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ABSTRACT

An analysis of experimental data for ternary copolymerizations has
been performed by an optimizing calculation method, resulting in the
estimation of the rj; copolymerization constants. The azeotrope calcu-
lation results have been compared to those based on the r;; constants
found for binary copolymerization. For each set of 7;; constants, the
possibility of the ternary azeotropy was studied. The formation of
quasihomogeneous ternary copolymers was studied subsequent to the
determination of the ternary pseudoazeotropy domains occurring at
the intersection of the partial pseudoazeotropy domains.

INTRODUCTION

The Alfrey-Goldfinger equation {1] for ternary copolymerization requires
the true values of the apparent monomer reactivity ratios (MRR). If ternary
homogeneous copolymers are to be obtained, the accuracy of the MRR (ry)
estimation will influence the choice of the monomer feed compositions (M;,
M,, M3) to generate the azeotrope copolymer.

Ternary copolymerization azeotropy [2] is much more complex than
binary copolymerization azeotropy. A wider variety of azeotropes is noted
in the former case if certain conditions are introduced in the ternary copolym-
erization equations. Thus, there exist lateral azeotropes L;; (M; = m;, M; = m;,
My =0)
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(A=)
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2 —rii—Fis
( i = ¥ji) (1)
Mj=1-M;;
a unitary azeotrope, U; (M; = m;):
KM + (Ko + K MpM;® + (Ky + KsMj + KoM )M + Ko + Ko M;
+KoMj? + K oM;° =0, )]
binary azeotropes Bj; (M;/M; = m;/m;):
Cr(M;/M;)? + [Cy + C3(My/Mp)) (M;/M;) + Cy + Cs(My/M;)
+ Co(My/M;)* = 0, (3)

and the ternary azeotrope T (M, = m;, M, = m,, and M; = m3). T stands
for the intersection point of all the U; and By curves:

O1M;® + Q. M;® + QsMi® + QuM; + Qs =0, (4)

complemented by Eq. (2), where the initial monomer compositions M;, M;,
and My, generate m;, m;, and my, copolymer compositions. The X, C, and Q
coefficients depend exclusively on the 7;;. The Tarasov formulas 3] can also
be used in order to determine the 7 point.

The L;; points stand for binary copolymerization azeotropes which, in
their turn, are limiting cases of ternary copolymerization processes. Ternary
systems characterized by a T point have at least one L;; point. Only hypo-
thetical systems [4] lack lateral azeotropes.

The existence of the Lj; points raises the question of the relationship be-
tween the r;; determined from the binary copolymerization and the constants
that can be used in the Alfrey-Goldfinger equation.

It is certain that every copolymerization system includes, within the mono-
mer compositions domain M; € [0, 1], some roots of Egs. (2) and (3), irrespec-
tive of the accuracy with which the r;; values are calculated. These values de-
termine only the position and not the existence of the unitary or binary azeo-
tropy curves within the domain M; e [0, 1].

The situation is quite different with regard to the T point [5], the presence
of which within the [0, 1] domain is not certain due to the unreliability of the
values recorded for the r;; constants [6]. If values are given for r;; within
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the confidence interval [7], the T point may lie outside the domain M; € [0, 1].
Thus, a ternary copolymerization system having a ternary azeotrope changes
into a system having no ternary azeotrope (T¢).

The above-mentioned peculiarities have been presented in order to point
out that a ternary copolymerization represents a separate case in many re-
spects. Consequently, the use in ternary copolymerization of the rij constants
for binary copolymerization seems to be rather inappropriate [8, 9]. The
present paper deals with a discussion of the relationship between binary and
ternary copolymerization processes which aims at supplying further details
related to the concept of azeotropy in ternary copolymerization.

RESULTS AND DISCUSSIONS

The ternary system put forward by Rudin and coworkers [10], methacrylo-
nitrile (M, )/styrene (M, )/a-methylstyrene (M), has been reanalyzed. Table 1
shows the values of the MRR estimated from the respective binary copolymer-
izations and by several methods directly from the ternary copolymerization
data [9]. The OPT-6 method starts with the ternary copolymerization data
and minimizes an objective deviation function F [9], which is the square root
of the sum of the squares of the differences between the experimentally de-
termined copolymer compositions and the corresponding values calculated
from a proposed set of r;; constauts. If the conversion is kept to low levels
(0.1%), F,, stands for the minimized function, while if the conversions of
each experiment are also taken into account, F, stands for the function.

The estimation method put forward in the previous paper [9] allows the
calculation of the two reactivity ratios for binary copolymerization (OPT-2)
or of the six reactivity ratios for ternary copolymerization (OPT-6). The
same method can also make use of the conversion data (OPT-2C and OPT-6C
method, respectively).

The monomer compositions corresponding to the T point have been cal-
culated according to each set of constants (Table 1). The specific set of r;;
for which the respective system had no ternary azeotrope is also noted (79).

The same experimental data for ternary copolymerization [10] lead to
different sets of MRR if computed according to different techniques.

Figure 1 shows the unitary azeotrope curves (U;) for this ternary system.
The curves were calculated by Eq. (2), which includes the r;; estimated from
the respective binary copolymerizations [11} (see Table 1). The T point
occurs at the intersection of the three U; curves within the M; € [0, 1] do-
main of monomer concentrations. It appears that a homogeneous ternary co-
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FIG. 1. The ternary copeolymerization methacrylonitrile (M, )/styrene
(Mj)/a-methylstyrene (M3). The unitary azeotropy curves (U;) were calcu-
lated with the r;; constants for the respective binary copolymerizations.

polymer can be obtained up to 100% conversion. Hence, a more accurate
calculation of the T point position is very important.

The fact that the new U; curves (Fig. 2) intersect outside the M; € [0, 1]
domain was found by means of the r;; set determined by the OPT-6 method
(Table 1), which is much more reliable [9]. Thus, the reinterpretation of
the same experimental data has led to the conclusion that the system lacks
a ternary azeotrope (7¢).

The above results make it a controversial point whether the ternary azeo-
trope exists or not. Wittmer [12] noted the presence of 37 ternary systems
having a T point, but these systems represent only about 5% of the systems
submitted to analysis. On the other hand, many of the T points determined
by Wittmer failed to withstand more thorough examination (6] .

The data included in the present paper suggest a reduced probability of
finding a T point in ternary copolymerizations, but any debate of this mat-
ter should focus on the reliability of the rj; values.

In what follows, an analysis of several ternary systems [13-15], including
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FIG. 2. The ternary copolymerization methacrylonitrile (M, )/styrene
(M;)/a-methylstyrene (M3). The unitary azeotropy curves (U;) were calcu-
lated with the rj; constants determined for the ternary copolymerization by
the OPT-6 method.

the acrylonitrile-styrene pair, for which the data from the respective binary
copolymerizations [16-18] are also available, is presented.

The F function is a comparison standard [9] for the effectiveness of pre-
dicting the experimental data for ternary copolymerization by various sets
of rj. Thus, the superiority of the.r;; set determined with the OPT-6C pro-
gram becomes obvious, since this method makes direct use of the ternary co-
polymerization data and includes the conversion values. The set determined
for binary copolymerizations (;)p by the most appropriate method (OPT-
2C) [9] proves to be rather inadequate for ternary copolymerization (Table
2). Thus, the (r;)r determined directly from the ternary copolymerization
data should be used for ternary copolymerizations,

The Kelen-Tiidos method is quite satisfactory for binary copolymeriza-
tion processes. It also leads to an improved checking technique, compared
to OPT-2C, for ternary copolymerization processes. However, the Kelen-
Tiidos method is less accurate than OPT-6C. At the same time, the use of
the conversion values (OPT-6C vs OPT-6, F,, and F,, respectively, Table 2)
brings the calculated values closer to the experimentally determined data.

Analysis of the ry, and ry, constants for the acrylonitrile (M, )/styrene
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(M2 ) pair shows that the (r;)p are rather different from those determined direct-
ly from the ternary copolymerization data. This proves that the effect of the
penultimate units is a particular feature of ternary copolymerization processes.
In other words, there must be a particular set of (7)1 for each ternary co-
polymerization system which must be determined from the data for the re-
spective ternary copolymerization. This was confirmed by the characteriza-
tion (through the OPT-6 and OPT-6C methods) of other ternary copolymeri-
zation systems [19, 20], including acrylonitrile/styrene (Table 3).

The new values noted for r;, and r,, support the above remark: a unique
point in binary copolymerization processes (i.e., the azeotropy point for the
acrylonitrile/styrene copolymerization), which becomes the L, point in
ternary copolymerization, changes from 51.8 to 66.1 mol% styrene according
to the patterns shown in Tables 2 and 3. Each ternary system has a (rj)7 set
and an L,, point of its own. The inappropriate use of the r;; constant sets
leads to significant deviations of the U; curves and to errors in the determina-
tion of the T point (Figs. 1 and 2).

Under such circumstances, particular attention has to be paid to the choice
of the r;; constants used for the azeotrope calculation and, subsequently, to
the selection of methods for the estimation of the 7;. The use of the (r;)p
values must represent a preliminary stage in the analysis of a ternary copolym-
erization. The Alfrey-Goldfinger equation requires the use of the (r;)r value.
The simple terminal kinetic model seems to be a poor approach to the co-
polymerization processes.

Even if the (r;;)7 values estimated by the OPT-6C method are used, the azeo-
tropy point calculated by Egs. (2) and (4) represents the monomer composi-
tion most likely to generate a homogeneous copolymer. Thus, it is not the
ternary azeotropy point which must be noted, but a whole domain of mono-
mer compositions for which the ternary copolymers shows a degree of homo-
geneity within certain limits.

As regards the definition of the degree of homogeneity, the conversion
should also be mentioned because copolymer generation at high conversions
is concerned. Thus, a conversion of 95% and a compositional deviation of 5%
[21] between the copolymer generated at low conversions (7;°) and those ob-
tained at a conversion of 95% (m;°%) was chosen. The calculation of m;°% was
performed by integration of the ternary copolymerization equation with the
Runge-Kutta method of the 3rd degree. The calculation program was designed
to perform the selection of the domain of monomer compositions (ternary
pseudoazeotropy deomains, 7-PAD) that generate copolymer within certain
limits of homogeneity:

A;=1m® -m®S 1< 5%.
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Lo, I

FIG. 3. The ternary copolymerization methacrylonitrile (M, )/styrene
(M,)/o-methylstyrene (M3): the ternary pseudoazeotropy domains
(T-PAD). A; < 0.05 mole fraction; (—-) domains for (r)p, (* * * *) domains
for (ri)T.

Figure 3 shows the T-PAD for the system put forward by Rudin and co-
workers [10] and for which the unitary azeotropy curves have been calcu-
lated (Figs. 1 and 2), if sets of 7;; Numbers 1 and 5 (Table 1) are used.

The intersection of the domain set by the (r;)g with T-PAD by the (ryj)r
represents the overall compositions within the range of 4; for both variants.
Such compositions lead to maximum probability for the generation of a
quasi-homogeneous copolymer.
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The T point determined by the (r;)p is located within the T-PAD deter-
mined by these constants, but it is absent from the intersection with the
domain calculated by the (r;)7.

Under certain circumstances, initiatly noted by Slocombe [22], homo-
geneous ternary copolymers seem to be generated by the monomer composi-
tions occurring near a line which links together two lateral azeotropes from
within the compositions triangle. Since the T-PAD do not always join two
triangle sides (Fig. 3), it is necessary to draw the unitary pseudoazeotropy
domains (U;PAD) [23] for which the conditions imposed by the A; value
refers to a single monomer.

Figure 4 shows the U;-PAD for the system shown in Figure 3. The same
sets of (ri)p and ()T, respectively, were used. Not even in this case does
the T point, calculated by (;)g, occur within the intersection of the U;-PAD.

Starting from the above-mentioned data, it has been proved once again
that the position of the T point determined from the respective binary co-
polymerization data is not reliable enough to lead to a homogeneous ternary
copolymer (A; = 0).

The unitary pseudoazeotropy domain supports Slocombe’s hypothesis for
the M; monomer (i.e., acrylonitrile), but this is not so for the ternary system
shown in Fig. 4. The tie line which links L,, to L3 (calculated with the
(rij)T) does not lie within the unitary pseudoazeotropy domain.

Most of the ternary systems have no T point [6, 12], and this is why the
analysis of such a system becomes interesting for the drawing of the pseudo-
azeotropy domains.

Figure 5 describes the acrylonitrile (M, )/styrene (M, )/pentabromophenyl
acrylate (M3) system [14] (Table 2}. The U; curves were drawn according
to the (r;7)p and (r)r constants. Although the general characteristics of
curves of this type are the same, significant changes in the position of the in-
tersection points of the U; curves with the triangle sides are noted if the set
of 7;; constants is changed.

In the absence of the T point, one can still draw the pseudoazeotropy do-
main, the presence of which has been noted by Janovic and coworkers [14] .

The T-PAD is represented (Fig. 6) as the intersection of the U;-PAD. The
calculation reveals the existence of four regions determined by the ()7
constants (the OPT-6C method) for &; < 5%. The cross-hatched region, ex-
perimentally found by Janovic [15], appears in Fig. 6, but other interesting
regions were revealed by analysis of the entire domain of monomer concen-
trations.

If the acrylonitrile/styrene/pentabromophenyl acrylate system is con-
sidered, only two lateral azeotropes having monomer compositions within
the M; € [0, 1] domain are generated, i.e., L,; and L3,. Both these azeo-
tropes contain styrene. In such a case the tie line of the lateral azeotropes
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FIG. 4. The ternary copolymerization methacrylonitrile (M; )/styrene
(M,)/a-methylstyrene (M3): the unitary pseudoazeotropy domains (U, -PAD).
A; < 0.05 mole fraction; (—) domains for (r;)B, (- ~ - -) domains for (r;7)T.

will provide the generation of homogeneous copolymer if the compatibility
conditions are dictated exclusively by the concentration of a single monomer:
the monomer shared by the two lateral azeotropes (U, -PAD).

CONCLUSIONS

The Alfrey-Goldfinger equation and the equations derived from it require
the utilization of the r;; constants determined from ternary copolymerization
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FIG. 5. The ternary copolymerization acrylonitrile (M, )/styrene (M, )/-
pentabromophenyl acrylate (M3): the unitary azeotropy curves. (—) U;
curves calculated with (rjj)B, (- - - -) U; curves calculated with (r;)7.

data. The OPT-6C method allows the estimation of r;; values which agree
best with a given volume of experimental data. These constants represent
values of maximum probability.

The occurrence of a ternary azeotrope is highly improbable, The use of
ri; constants with a certain degree of unreliability cannot accurately deter-
mine the position of the ternary azeotropy point. It is preferable to draw a
pseudoazeotropy domain within which the monomer compositions will lead
to quasi-homogeneous ternary copolymers within given limits.
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FIG. 6. The ternary copolymerization acrylonitrile (M{)/styrene (M, )/-
pentabromophenyl acrylate (M3): the ternary pseudoazeotropy domains are
cross-hatched. 4A; < 0.05 mole fraction with the (r;;)7 determined by the
OPT-6C method.
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