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ABSTRACT : Cloud-point data to 160 ‘C and 1,000 bar are presented with poly(ethylene-co-15.3
mole% octene) copolymers (PEO;s) in pure 1-octene and mixtures of ethylene - 1l-octene. The
cloud-point curves for PEQ;s - ethylene - 1-octene mixture dramatically increase in pressure to as
high as 1,000 bar with an increasing ethylene concentration. At ethylene concentrations less than
18 wt%, the ternary mixture has bubble- and cloud-point curves. As the ethylene concentration of
the ternary mixture increases, the bubble-point curve and the single-phase region reduce. The reduction
in the single phase region with increasing ethylene concentrations is the result of reduced dispersion
interactions between PEO;s and the mixed solvent, The single-phase region decreases with increasing
temperatures when ethylene concentrations are lower than 36 wt%, whereas the single-phase region
increases with temperatures at ethylene concentrations greater than 50 wt%. At ethylene concentrations
greater than 50 wt% the effect of the polar interactions of the mixed solvent, which is unfavorable
to dissolve PEO, is greater than the effect of the density of the mixed solvent. Therefore, the
cloud-point pressures increase with a decreasing temperature. However, at ethylene concentrations
less than 50 wt%, the cloud-point pressures decrease with temperature, because the effect of the
polar interactions is less than the density effect.
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T. Introduction

Poly(ethylene-co-octene) (PEQO) has an octene
comonomer in the backbone architecture, which
donates elastomeric characteristics to the copolymer.
PEO is an ethylene-based copolymer. Thus, its
compatibility with thermoplastic olefins, such as
polyethylene and polypropylene, is expected. PEO
can be used as a compounding resin for polyolefin
to improve impact property and resistance to low
temperature brittleness.

Copolymer has a wide variety of monomer-
comonomer composition. The properties of ethylene
copolymer extensively vary with type and amount
of comonomer incorporated into the backbone of the
copolymers. During copolymerization, small change
of comonomer concentration in the feed can cause
a great change of comonomer composition in the
copolymer. Because of the wide variation in copo-
lymer properties, the phase behavior of copolymer-
solutions can be rather unpredictable. Therefore, it
is important to know the location of the phase
boundaries for copolymer solutions in order to avoid
potential fouling problems and to control the quality
of copolymer. An understanding of the phase
behavior of copolymer solutions is also needed to
efficiently separate product copolymers from un-
reacted monomers and solvent.

A large number of studies have been accom-
plished to determine the phase behavior of the
binary mixture including ethylene-based copoly-

1-11 . .
mers. Several studies were performed to in-

vestigate the phase behavior of ternary copolymer
mixtures. For instance, Cowie and McEwen,12 Wolf
and Blaurn,13 “1* Ratzsch and coworkers™ " observed
the cosolvent effect of viny! acetate on the phase
behavior of poly(ethylene-co-vinyl acetate) - ethylene
mixtures. Lee et al.'"®'"” showed that adding a polar
dimethyl ether and ethanol to non-polar butane
greatly changes the solubility of poly(ethylene-co-
acrylic acid) in the mixed solvent of dimethyl ether
- butane and ethanol - butane. Meilchen et al®
reported that the addition of small amounts of
ethanol or acetone to poly(ethylene-co-methy! acry-
late) - propane mixtures shifts the cloud-point curve
to lower pressures and temperatures. Limited num-
bers of studies were performed on studying the
phase behavior of PEO solution. Radosz et al. 2021
measured the phase behavior of PEO in ethylene
and propane. They correlated the experimental data
with Statistical Associating Fluid Theory equation
of state. Lee et al.”>* experimentally determined the
phase behavior of PEO in various normal-hyd-
rocarbons.

In this study, we demonstrate experimental in-
vestigation about the phase behavior of PEOis -
ethylene - 1-octene systems. PEOis has 15.3 mol%
of octene repeating unit in the backbone structure.
The relatively long pending group of the octene
repeating unit endows elastomeric characteristic to
PEO. 1-octene and ethylene have a very small dipole
moment of 0.3 debye and a small quadruple moment
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of 1.5x107° ergo'5 -em™, respectively. 1-octene has
a polarizability of 153.3 x107 em’, 3.6 times larger
than that of ethylene. First, we determined the effect
of the PEO;s concentration on the solution behavior
of PEOis - l-octene system. Then, the phase be-
havior for PEO - ethylene - 1-octene ternary mixture
was investigated. During the copolymerization
process of PEQ, ethylene, I-octene, and PEO
coexist at much higher concentrations than catalysts
and by-products in the reactor and purifying
equipments. We expect the phase behavior study of
PEO - ethylene - 1-octene mixture provides funda-
mental thermodynamic information on the PEO
process solution.

II. Experimental

1. Phase Behavior

Cloud-point and bubble-point curves are mea-
sured using a high-pressure, variable-volume cell,
which has a 1.59 cm 1.D., an O.D. of 7.0 cm, and
a working volume of ~28 em’. A 1.9 em thick
sapphire window is fitted in the front part of the
cell to allow visual observation of the phases. The
concentration of PEO in the PEO - ethylene -
1-octene mixture is around 5 wt%. Typically 350
* 2 milligrams of PEO are loaded into the cell that
is subsequently purged several times at room
temperature with ethylene to remove any entrapped
air. l-octene is transferred into the cell using a
syringe. Then, balanced amount of ethylene is
transferred into the cell gravimetrically using a
high-pressure cylinder.

The pressure of the mixture is measured with
three Konics pressure transducers (model PT-3300,
0 ~ 9.8 bar, 0 ~ 98 bar, 0 ~ 343 bar, accuracy *
0.3%) below 340 bar. In the high pressure region,
a Heise gauge (Dresser Ind., model CM-128639, 0
to 2,068 bar, accurate to within £ 2.0 bar) is used
to measure the pressure of the mixture. The
temperature of the cell, which locates in an air bath,
is measured using a platinum-resistance thermo-
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meter (Thermometrics Corp., Class A) and a digital
multimeter (Konics Co., Model KN-2300-5, accuracy
+ 0.2%). The mixture temperature is typically
maintained to within £ 0.2 C. The mixture in the
cell can be viewed on a video monitor using a
camera coupled to a borescope (Olympus Corp.,
model R080-024-000-50) placed against the outside
of the sapphire window. A fiber pipe connected to
a high-density illuminator (Dolan-Jenner Industries,
Inc., model 180) and to the borescope is used to
transmit light into the cell. The solution in the cell
is well mixed using a magnetic stir bar activated
by an external magnet beneath the cell. At a fixed
temperature, the mixture in the cell is compressed
to a single phase. The mixture is maintained in the
one-phase region at the desired temperature for at
least 20 minutes so that the cell can reach thermal
equilibrium. The pressure is then slowly decreased
until the solution becomes cloudy. The cloud-point
pressure is defined as the point at which the mixture
becomes so opaque that it is no longer possible to
see the stirring bar in the solution. The cell is then
repressurized to a single phase and maintained for
at least 10 minutes. The experimental measurements
are repeated at least twice at each temperature, and
are reproducible to within = 1.0 bar for cloud-point.
Experimental procedures are described in detail in

11, 22, 23
references.

2. Materials

The PEO;s was obtained from DuPont Dow
Elastomers Corporation. Table 1 shows the pro-
perties of PEO;s used in this study. Ethylene and
l1-octene (all CP grade, 99.0% minimum purity)
were obtained from Sigma-Aldrich Company. All
solvents were used as received. Table 2 lists
physical properties of solvents used in this study.24’25
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Table 1. Properties of Poly(ethylene-co-15.3 mol% octene) Used in This Study

e iy P i
[} 3
mol% (g/em”) ©C) °C) M, M, M,
PEO;s 153 0.864 50 -39 64,800 135,500 2.1
Table 2. Physical Properties of Solvent Used in This Study’*”
dipole moment quadruple p olarizabizl_ity critical critical pressure Critical density
Substance deb moment ax 107 temperature P, (bar) 3
(debye) (esu - cm?) (cm’) T. (°O) ¢ pe (g/em’)
Ethylene 0 1.5 425 9.4 50.6 0214
1 - Octene 03 - 153.3 293.5 26.8 0.236

1. Results and Discussion

1. PEO;s - 1-Octene Binary System

Figure 1 shows the effect of PEO;s concentration
on the pressure-temperature (P-T) behavior of
PEOss - 1-octene mixture. 1-octene has a polariza-
bility of 153.3 x10™ ¢m’ and a small dipole moment
of 0.3 debye. In the region above the curves in Figure
1, the binary mixture of PEQ;s - 1-octene maintains
a single homogenous phase. At P-T spaces lower
than each curve, the homogenous liquid phase
separates into PEO;s rich liquid phase and 1-octene
rich vapor phase. At temperatures less than 170C,
PEO;s is dissolved at pressures below 5 bar in
1-octene. Figure 1 also shows that the single-phase
region increases with decreasing temperature.

Using data in Figure 1, it is possible to plot
pressure-concentration (P-x) isotherms of PEO;s in
1-octene. For example, Figure 2 shows P-x isotherms
for the PEO;s - 1-octene mixture at 60, 120, and
160 C. If pressures drop below each curve, the
single liquid phase of PEO;s - 1-octene mixture
separates into PEO;s rich liquid phase and 1-octene
rich vapor phase. Figure 2 demonstrates that the
single-phase region of PEO;s - l-octene mixture
decreases with increasing temperature. As tempera-
ture increases, the pressure separating the homo-
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Figure 1. Effect of PEO;s (15.3 mol% l-octene) con-
centration on the bubble-point curves of PEOss - 1-octene
mixture.
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geneous mixture of PEOs - 1-octene into PEO;s rich
liquid phase and 1-octene rich vapor phase increases.
In addition, Figure 2 shows that the curves for PEO;;s
- 1-octene mixture have maximums at the concentra-
tions between 10 and 20 wt% PEO;s.

2. PEO;s - 1-Octene - Ethylene Ternary System

Ethylene is a poor solvent for polymer due to its
low density and polarizability. Addition of ethylene
to PEOss - 1-octene mixture reduces the solubility
of PEO;s in the mixed solvent of 1-octene and
ethylene. Figure 3 shows the phase behavior of
PEO:s - ethylene - 1-octene mixture that the ethy-
lene concentration in the mixture is 15 wt%. Adding
15 wt% ethylene to PEO;s - l-octene mixture
increases the pressures dissolving PEO;s in the
mixed solvent from 4.5 to 95 bar at 160 C, which
is about 20 times higher than the pressure in pure
1-octene. From 40 to 160 C, the ternary mixture
containing 15 wt% of ethylene has a bubble-point
transition (open circles). As pressures exceed the
bubble-point curve, the heterogeneous ternary
mixture that has one liquid and one vapor phase
merges into one single liquid phase. However, at
temperatures higher than 140 C the ternary mixture
has two types of transition: bubble-point (solid line)
and cloud-point curve (dashed line). The cloud-point
curve intersects the bubble-point curve at 140 C.
The ternary mixture does not merge into one single
liquid phase. Instead, it transforms into a PEO rich
liquid and a solvent rich liquid phase. If pressures
continuously increase higher than the cloud-point
curve, the two liquid phases merge into one single
liquid phase.

Figure 4 shows the effect of ethylene con-
centration on the phase behavior for PEO;s -
ethylene - l-octene mixture at ethylene concen-
trations lower than 25 wi%. As the ethylene
concentration of the ternary mixture increases, the
temperature at which the cloud-point curve inter-
sects the bubble-point curve decreases. For example,
adding additional 3 wt% of ethylene to make 15
wt% ethylene concentration reduces the intersecting

A2 A4149 A23, 2006
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Figure 3. Cloud-point and bubble-point curve for PEOs
- ethylene - l-octene mixture at 15 wt% ethylene
concentration. Open and closed circle represent bubble- and
cloud-point, respectively. "L+L" means two that liquid
phases coexist in the system. PEQys concentration in the
solution was 5.3 wt%.
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Figure 4. Effect of ethylene concentration on the phase
behavior for PEO;s - ethylene - 1-octene mixture at low
ethylene concentrations. Open and closed symbols represent
bubble- (BP) and cloud-point (CP), respectively. PEO:s
concentrations in the solutions containing 18 and 25 wt%
cthylene were 5.7 and 4.8 wt%, respectively.

temperature from 140 to 120 C. The intersecting
temperature moves closer to the high temperature
end point of the bubble-point curve as the ethylene
concentration increases. Figure 4 also shows that as
ethylene concentrations increase, the bubble-point
curve reduces and single-phase region shrinks.
When the ethylene concentration is 25 wt%, only
cloud-points are observed. The pressure dissolving
PEOis abruptly increases at temperatures higher
than 50 C.
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The effect of high ethylene concentration on the
P-T behavior for PEQ;s - ethylene - 1-octene mix-
ture is shown in Figure 5. As the temperature is
higher than 50 C, the ternary mixture exhibits only
cloud-point type transitions at concentrations greater
than 25 wt% ethylene. The single-phase region
shifts to a higher P-T space and greatly reduces with
increasing ethylene concentration. For instance,
adding 36 wt% ethylene into PEO;s - 1-octene
mixture increases the cloud-point pressures up to
270 ~ 350 bar higher than the pressure that dissolves
PEO;s in pure 1-octene. Adding 64 wt% ethylene
raises the cloud-point pressures from 4 to 1,000 bar.
The reduced solubility of PEO;s results from the
decrease in the dispersion interactions between
PEO;s and (ethylene - 1-octene) mixed solvent
which is directly proportional to the polarizability
of the polymer and solvent. To compensate the
decreased dispersion interactions, high pressure is
needed to increase the density of the mixed solvent.
However, since polarizability of ethylene is too low,
PEOss does not dissolve in pure ethylene even at
160 C and 1,900 bar. Figure 5 also shows that the
slope of the cloud-point curve changes from positive
to negative in the P-T space as the ethylene
concentration increases. The single-phase region
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600 ‘*\*

Increasing
Ethylene Wi%

fl/k/A

I— 4

SO g .

Pressure (bar)

400

-— 3%
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S 8w S L +'\7_W L+L
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Temperature (°C)

Figure 5. Cloud-point curves for PEO;s - ethylene -
I-octene mixture at high ethylene concentrations. For the
18 wt% ethylene curve, open and closed symbols represent
bubble- and cloud-point, respectively.

decreases with increasing temperatures when
ethylene concentrations are lower than 36 wt%,
whereas the single-phase region increases with
temperatures at ethylene concentrations greater than
50 wt%. The negative slope of the cloud-point
curves suggest that the polar interaction of ethylene
begins significant at high ethylene concentrations.
The polar interactions are unfavorable to dissolve
non-polar PEO. Therefore, the cloud-point pressures
of PEOys in the mixed solvent increase with
decreasing temperatures at high ethylene concen-
trations.

Figure 6, which is constructed using P-T diagram
in Figure 4 and 5, well demonstrates the effect of
ethylene concentration and temperature on the
cloud-point pressure of PEOs in the mixed solvent.
At 100, 130, and 160 T, all three cloud-point curves
exhibit similar dependencies on ethylene con-
centration that increases with the amount of ethylene
added to the ternary mixture. However, the extent
of the effects of ethylene concentration on the curves
varies with temperature. The slope of cloud-point
curves with respect to ethylene concentration
gradually increases with decreasing temperature. At
50 wt% ethylene, the cloud-point pressures are
almost identical between 100 and 160 C.

As ethylene concentration becomes greater than
50 wt%, dispersion interactions between PEO and
the mixed solvent decrease due to the reduced
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Figure 6. Cloud-point pressure for PEOss - ethylene -
1-octene mixture as a function of ethylene concentration
of the mixture at 100, 130, and 160 C.
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amount of 1-octene having large polarizability of
153.3 x10” cm’. The reduced dispersion interac-
tions increase the cloud-point pressure of the ternary
mixture. At a fixed ethylene concentration, both the
density of the mixed solvent and the polar in-
teractions between mixed solvent increase with
decreasing temperatures. The increased density of
the mixed solvent is favorable to dissolve PEQO
whereas the strengthened polar interactions are
unfavorable to dissolve PEO. At high ethylene
concentrations, the effect of the unfavorable polar
interactions is supposed to be greater than the
favorable density effect. Higher pressures are
needed to dissolve PEO with decreasing temperature
at the fixed concentration of ethylene higher than
50 wt% in the ternary mixture.

As ethylene concentrations become less than 50
wt%, the density of the mixed solvent as well as
the dispersion interactions between PEO and the
mixed solvent increase because of increasing
1-octene amount in the mixed solvent. Since the
elevated density and the dispersion interactions are
favorable to dissolve the PEQO, the cloud-point
pressure of the ternary mixture decreases. For
instance, the cloud-point pressure of the ternary
mixture containing 18 wt% ethylene decreases to 85
bar at 130 C. At the fixed concentration of ethylene
less than 50 wt%, the effect of increasing solvent
density with decreasing temperature overwhelms the
effect of the unfavorable polar interactions between
the mixed solvent which also increases with de-
creasing temperature. Unlike the mixtures containing
ethylene more than 50 wt%, the cloud-point pre-
ssures increase as temperatures rise.

IV. Conclusions

The cloud-point pressure of PEQ;s - ethylene -
l-octene mixture abruptly increases with the
concentration of ethylene in the ternary mixture. As
ethylene concentrations in the ternary mixture
increase, the bubble-point curve of the ternary
mixture shortens and only the cloud-point curve is

dzt2Ev] 44149 A2, 2006

observed at ethylene concentrations higher than 25
wt% of ethylene. At 160 C, the addition of 15 and
64 wt% ecthylenc to PEO;s - l-octene mixture
increases the pressures to dissolve PEO;s from 4.5
to 95 and 750 bar, respectively. The cloud-point
pressures are about 20 and 167 times higher than
the pressure that dissolves PEOis in pure 1-octene.
The increasing cloud-point pressure is result of
weakened dispersion interaction between PEO;s and
the mixed solvent due to the decreased amount of
1-octene. Also, the reduced density of the mixed
solvent decreases the solubility of PEO;s and
increase the pressure to dissolve PEO;s.

The extent of the effects of ethylene on the cloud-
point curves varies with temperature. The depen-
dency of the cloud-point curve on temperature is
determined by the polar interactions and density of
the mixed solvent. The polar interactions, unfavo-
rable to dissolve PEO, increase with decreasing
temperatures. The density of the mixed solvent,
favorable to dissolve PEO, also increases with
decreasing temperatures. At ethylene concentrations
greater than 50 wt%, the cloud-point pressures
increase with decreasing temperatures. This suggests
that the effect of the unfavorable polar interactions
is greater than the favorable density effect. How-
ever, at ethylene concentrations less than 50 wt%,
the cloud-point pressures decrease with tempera-
tures. This implies that the effect of the unfavorable
polar interactions is less than the favorable density
effect.
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