, —CHCI—, is 28.25 cm¥mol.
Table 2 compares the experimental values of density of CPVC mea-
sured by Ajroldi et al. [13] and calculated results. The agreement of
results is within 1.5% up to 66% of Cl. Density calculated using the
constants of Fedors shows much larger difference. It should be noted
that the molar volume constants in the Fedors method were generated
for computing solubility parameter and were not for density calcula-
tions.

Table 3 compares the solubility parameters calculated using the
three-dimensional method and Fedors method for CPE, PVC, and
CPVC. It can be seen that the miscible region in terms of solubility
parameter is more symmetric. In the three-dimensional method the
difference of the solubility parameter between 44% and 57.6% is
2.45 (J/mol)®® and the difference between 57.6% and 65% is 2.12
J/ mol)°’®. In the Fedors method the difference are 1.61 (J / mol)°® and
1.43 (J/mol)’®, respectively. In both methods the difference between
449% and PVC is larger than the difference between PVC and 65%. The
range of solubility parameter is wider in the three-dimensional method

TABLE 2 Comparison of Density of CPVC

Density (g/cm?®)

Cl content

(wt%) Experimental* Calculated
56.6 1.405 1.396
58.9 1.440 1.433
61 1.470 1.469
62 1.485 1.487
63.3 1.500 1.510
64.6 1.520 1.534
65.4 1.530 1.550
66.2 1.545 1.565
67.2 1.555 1.585
68 1.570 1.602
68.6 1.580 1.614
70.6 1.605 1.657

*Experimental results were obtained from Reference [13].
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TABLE 3 Calculated Solubility Parameters

Solubility parameter (J/cm®)*®

ClI content

(wt%) Three-dimensional Fedors
38 18.66 20.33
40 18.91 20.53
42 19.18 20.74
44 19.47 20.96
46 19.79 21.18
48 20.12 21.42
50 20.49 21.66
52 20.88 21.92
54 21.30 22.19
56 21.75 22.47
56.7 21.92 22.57
58 22.24 23.06
60 22.76 23.39
62 23.32 23.39
64 23.92 23.72
65 24.04 23.90
66 24.57 24.08
68 25.26 24.45
70 26.01 24.85

than the Fedors method. The reason for this difference is because
of the introduction of polar and hydrogen bonding components into the
three-dimensional method. This difference increases proportionally to
the chlorine content. Also the Fedors method tends to overestimate
molar volume and underestimate density when chlorine content
increases. Another possibility is the existence of the dichlorinated
group, —CCly,—, in CPVC. According to the study of Komorsoki et al.
[25] using C-13 NMR there was about 5 mol% of the —CCly— group in
CPVC of 65 wt%. The exact percentage varies with the method of
preparation. The group constant of —CCly— is available in the Fedors
method but not in the three-dimensional method. A refined calculation
including the —CCly;—group in the Fedors method tends to lower solu-
bility parameters because of the partial cancellation of the dipole
interaction in the —CCly— group. It also increases molar volume
slightly. This will make a better estimation of density but will decrease
the solubility parameter of 64 wt% in the Fedors method by about
0.1 (J/em?°® and is unlikely to change the conclusion discussed above.

From the above results it can be concluded that the solubility
parameter method can give a reasonable estimation of the mutual
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miscibility of polymer blends. Since the solubility parameters of
polymers can not be determined from the heat of vaporization mea-
surement an estimation method is necessary to assign a value.
Although the two estimation methods give close solubility parameter
values, when calculating the difference of the solubility parameters of
two polymers a large percentage of variation can occur. Therefore, the
use of calculation method and group constants must be consistent
when comparisons are made.

CONCLUSIONS

Two group methods were used to compare the miscibility compositions
of CPE, PVC, and CPVC at different chlorine content. Both methods
correctly demonstrated a more symmetric boundary for miscibility but
the miscibility ranges were different.
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