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ABSTRACT: The coabsorptions of ethylene and iso-pen-
tane, and ethylene and n-hexane were measured by the use
of a pressure decay method. The solubility data of ethylene-
iso-pentane and ethylene-n-hexane in semicrystalline poly-
ethylene (PE) of crystallinity of 48.6% were obtained at tem-
peratures 70, 80, and 90 8C, and the total pressure 2 MPa,
iso-pentane partial pressure 80–190 KPa, n-hexane partial
pressure 20–90 KPa. The presence of iso-pentane or n-hexane
in the corresponding ternary system leads to increase the
solubility of ethylene, while the solubility of iso-pentane or
n-hexane remains unchanged with an increase of the ethyl-

ene partial pressure, even slightly decreases. Assumed that
the presence of iso-pentane or n-hexane decreases the crystal-
linity of the polymer sample, a coabsorption model was built
to model the solubility of each gas in the ternary systems.
The relative root mean square errors of the coabsorption
model for ethylene-iso-pentane-PE system and ethylene-n-
hexane-PE system are 5.13% and 4.64%, respectively. � 2007
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INTRODUCTION

During the gas-phase production of polyethylene
(PE), the atmosphere surrounding the growing PE
particles contains ethylene and a-olefins typically 1-
butene, 1-hexene, or 1-octene, used as comonomer.
Furthermore an inert solvent such as iso-pentane or
n-hexane is used as condensing agent in the con-
densed-mode gas-phase PE process. So many differ-
ent components are present in a gas-phase reactor
and simultaneously absorb in the polymer. The reac-
tion rate and the final structure of the polymer
chains are directly related to the solubilities of the
monomer and comonomer in the PE grains.1–7

Knowledge of the solubility of gas mixtures in poly-
mer is important in both the polymer and the petro-
chemical industries.

At present most of the experimental and theoreti-
cal studies of the solubility of gases in polymers are
limited to the absorption of a single gas.2–5,7–11 How-
ever, the solubility of the gases mixture at given par-
tial pressures is usually nonadditive. It has been
observed experimentally that the solubility of a gas
in a polymer sample may or may not be enhanced
by the presence of another gas depending on the na-
ture of the latter gas. Li and Long determined exper-

imentally a 50–50 mixture of the ethylene and meth-
ane components and showed that absorption of the
more soluble ethylene enhances the solubility of the
mixture well above that predicted from independent
absorption.12 However, they did not determine the
relative composition of the absorbed vapor mixture
in the polymer. Robeson and Smith examined ab-
sorption of an ethane-butane mixture in LDPE at
atmospheric pressure.13 They found that the absorp-
tion of ethane is not affected by the presence of
butane, unless at 308C. McKenna studied the pres-
ence of 1-butene or nitrogen does not affect the solu-
bility of ethylene, but the absorption of 1-butene will
change the crystallinity of PE.5 Moore and Wanke
obtained the preliminary results of the coabsorption
of ethylene and 1-hexene, and showed that the
amount of 1-hexene absorbed in the LLDPE in the
presence of ethylene is much less than the solubility
of pure 1-hexene in the same sample.14 We also got
the primary result that showed the presence of
iso-pentane or n-hexane affect the solubility of ethyl-
ene in semicrystalline PE but it is not conversely.15

Compared with the importance of the solubility
data of gas mixtures in polymer, the earlier coab-
sorption solubility data are not adequate, especially
for the conditions encountered during gas-phase
polymerization.

Furthermore, to develop a sound understanding of
the kinetics of the polymerization process, and hence
the quality of the product resin, a model capable of
predicting the solubility data is required, other than
the solubility data of gas mixtures in polymer. Nath
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et al. proposed the united atom force field using in
Monte Carlo simulation to simulate the solubility of
ethylene and 1-hexene mixtures in linear amorphous
PE (modeled as C70).

16,17 They reported that the
presence of 1-hexene increases the solubility of ethyl-
ene in PE and the two gas molecules exhibit a tend-
ency to cluster near the polymer chain ends. McCabe
et al. examined the coabsorption of pentane and
methane mixture and pentane and butane mixture in
LDPE with the SAFT-VR approach.18 Paricaud et al.
considered strong synergies consisting in the ternary
system 1-butene-1-hexene-PE and used SAFT-VR to
predict the solubilities.19 They provided an explana-
tion of the coabsorption effects in terms of the inter-
actions between gas and PE molecules. Banaszak
et al. employed the osmotic ensemble hyperparallel
tempering method to simulate the coabsorption of
ethylene-1-hexene in LLDPE, and then used the sim-
ulations to parameterize the SAFT-PC equation of
state.20

All these models only account for the concentra-
tion of gas in amorphous region of the semicrystal-
line polymer and do not capture the semicrystalline
structure of polymer. The presence of the crystallites
impacts the solubilities of gases in amorphous poly-
mer, as suggested by Michaels and Hausslein (M–H
theory).21 And under typical gas phase reactor con-
ditions, the crystallinity of polymer is dependent on
the temperature, and may be decreasing as a function
of increasing gas content.5,19,22 Therefore, to account
for the coabsorption behavior of gas mixtures in semi-
crystalline polymers, an elaborate model is needed.

Considering the chemical simplicity and immedi-
acy that characterize such ternary systems, activity
coefficient theory could provide a useful tool to
understand and determine the coabsorption behav-
ior. Furthermore, activity coefficient theory can expe-
diently account for the effects of crystallites on the
solubility of gases in the amorphous region of the
semicrystalline polymer, while molecular simulations
and equation of states cannot do. In previous work,
we studied the solubility of ethylene, iso-pentane,
and n-hexane in PE near the operating temperatures
and pressures of the polymerization processes, and
develop a model to fit the experimental data. In this
work, the purpose is to study the solubility of gas
mixtures of ethylene-iso-pentane and ethylene-n-hex-
ane in LLDPE. We compared the ternary experimen-
tal results with the corresponding binary solubilities
and used the coabsorption model based on the activ-
ity coefficient theory to describe and explain the
coabsorption behavior of ternary systems.

The article is organized as follows. A brief descrip-
tion of the model was depicted. And then the solu-
bility of each gas in ternary systems of ethylene-iso-
pentane-LLDPE or ethylene-n-hexane-LLDPE was
measured. Finally, the experimental solubility data

were modeled and discussed for the validity of our
hypotheses and the coabsorption effects.

MODEL DETAILS

In this work the coabsorption of ternary mixture is
based on the activity coefficient theory for the polymer
solution. The amorphous regions of the polymer sam-
ple correspond to liquidlike states and can be des-
cribed with UNIFAC-FV. With the introduction of
crystallites, the swelling in the amorphous phase of
the semicrystalline polymer is constrained, thereby
reducing the solubility of molecules in the amorphous
phase of the polymer as compared to that in a
hypothetical, purely amorphous polymer under the
same conditions. To account for this elastic constraint,
following Michaels and Hausslein, we employed the
UNIFAC-FV-M–H model.21

Activity of gas component

For the amorphous liquid phase, the activity of the
gas ai can be calculated from the following expres-
sions:10

ln ai ¼ ln aci þ ln afvi þ ln ainti þ ln aeli (1)

These are the free energy contributions in the gas-
polymer system from combinatorial, free-volume,
interactional, and elastic factors. In three-component
systems including polymer, the contributions are dis-
cussed as follows.

The combinatorial factor can be gotten from the
Flory-Huggins lattice theory:23

ln aci ¼ lnfi þ 1�
X2
i¼1

fi (2)

The third term on the right-hand side of eq. (2) is
the sum of volume fraction of two gas component in
polymer.

Because the polymer molecules are much tightly
packed than the gas molecules, the free volume con-
tribution takes into account the different liquid struc-
tures between gases and polymer. Assuming the vol-
umes are additive, Flory equation of state can be
used to express the free-volume factor:24

ln afvi ¼ 3c ln
�vi

1=3 � 1

�vm1=3 � 1

� �
� c

�vi
�vm

� 1

� �
1� 1

�v
1=3
i

 !�1

(3)

where vi is the reduced volume of the small mole-
cule, and the reduced volume of the ternary mixture
vm can be calculated from the specific volume vm
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and the specific hard-core volumes v�m for the mix-
ture, vm ¼ vm/v

�
m. The vm and v�m can be, respec-

tively, obtained from:

vm ¼
X3
i¼1

wivi (4)

1

v�m
¼
X3
i¼1

wi

v�i
(5)

According to the UNIFAC group contribution
method, the gas-polymer mixture system is consid-
ered as a solution of functional groups rather than a
solution of molecules. So the interactional factor is:10

ln ainti ¼
X
k

vik ðlnGk � lnGi
kÞ (6)

Michaels and Hausslein proposed a theory sug-
gesting that the segment tension crystallization div-
ing force competition is an equilibrium phenom-
enon.21 They assumed that the amorphous regions of
the semicrystalline polymer are composed of two
types of segments: elastically effective and elastically
ineffective. The former consist exclusively of inter-
crystalline tie segments and are responsible for chain
deformation by absorption. The latter consist of
loops, isolated chains, and chain ends terminating in
the amorphous regions and these segments are not
elastically deformed. The activity due to elastic as:

ln aeli ¼
ViDH

f

2
ra

R
1
T � 1

Tm

� �
� fi þ ln aint

i
þ ln afv

i

f3
2

� �
fi

2

� �
3

2ff3
� 1

� � (7)

where f is designated as the elastically effective mass
fraction of the amorphous polymer.

On the basis of the assumption, the amount of
elastically ineffective amorphous polymer is constant
with temperature. So making d to be the elastically
ineffective portion of the total polymer, the relation-
ship between f and d is given by:

f ¼ 1� d
1� wcrys

(8)

where wcrys is the crystallinity of polymer. Since the
crystallinity is temperature-dependent, the parameter
f should be variable from eq. (8).5,22 The elastically
effective segments contain two parts: the inherent
and the premelted polymer. Parameter f is the func-
tion of temperature and parameter d is characteristic
of each semicrystalline polymer and independent of
temperature and gas concentration and type.

In this article, we employ a predictive approach
for the melting point and crystallinity of an arbitrary

PE sample as a function of temperature developed
by Paricaud et al.19 The approach is based on Flory’s
theory of copolymer crystallinity and requires only
the experimental crystallinity wcrys,25 or polymer
density r25 at 258C as an input parameter. Paricaud
et al. assumed PE can be treated as a ‘‘copolymer,’’
which contains both crystallizable ethylene groups
and noncrystallizable units such as those on the
alkyl branches along the chain. The crystallinity wcrys

represents the weight fraction of crystallizable units
and the probability that a given polymer unit crys-
tallizes on cooling. They made correlations of the
melting point Tm and the probability P as a function
of wcrys,25 using the experimental data for the two
main types of catalyst (Ziegler–Natta and metallo-
cenes, in brief ZN and Me) used in polymerization
reactors.5,22

The melting point of PE can be described in terms
of the following functions of:

TmðZNÞ=�C ¼ 13:689w2
crys;25 þ 5:015wcrys;25 þ 124:33

(9)

TmðMeÞ=�C ¼ �81:498w2
crys;25 þ 163:3wcrys;25 þ 63:415

(10)

According the assumption, the probability P is
able to characterize the cooling rate indirectly. A
parameterization of the probability P in terms of
wcrys,25 can also be given:

PðZNÞ ¼ �0:0581w2
crys;25 þ 0:1279wcrys;25 þ 0:9303

(11)

PðMeÞ ¼ �0:0538w2
crys;25 þ 0:1397wcrys;25 þ 0:9142

(12)

The correlations of the two types of catalyst go
through the point for an ideal infinitely long and lin-
ear PE molecule: wcrys,25 ¼ 1.0, Tm ¼ 1458C. The crys-
tallinity wcrys satisfies:

wcrysðTÞ¼
wcrys;25P

xcrit P
ð1�pÞ2� e�b

ð1�e�bÞ2þxcrit
1

1�P� 1
1�e�b

� �h i
Pxcrit;25 P

ð1�PÞ2� e�b25

ð1�e�b25 Þ2þxcrit;25
1

1�P� 1
1�e�b25

� �h i
(13)

Correlating the crystallinity of polyethylene with
the gas content

On the crystallization thermodynamics, impurities
or chain ends impact the melting point of polymer.
When there was small molecular diluting agent
such as plasticizer and monomer unreacted, the
melting point of crystalline polymer decreased.
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McKenna observed that the crystallinity and the
melting point of polymer decrease as a function of
increasing butene content, and proposed an empiri-
cal relationship between the butene fraction of a PE
sample and the crystallinity or the melting point.5

It has been shown experimentally that the presence
of a gas may or may not enhance the solubility of
another gas. For instance, Paricaud et al. found the
absorption of 1-hexene in PE enhances the solubil-
ity of 1-butene, while the absorption of nitrogen
does not change the solubility of 1-butene, even
slightly decreases.19 Nath et al. studied the solute–
solute and solute–polymer intermolecular pair cor-
relation functions of the ethylene-1-hexene-PE
ternary mixture. It was found that although the
relative strength differs from, the absorption of a
small molecule cannot change the intermolecular
interactions.17

Therefore, we define that the coabsorption is a
behavior that the absorption of one gas in polymer
gives rise to an increase in the solubility of the other
gas. The reason is the presence of large amounts of
the former in the polymer decreases the crystallinity
and further leads to an increase in the amount of
amorphous region and an increase in the latter gas.
Whether the coabsorption behavior takes place
depends on the nature of the first gas. The change of
the crystallinity of polymer sample because of the
presence of a gas is temporary.

To combine with the relationship between the
crystallinity and the temperature, we assume the
change of the crystallinity at 258C Dwm,25 is given by
the solubility of the gas SA, which causes the coab-
sorption behavior:

Dwm;25 ¼ mþ n lnð1� SAÞ (14)

where m and n are two adjustable parameters de-
pendent on the property of the gas. It should be
noted that SA is the sum of the solubility of two
small molecules when these all can cause the change
of the crystallinity of polymer sample.

To sum up, our coabsorption model contains three
adjustable parameters, and the crystallinity of the
polymer is dependent on temperature and the solu-
bility of gas.

EXPERIMENTAL

Apparatus

Figure 1 shows the schematic diagram of the pres-
sure-decay apparatus. There are three main parts:
one part for gas inlet, the second for vapor genera-
tion, and the third for solubilities measurement. A
pressure gauge accuracy 0.25 was equipped to mea-
sure the pressure in cell d. A differential pressure
gauge (range 1 MPa, accuracy 0.04 MPa, and 14
MPa F.S.) was used to monitor the pressure change.
The temperature of the cells was controlled using
two water bathes (60.1 K). All the incoming lines
were wrapped with heating tapes to prevent
any condensation of vapor. The composition of
the gaseous mixture was measured with a gas chro-
matograph.

The PE powder was placed in cell f and the appa-
ratus was evacuated. Iso-pentane or n-hexane was
formed vapor in a vaporizer by a constant-tempera-
ture bath. When the systems got equilibrium, the
valve between cell d and cell e and the valve
between cell e and cell f were closed. Then the
valves between the vaporizer and cell d were
opened, the vapor was introduced into cell d. After

Figure 1 Schematic diagram of absorption apparatus.
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measured the pressure with a differential pressure
gauge, the vapor was introduced into cell e at the
same pressure. Ethylene stream was introduced in
the cell e and mixed with the vapor.

The valve between cell d and cell e was closed
and the valve between cell e and cell f was opened
to get the gaseous mixture meet PE powder. The
pressure decay DP resulting from gas dissolution
and volume expansion was measured with the dif-
ferential pressure gauge. And then the valve
between cell e and cell f was closed, and the gaseous
mixture was introduced into the sampling tube
through the six-way valve. After absorption, the ap-
paratus was degassed with nitrogen.

According to the ideal gas equation of state, the
amount of gas and vapor dissolved into the PE was
determined using the following equations, respec-
tively:

nvapor ¼
Pvapor1V1

RT
� Pvapor2V2

RT

ngas ¼
ðP1 � Pgas1ÞV1

RT
� ðP1 � DP� Pgas1ÞV2

RT
: (15)

where V1 is the inner volume of the cell e; V2 is the
volume of vapor or gas at the absorption equilib-

Figure 2 Solubility data of ethylene and iso-pentane in
the ethylene-iso-pentane-DGM1820 ternary system at the
total pressure 0.5 MPa.

Figure 3 Solubility data of ethylene and iso-pentane in
the ethylene-iso-pentane-DGM1820 ternary system at the
total pressure 1 MPa.

Figure 4 Solubility data of ethylene and iso-pentane in
the ethylene-iso-pentane-DGM1820 ternary system at the
total pressure 1.5 MPa.

Figure 5 Solubility data of ethylene and iso-pentane in
the ethylene-iso-pentane-DGM1820 ternary system at the
total pressure 2 MPa.
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rium, so it is the summation inner volume of the cell
e and f subtract from the volume of the polymer.

Materials

A PE powder, DGM1820 obtained from Qilu Petro-
chemical (Zibo, China) was used in this study. It
had particle diameter 0.5–0.6mm, a density 0.920
g/mL, and a crystallinity of 48.6%, as determined by
differential scanning calorimetry and X-ray diffrac-
tion. Prior to experiments, the sample was outgassed
at 608C and protected within nitrogen. Two gaseous
mixtures were ethylene-iso-pentane and ethylene-n-
hexane. The purity of ethylene was at least 99% and
received from Zhejiang University Gas Station. Iso-

pentane and n-hexane were analytically pure. The
experiments were performed at temperatures of 70,
80, and 908C for each ternary system and at total
pressures up to 2 MPa, iso-pentane partial pressures
80–190 KPa, and n-hexane partial pressures 20–
90 KPa, respectively.

RESULTS AND DISCUSSION

Solubility of gases in ternary system

In the ethylene-iso-pentane-PE ternary system, the
solubilities of ethylene and iso-pentane in DGM1820
at different temperatures and total pressures are
shown in Figures 2–5. Figures 6–9 show the experi-

Figure 6 Solubility data of ethylene and iso-pentane in
the ethylene-n-hexane-DGM1820 ternary system at the
total pressure 0.5 MPa.

Figure 7 Solubility data of ethylene and iso-pentane in
the ethylene-n-hexane-DGM1820 ternary system at the
total pressure 1 MPa.

Figure 8 Solubility data of ethylene and iso-pentane in
the ethylene-n-hexane-DGM1820 ternary system at the
total pressure 1.5 MPa.

Figure 9 Solubility data of ethylene and iso-pentane in
the ethylene-n-hexane-DGM1820 ternary system at the
total pressure 2 MPa.
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mental solubility data of ethylene and n-hexane in
DGM1820 in the ethylene-n-hexane-PE ternary sys-
tem. The solubility data are expressed in terms of
grams of gases per gram of amorphous polyethylene.

In the literature, the solubility of ethylene in PE
was shown to be proportional to the pressure at
each of the different temperatures and can be
expressed in terms of Henry’s law. Figures 2–9 show
the solubility of ethylene in a ternary system is also
linear with pressure. However, due to the presence
of iso-pentane or n-hexane, the solubility of ethylene
in the ternary system is higher than that in the
binary system at given temperature and pressure.
Figure 10 shows that for a fixed ethylene partial
pressure the solubility of ethylene increase with the
iso-pentane partial pressure increasing. And the fig-

ure also shows that when the iso-pentane partial
pressure is fixed the increasing extent of the solubil-
ity of ethylene is a little different.

Furthermore, the solubility of ethylene in the eth-
ylene-n-hexane-DGM1820 ternary system increases
with increasing partial pressure of n-hexane, consist-
ent with what is found in the case of ethylene-iso-
pentane-DGM1820. This experimental observation
can be explained as follows: the presence of iso-
pentane or n-hexane decreases the crystallinity of the
polymer sample and as a consequence favors the
solubility of ethylene.

On the other hand, a different behavior is ob-
served: the presence of ethylene hardly increases the
solubility of iso-pentane or n-hexane, even slightly
decreases. Figures 11 and 12 show respectively, the
solubilities of iso-pentane and n-hexane when ethyl-
ene is added as the coabsorbent at 708C. For iso-pen-
tane or n-hexane, solubility decreases slightly with
an increase in ethylene partial pressure. Obviously,
the solubility of ethylene is far lower than that of
iso-pentane or n-hexane. Thus, the presence of ethyl-
ene cannot affect the crystallinity of polymer. When
iso-pentane or n-hexane is absorbed into the amor-
phous region, ethylene is an inert existence and
occupies a small proportion of space where should
be the former.

Figure 10 Solubility of ethylene with various iso-pentane
partial pressures at 708C.

Figure 11 Solubility of iso-pentane with various ethylene
partial pressures at 708C.

Figure 12 Solubility of n-hexane with various ethylene
partial pressures at 708C.

TABLE I
Parameters m and n for Ternary Systems by the

Coabsorption Model

Ternary system m n

Ethylene-iso-pentane-DGM1820 �0.117 �0.0185
Ethylene-n-hexane-DGM1820 �0.120 �0.0158
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Modeling the solubility data with the
coabsorption model

The coabsorption model was used to fit the solubility
data in ternary systems in Figures 2–9. The model
contains the unknown parameters d, m, and n. The
parameter d, the fraction of elastically ineffective
chains in the polymer, is obtained from the previous
study where ethylene, iso-pentane, and n-hexane
were absorbed in polymer respectively.25 And the
parameters m and n were fitted by the use of a total
of 107 data points from two ternary systems. The
results are shown in Table I.

The obtained values of parameters were used to
compute the residual error for iso-pentane and n-
hexane, as shown in Figures 13 and 14.

The UNIFAC correlation of Michaels–Hausslein
method was used to fit the solubility data, and the
results were compared with the earlier. And we
compared the results from the coabsorption model
with those from the model not to consider the coab-
sorption behavior. So we show the relative root mean
square error of the three solubility modeling meth-
ods: coabsorption model, UNIFAC-M–H method,
and non-co-absorption model for each ternary system
in Table II.

CONCLUSIONS

The coabsorptions of ethylene and iso-pentane, and
ethylene and n-hexane were measured by the use of
a pressure decay method. The solubility of ethylene,
iso-pentane, and n-hexane in semicrystalline PE were
obtained at the total pressure 2 MPa and tempera-
tures 70, 80, and 908C. The presence of iso-pentane
or n-hexane in the corresponding ternary system
leads to increase the solubility of ethylene, while the
solubility of iso-pentane or n-hexane remains
unchanged with an increase of the ethylene partial
pressure, even slightly decreases. A coabsorption
model was built to model the solubility of each gas
in the ternary systems. It was assumed that the pres-
ence of iso-pentane or n-hexane decreases the crystal-
linity of the polymer sample and advance ethylene
to absorb in PE.

We express our appreciation to Qilu Petrochemical Co. for
the material donations.

NOMENCLATURE

ai the gas activity

v the reduced volume (mL)

v the specifice volume (mL)

v* the specific hard-core volume (mL)

f fraction of elastically effective chains in the
amorphous region

wcry the crystallinity of semicrystalline polymer

Tm the melting point of polymer (8C)
Figure 14 Residual error for n-hexane in ethylene-n-hex-
ane-DGM1820 ternary system.

Figure 13 Residual error for iso-pentane in ethylene-iso-
pentane-DGM1820 ternary system.

TABLE II
Comparison of Solubility Modeling Methods

Ternary system

Relative root mean
square error (%)

Coabsorption
model

No
coabsorption

UNIFAC-
M–H

Ethylene-iso-pentane-
DGM1820 5.13 6.58 11.36

Ethylene-n-hexane-
DGM1820 4.64 7.25 14.19

Total 4.89 6.92 12.78
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wcrys,25 crystallinity of semicrystalline polymer at 258C
P probability that a crystallizable unit crystallizes

on cooling

SA solubility of gas in polymer, g/g amPolymer

m, n adjustable parameters

V1 the inner volume of the cell e (mL)

V2 the volume of vapor or gas (mL)

Greek Symbols

j volume fraction of gas in mixture (%)

G the group activity

d fraction of elastically ineffective chains in the
whole polymer

Superscripts

c combinatorial contribution

fv free-volume contribution

int interactional contribution

el elastic contribution

Subscript

m the mixture
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