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Fractionation of Polypropylene by
the Rising Temperature Method

TOSHIO OGAWA and SADAO HOSHINO, Hirakata Plastics Laboratory,
Ube Industries Ltd., Osaka 573, Japan

Synopsis

Polypropylene having high isotacticity was fractionated by the rising temperature
method. This method was then compared with the solvent gradient method through
the characterization of fractions. It was found that the elution behavior in the rising
temperature method was explainable by the equation of equilibrium between the polymer
in dilute solution and the solid state polymer on the support, assuming that the heat of
fusion and transition points for the deposited polymer were variable with polymer
species.

INTRODUCTION

Polypropylene having high isotacticity is generally fractionated by two
column methods. One is the solvent gradient fractionation at a given
temperature, the other is the rising temperature fractionation with a fixed
solvent or a solvent-nonsolvent mixture. Considering these methods
from the phase diagram viewpoint, the former belongs to the liquid-liquid
phase equilibrium system and the polymer dissolves only according to
molecular weight, because the solubility is almost independent of tacticity
in these systems.!'? The latter method belongs to the solid-liquid phase
equilibrium system, and it is expected that the polymer dissolves according
to tacticity, because the free energy of fusion is closely related to the dis-
solution temperature.3-*

Fractionation of polypropylene by the rising temperature method was
first reported in detail by Wijga et al.® The same types of experiments
were also performed by other investigators.5=? Concerning the fractiona-
tion mechanism of this method, however, no proper study has been done.
Thus, in this paper, the fractionation behavior was investigated from the
thermodynamie point of view.

THEORETICAL

A schematic representation of the polymer deposited onto the support is
shown in Figure 1.1 Each fractionation step in the rising temperature
method represents the process of the dissolution of polymer from solid to
eluent at.a given temperature. We therefore must know the properties
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Fig. 1. Schematic representation of polymer deposited onto the support.
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Fig. 2. Three polymer states for thermodynamic study: (I) imperfect crystal (u.);
(I1) melt (standard state) (uo); (III) dilute solution (u).

of the solid and solution state of the polymers. The two phases and the
standard state needed for thermodynamic study are schematically indicated
in Figure 2, where the quantities u., s, and u are the chemical potential
per structural unit mole of imperfect crystal (I), melt (II), and dilute
solution (III), respectively.

The treatment of the solid state is very important in discussing this
fractionation. It is recognized by many investigators that erystalline
lamellae are the basic structural elements of crystalline polymers. How-
ever, we cannot find any perfect erystals in actual polymers because of the
presence of defects.’! Furthermore, since the polymer is in solvent during
the actual fractionation, it cannot be dealt with briefly.1-12 However, in
this experiment, to simplify the mechanism, the solid statc polymer in
solvent was assumed to be the same as the imperfect crystal in the solvent-
free state. Model 1T in Figure 2 shows the melt of the polymer, and it is
then defined as the standard state. Model ITI shows the dilute solution
and also corresponds to the solution in Figure 1.

When the column fractionation is carried out at a given temperature, (T)
the chemical potential of the solid state polymer has to be equal to that of
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the dissolved polymer, and thisis expressed in eq. (1). At a certain temper-
ature, u, becomes equal to uo as expressed in eq. (2), and this temperature 1s
defined as the transition point (7,) of the deposited polymer:

Bo— 1 = (ue— o) + (wo—u) =0 ey
Me — Mo = —(AHu - TmASu) =0 (2)

where AH, and AS, are heat and entropy of fusion per unit mole, respec-
tively. According to Flory’s equation for dilute solution of polymer,!3
eq. (1) can be expressed as

14

o, X 7,

1Y, BV, W —w
X{(I—X)vl RT N e } (3)

where V, is the molar volume of structural unit mole, V; is the molar
volume of solvent, X is the ratio of the molar volume of polymer to that of
solvent, v, is the volume fraction of solvent, and B is the thermodynamic
interaction parameter for polymer—solvent systems.'* In this work, it is
assumed that AH, is not confined to the value for a perfect crystal. In this
respect, this equation is different from Flory’s equation. Furthermore, AH,,
and AS, are assumed to be independent of temperature in deriving eq. (3).

1/T) — 1/Tw) =

EXPERIMENTAL
Apparatus

The apparatus for the rising temperature fractionation consists of a
column and an oil bath, as shown in Figure 3. The lower part of the col-
umn was packed to a height of 5 em with coarse particles of sea sand (40—
80 mesh), and then the column was packed with Celite to a height of 30
cm, on which the polymer had been deposited. The top of the column was
filled with glass fiber. The apparatus for the solvent gradient fractiona-
tion is the same as that deseribed in the previous paper.!®

Fractionation

An outline for the rising temperature fractionation is as follows. Five
grams of commercial polypropylene (M.F.I. = 54) was used. The
polymer was dissolved in a decalin (269 g)-butyl carbitol (115 g) system.
The solution was poured into Celite heated to 160°C, and the polymer was
deposited on it by cooling.'® Fractionation was started from 30°C with
decalin, and the column temperature was raised in increments. A change-
over to a higher temperature setting was made after the eluent failed to
show turbidity in excess acetone.’

An outline for the solvent gradient fractionation is as follows. Polymer
deposition was carried out in the same way as the rising temperature
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Fig. 3. Apparatus: (A) Column body; (B) sintered glass (No. 4); (C) oil bath; (D)
eluent reservoir; (E) reflux condenser; (F) heating mantle; (G) aspirator; (H) band
heater; (I) adapter; (J) flask; (K) heater; (L) stirrer; (M) thermometer; (N) eluent;
(P) sea sand (40-80 mesh); (Q) Celite, on which polymer deposited; (R) glass fiber.

method. After the column was filled with Celite on which the polymer
had been deposited, the fractionation was carried out at 161°C in a decalin-
ethyl carbitol system. Other conditions are the same as those described

in the previous paper.*®

Differential Scanning Calorimetry (DSC)

Fractionated samples were dissolved in hot decalin-ethyl carbitol. The
solution was cooled to room temperature and allowed to precipitate. The
precipitate obtained in such a way is regarded to be in the same erystalline
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Fig. 4. Effect of heating rate on the relative area under the DSC curve: (I) (peak
areain M = 5.96 X 10°)/(peak areain M = 2.07 X 10%); (II) (peak areain M = 8.09 X
105)/(peak areain M = 5.96 X 108).
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state as when deposited onto the support. The transition point and the
relative heat of fusion for the precipitate were measured by using a Perkin
Elmer Model DSC-1B in 10 mg at a heating rate of 10°C/min. The area
under the DSC curve largely depends on the heating rate, but the relative
area is almost independent of it,-as shown in Figure 4. Therefore, the
relative area is a reasonable parameter for indicating the variation of
AH , with tacticity or molecular weight.

Gel Permeation Chromatography (GPC), Osmometry, and Light Scattering

A Shimadzu GPC Model-1A was employed with a combination of four
columns: crosslinked polystyrene gel 1 X 108, 1 X 10% 1 X 104 and 1 X
108 A permeability. A Hewlett Packard Model-502 high-speed membrane
osmometer was employed to determine the number-average molecular
weight. Determinations were made at 130°C for tetralin solution. A
Sofica 42000M light-scattering instrument was employed to determine the
weight-average molecular weight. Measurements were made at 140°C
for oa-chloronaphthalene solution. Other experimental econditions for
these methods are the same as described in the previous paper.

Determination of Tacticity Parameter

Fractionated sample was dissolved in hot xylene and brought into 5-10
wt-9% xylene solution. The solution was poured onto the glass microslide.
The glass was cooled to room temperature and was annealed at 120°C for
6 hr under vacuum. Thus, a thin film was obtained to determine the
tacticity parameter. The intensity ratio (Dge/Dea) of the band 998 em—?
to that of 975 em ! in infrared absorption spectra was used as the tacticity
parameter.?

RESULTS AND DISCUSSION

Polypropylene having high isotacticity was fractionated by the two
methods described above, and the tacticity parameters of these fractions
were determined and compared. As shown in Figure 5, the tacticity
parameter increased with molecular weight more rapidly in the rising tem-
perature method than in the solvent gradient method. From this fact, it
is expected that the fractions in the rising temperature method have mo-
lecular weight polydispersity, if it is a group of molecules having merely the
same tacticity. Thus, the molecular weight distribution of the fractions
was measured by GPC and is shown in Figure 6 and Table I. The M,/
M, of fractions in the rising temperature method is approximately two
times as large as that in the solvent gradient method. Therefore, these
results can be explained by assuming that this fractionation was carried
out mainly according to tacticity.

Discussing the rising temperature method from the thermodynamic
point of view, eq. (3) is the most suitable function. Several parameters
included are as follows: T, is the transition point of the pure solid polymer,
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TABLE I
Molecular Weight Distribution of Fractions Determined by GPC
Method M, X 10—4 M, x 104 M/ M,
R.T. 7.40 2.92 2.53
R.T. 21.1 7.68 2.75
R.T. 21.1 9.99 2.11
R.T. 32.1 14.5 2.23
R.T. 46.3 17.3 2.68
S.G. 6.22 4.68 1.28
S.G. 8.53 7.85 1.09
S.G. 9.62 8.56 1.13
S.G. 24 .8 18.2 1.36
S.G. 70.3 39.6 1.78
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Fig. 5. Dependence of tacticity on molecular weight. M (= \/ M, I1,) was deter-
mined by GPC (M in other figures has also the same meaning): (®) fractions in the
rising temperature method; (A) fractions in the solvent gradient method.

and the peak position in the DSC curve was adopted as T,. It is some-
what doubtful whether the peak position is the true T, of deposited poly-
mer. However, the use of the pcak position is satisfactory for demonstrat-
ing the mutual relationship of transition points, as shown in Figure 7.
Parameter B was estimated from the data, in the decalin—polypropylene
system, given by Tamura et al.'® Using 15 for the B value, 0.42 X 10-3
deg—! for R/AH, X (V,/V.), and eq. (3), the dependence of elution tem-
perature on molecular weight was calculated as shown in Figure 8. The
experimental points in the n-decane-polypropylene system!? are also shown
for reference. The curves do not so much deviate from experimental
points in the decalin—polypropylenc system, thus the B value adopted is
shown to be pertinent. Accordingly, a value of 15 was used for B there-
after. Since the fractionation is performed in equilibrium with the pure
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Fig. 6. Molecular weight distribution of fractions determined by GPC: (——)
A fraction in the rising temperature method; (- ——-) A fraction in the solvent gradient

method.
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Fig. 7. Relationship between transition point and molecular weight: (@) fractions in the

rising temperature method; (A) fractions in the solvent gradient method.

solid polymer and dilute solution, each fractionation step corresponds to
the behavior of the elution temperature 7' in eq. (3). Here, v; = 0.99
was conveniently used for calculations.

Calculating the elution temperature from the properties of deposited
polymer, as in the first case, it was assumed that AH, was independent of
molecular weight. In addition, AH, was fixed in such a way that the cal-
culated elution temperature agreed with an experimental point at M =
5.0 X 104 In this manner, the curves calculated by eq. (3) show a slight
increase with molecular weight, as shown in Figure 9 (curves A and B).
But when M changes from 5 X 10* to 1 X 108, the change in experimental
elution temperature is 25°C while that in this calculation is only 2°C. This
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Fig. 8, Dissolution temperature of polymer: (O) by Tamura et al.®®; M = 3.7 X
10¢ in decalin; (X ) by Hamada et al.1?; M = 3.4 X 10° in n-decan; (A-D) calculated
curves obtained by usingeq. 3): A, M =1 X 104 B, M =2 X 104 C, M = 5 X 104
D, M =1 X 10% in decalin.
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Fig. 9. Comparison of calculated curves with experimental points: (A) data used
obtained by fractions in the rising temperature method, where AH, was assumed to be
constant; (B) data used obtained by the fractions in the solvent gradient method, where
AH, was assumed to be constant; (C) data used obtained by the fractions in the rising
temperature method, where AH, was assumed to vary with polymer species (Fig. 10);
(D) data used obtained by the fractions in the solvent gradient method, where AH, was
assumed to vary with polymer species (Fig. 10).

means that the fractionation behavior cannot be explained by the assump-
tion that AH, is constant.

In the second case, it was assumed that AH, changed with the fractiona-
tion steps. The dependence of AH, on molecular weight was obtained by
measuring the area under the DSC curve, which was standardized by using
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Fig. 10. Dependence of relative heat of fusion on molecular weight: (@) fractions in
the rising temperature method; (A) fractions in the solvent gradient method; AH.? =
heat of fusion (peak area, 100)in M = 5 X 104

100 for AH,at M = 1 X 105. As shown in Figure 10, AH, depends on the
fractionation method, and the dependence of AH, on molecular weight
shows to be more pronounced in the rising temperature method than in
the solvent gradient method. As discussed above, these dependences are
mainly due to tacticity rather than to molecular weight. Thus, when AH,
of fractions in the rising temperature method was used, the curve agreed
very closely with experimental points, while the curve by the data in the
solvent gradient method did not agree with them. This fact means that
the behavior in the rising temperature fractionation cannot be explained
by molecular weight, but mainly by the character of tacticity. Inany case,
it is certain that AH, and T, of each fraction are important factors in ex-
plaining the elution temperature of each fractionation step.

With regard to the fractionation mechanism of the rising temperature
method, the deviation of experimental points from the calculated curves at a
temperature below 85°C has not been intended to be accounted for. The
fractionation eluted in this region of temperature shows lower transition
points and smaller heat of fusion than expected. As a reason for the devia-
tion, it is considered that the relative area under the DSC curve and 7', de-
pends on the heating rate because of lower tacticity.

CONCLUSIONS

The rising temperature fractionation of polypropylene was carried out,
and thermodynamic analysis was applied to this method. As a result, it
was confirmed that the elution temperature in each fractionation step could
be estimated from the properties of solid state polymer, in which heat of
fusion and transition points were variable with polymer species. Accord-
ingly, in the rising temperature method, fractionation is by tacticity,
whereas in the solvent-nonsolvent method, fractionation is by molecular
weight only.
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