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ABSTRACT: This article describes the solubility of carbon dioxide, ethylene and pro-
pane in l-octene based polyethylene of 0.94, 0.92, 0.904, and 0.87 densities. The iso-
therms obtained in the gas sorption experimental device display a sorption behavior
similar to that of glassy polymers. We apply the dual model to semicrystalline poly-
mers assuming that Henry’s sites are related to the amorphous phase, which
decreases when the crystallinity percentage increases, whereas the surface of the
crystalline phase acts as a Langmuir site with higher gas-polymer affinity than
glassy polymers. The good concordance of the calculated kp values, using the Flory-
Huggins theory of polymer diluent mixtures, with the experimental results suggest
that Henry’s gas sorption fulfills this theory and, therefore, it may be a suitable way
to estimate polymer-gas enthalpic interactions. Particularly, the variation of kp with
the crystallinity fraction is exponential and the proportionality of the total sorption
with the amorphous content seems only apparent. © 2007 Wiley Periodicals, Inc. J Polym

Sci Part B: Polym Phys 45: 1798-1807, 2007
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INTRODUCTION

The diffusion or transport of a chemical species
of low molecular weight in both rubbery and
glassy polymers is a topic of interest in many
science and technology fields. Their importance
has been growing over the past few years
regarding the development of polymer films as
separation barriers used for packaging food and
beverages, protective cable coatings, encapsulat-
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ing drugs with controlled delivery, development
of contact lenses or manufacturing ion-exchange
membranes.’

One of the most promising application of poly-
mers comes in the separation of gas mixtures
industry, such as helium from natural gas, oxy-
gen from nitrogen, hydrogen, and methane puri-
fication.® Most membranes used in the separa-
tion of gas mixtures are made from polymeric
substances, with high glass transition tempera-
tures such as polysulfones, polyamides or cellu-
lose triacetate.

The development of new gas separation mem-
branes is oriented to obtain a good balance of
two properties, namely permeability and perm-
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selectivity. To improve these properties, a better
knowledge of the interaction among chemical
structure, thermodynamics, and transport pa-
rameters is needed.*™®

Along these lines, the study of films made
from linear PE of low density (LLDPE) and rela-
tively low crystalline degree, has been reported.’
The interest is the relation between the mechan-
ical analysis and permeation measurements.
Thanks to the LLDPE manufacturing character-
istics, its flexibility and high elongation modu-
lus, this material was selected to be used for
packaging and storing food. Therefore, the study
of gas diffusion properties is of great interest,
particularly the characterization of COs, CyHy,
and C3Hg, which is the goal of this article.

Preceding studies using this kind of semicrys-
talline polyethylene were focused on the role
played by the interface effect between amor-
phous and crystalline boundary, which decreases
the diffusion coefficient.’® Therefore, the assump-
tion of a modified free volume with an imperme-
able-crystalline component in the material, can
help to explain the variation of the solubility
coefficient,’'? and the changes on permeability
P and diffusion coefficient D, with temperature
and pressure.

In the present article, we proceed to show
that using the modified dual-mode sorption
model it is possible to explain the variation of
the gas solubility for CO,, CyH,, and CsHg,
using LLDPE as a function of density or crystal-
line percentage, at 25 and 35 °C. The results for
the solubility coefficient, the affinity parameter
and the saturation constant for the gases tested,
have been interpreted assuming that the amor-
phous part of the polymer represents a continu-
ous phase in which Henry’s sites are homogene-
ously distributed, and whose volume fraction
decreases when the crystalline fraction increases
(first mode of sorption). On the other hand,
increasing the percentage of crystallinity
increases the microcavities or Langmuir sites in
which the restricted diffusion takes place
(second mode of sorption), so that the gas Lang-
muir sorption in semicrystalline LLDPE plays a
more important role than Henry’s sites. There-
fore, this dependence with the crystallinity frac-
tion imposes the control rate to the total sorp-
tion, as it will be discussed later.

Finally, considering the polymer—gas interac-
tion into Flory-Huggins interaction parameter'®
for each of the gases studied, the Henry’s solu-
bility constant at temperature T is obtained.
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Theoretical Background

We use the dual-mode sorption model, but con-
sidering a glassy and semicrystalline polymer at
T < Ty In the sample are present two phases,
the amorphous (am) and the crystalline (cr).
Each phase fraction fulfills the relation

Oam + Oer = 1. (1)

There are two components in the amorphous
phase, gas and polymer. In the crystalline phase
there is no gas component, since this phase is
considered impermeable to it. The molar volu-
metric fraction of the gas and polymer com-
ponents is indicated by ¢4 and ¢p, such that ¢
+ ¢p = 1.

Thus, in a permeation process the variation
of the total Gibbs free energy is only given in
the amorphous phase. Considering the differ-
ence between the chemical potential per mol for
the amorphous phase in presence of the gas
component, ((T,p,ps), and the chemical potential
of the polymeric matrix alone, uy(7,p), we have

A."L = [l(T,p, d)A) - #O(T’p) (2)

This expression is applicable to pure amor-
phous phase samples. When a crystalline phase
is present, the actual chemical potential changes
are given by

A:uam = OCamA‘u. (3)

Equation 3 expresses that the difference in
the chemical potential varies proportionally to
the crystallinity percentage. Now, we want to
know how Henry’s solubility constant (kp) de-
pends on this quantity. First, let’s consider the
sorption quantity or the gas concentration per
unit volume inside the membrane (Cp), as estab-
lished according to Henry’s law for low concen-
trations pressures

Ca = kppay, (4)

where kp is Henry’s solubility constant and pa o
is the gas pressure at the beginning of the sorp-
tion process. C, can be written according to the
ideal gas equation for the diluted solution case,

C
kp = A — oPAT (5)
PAo pao
Here a = 22210" and p,q is the gas equilib-
rium pressure at the sorption cell in the station-
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ary state. That is the final state, where it is estab-
lished the mixture polymer—gas inside the mem-
brane where the gas—polymer mixture occurs.

From the first equality for the chemical
potential for mixtures we can obtain the pres-
sure ratio.

According to the mixtures theory, the varia-
tion of chemical potential for the gas A in a
polymer matrix can be written as

PAT A.uam _ O(amA,U
Ao = exp (RT) = exp( RT ) (6)

Replacing eq. 6 into eq. 5, we obtain

OamApt
RT )

kp =a exp< (7)

Now, defining the analogous of eq. 7 for the
amorphous contribution as

(D) am = @ €Xp (2—;), (8)

and from this two last equations, we can find
the logarithm relationship for the actual Henry’s
solubility constant

logkp = B — Moy, (9)
where
B =10g(kD) s> (10)
and
_ Au
M = 7T (11)

Taking into account the Balta and Rueda'*
reported data, where a linear regression is
established between the crystalline fraction, o,
and the polymer density (p in g/cm®), namely

der = 6.0474 - p — 4.9899, (12)

the actual Henry’s coefficient is expressed as a
density function

logkp =B ' —M' - p, (13)
where

B’ =1log(kp),,, + 4.9899M, (14)

and

/ Ap
M = 6.0474RT. (15)

According to eq. 13, the plot of log kp versus p
shows a straight line with negative slope.

On the other hand, the result given by eq. 13
is in disagreement with the current assumption
of Michaels and Bixler (see refs. 2 and 3), for
the low concentrations and low pressure cases,
in which Henry’s solubility constant is propor-
tional to the amorphous fraction,'® that is, kp
= Oam (Bp)am. However, their relation is appa-
rent for the general case for the sorption at any
pressure, namely, S = 0,,Sam. In Results and
Discussion we will proceed to verify this result.

Experimental Determination of Sorption Isotherms

The linear low density polyethylene (LLDPE)
used in this study was obtained by coextrusion
using the same raw materials, but different
processing conditions, prepared from copolymer
of ethylene-1-octene (Dow Chemical, Tarragona,
Spain) with a content of about 8 mol % of the
later comonomer. The commercial densities are
0.94, 0.92, 0.904, and 0.87 g/cm?. The films were
prepared by compression molding between two
heating plates at 200 °C for 15 min. Then, the
films were cooled at room temperature. In this
study, the acronyms for the films in decreasing
order of crystallinity have been named LLDPE1,
LLDPE2, LLDPE3, and LLDPE4, respectively.

Measurements of the absorbed concentration
of carbon dioxide, ethylene and propane were
performed at 25 and 35 °C, using the experi-
mental device represented in Figure 1. The
interval of pressures measured was between 45
and 800 cmHg.

®

Sorption
cell

Pressure

Temperature bath controller
tank

Figure 1. Sorption Experimental cell. A, B, and X
are open/close valves.
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Figure 2. Variation of the concentration of the
adsorbed propane for different polyethylens: LLDPE4
(O), LLDPES (0O0), LLDPEZ2 (), and LLDPEL (X), as a
function of the applied pressure at 25 °C.

The polymeric samples were attached in a
sorption cell, which was designed to register the
number of moles of gas dissolved into the poly-
meric matrix. Py gives the pressure in the sorp-
tion cell, which is established when valve A is
open to allow the gas into the high-pressure res-
ervoir. Py gives the pressure at the reservoir.
Both, the reservoir and the sorption cell are inte-
grated with pressure sensors of range 0-55 bars
and 0-11 bars (APR267 and APR266 Pfeiffer
model), respectively. The accuracy of the two sen-
sors in each measure was 2%. Each experiment
was repeated three times, and the gas concentra-
tion sorbed was taken as the average of the val-
ues obtained. In all cases differences less than 2%
have been obtained. The function of the reservoir
is to make sure that the incoming gas from the
pressure tank reaches the desired temperature
before entering the sorption cell. When thermal
equilibrium is obtained, valve B is opened until
the pressure Py is reached and then closed imme-
diately. The gas pressure in the sorption cell
diminishes due to the absorption process into the
polymeric films, and it is registered each second
by an electronic interphase connected to the pres-
sure sensors. Vacuum is made in the sorption cell
and pressure reservoir by means of a Leybold AG
vacuum pump Trivac D 1,6 B model, which can
reach 4 X 10~* mbar. Before each experiment, the
entire system was maintained 24 h under high
vacuum. Previous to doing the experiment, the
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pressure drop and the gas adsorption in the walls
were determined.

The expression used to obtain the mole num-
ber of the absorbed gas in the films is'®

_V-m/p[pi ps
An = RT [zi ze]’ (16)

were V is the sorption cell volume, p is the poly-
mer density (in g/em®) and m is the mass of
LLDPE films in the sorption cell (in grams), z;
and z; represent the compressibility factor of the
gas at the initial p;, and final pf, pressures,
respectively. The values for the compressibility
factor were obtained from tables, particularly
given in reference,'” in terms of reduced pres-
sure (p, = }%), and reduced temperature (T, = Tlc),
where p. and T, are critical values for pressure
and temperature of the adsorbed gas.

The concentration of the adsorbed gas corre-
sponding to the equilibrium pressure p¢ given in
em? (STp)/(per ecm?® of polymer), is calculated by
means of the following relationship:

~2.24X10* pAn
- - ,

C (17)

RESULTS AND DISCUSSION

Figures 2 and 3, show the variation of the pro-
pane and CO, concentration versus the pressure
for temperatures of 25 and 35 °C, respectively.
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Figure 3. Variation of the concentration of the
absorbed COs for different LLDPE as a function of
the applied pressure at 35 °C. LLDPE4 (O), LLDPE3
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Figure 4. Apparent solubility of ethylene as a pres-
sure function at 25 °C for different LLDPE4 (Q),
LLDPES ([0), LLDPE2 (<), and LLDPE1 (X).

In the previous figures, it can be noted that a
drop in pressure occurs near the origin. On the
other hand, a linear behavior is observed for
pressures higher than atmospheric. This behav-
ior is usually described in glassy polymers by
the following equation'®!?

Cy-b-pao

C=rFkp- .
D "PAao+ 1+5 pao

(18)

Similarly, according to the dual-sorption theory,
the effective solubility coefficient is expressed by
means of two terms: one is the sorption in the
amorphous region of the polymer, and the other
is that in the microcavities or interphases of crys-
talline regions (in the case of semicrystalline poly-
mers). Thus it can be expressed by

Cl b

S=Fk —_—
D+1+b~pA10

(19)

where, Cf; is the Langmuir concentration, b is
the polymer—gas affinity parameter and pa,o the
applied pressure.

Figures 4 and 5 show the values of the effec-
tive solubility of the ethylene and the propane
at 25 and 35 °C, respectively, as a pressure func-
tion for different polymers with different percen-
tages of crystallinity. It can be noted that the
solubility coefficient sharply decreases in the
low pressure region, and its value remains
nearly constant for ppo > 1/b values, where the
inverse of b represents the characteristic pres-

sure for which deviation of the Henry’s law is
attained. Since the polymer affinity decreases
for semicrystalline polymers, their profile of the
sorption curves becomes sharp, taking an “L”
form for high crystallinity and temperature.
This behavior can be seen in Figure 5.

This behavior can be explained invoking the
modified dual-mode, or hereafter, the so-called
dual-semicrystalline model.''2 It is assumed
two different processes of the gas solubility. One
is produced in the amorphous part, which
decreases as the degree of crystallinity increases.
The other is produced into the intercrystalline
regions acting as Langmuir sites, and they in-
crease with the crystalline portion.

Nevertheless, when the parameter b and the
product Cpb increase with crystallinity, the
resulting profile of the sorption curve is similar
to that of amorphous polymers, as it can be seen
in Figure 4. Therefore, the interpretation of the
dual-semicrystalline model becomes apparent,
and the analysis of the variations of the solubil-
ity with crystallinity is necessary. This is being
done in the time being.

Using a fitting procedure of the experimental
data for the effective solubility of the gases
tested, it can be noted that the dual-semicrystal-
line model is fulfilled in the same terms of eq. 19
for our samples. In Figures 4 and 5 the apparent
solubility is plotted against the pressure, and
they agree with the result of the dual model. The
fit parameters are given in Table 1.
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Figure 5. Apparent solubility of propane as a pres-
sure function at 35 °C for LLDPE4 (O), LLDPE3 (),
LLDPE2 (&), and LLDPE1L (X).
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Table 1. Values of the Parameters Related to the First and Second Sorption Modes for COy, C3Hg, and CoHy,
as a Temperature Function for Several LLDPE with Different Crystallinity

MEMBRANA Density (g/cm®) GAS T (K) kp X 10° Cib x 10° b x 103 (cmHg™1)
LLDPE1 0.94 CO, 25 1.10 * 0.10 0.15 + 0.02 85 + 20
LLDPE2 0.92 1.18 = 0.12 1.15 = 0.24 70 = 15
LLDPE3 0.904 1.25 + 0.13 0.85 + 0.25 60 + 14
LLDPE4 0.87 1.40 * 0.15 0.35 = 0.10 35 + 10
LLDPE1 0.94 Ethylene 1.78 = 0.2 8.2+ 24 45 + 15
LLDPE2 0.92 2.14 *+ 0.2 75+ 1.6 40 + 16
LLDPE3 0.904 2.50 + 0.3 6.0+ 1.2 32 * 12
LLDPE4 0.87 450 = 0.4 51=* 1.1 25 +
LLDPE1 0.94 Propane 9.15 = 0.6 12 + 3 15+ 5
LLDPE2 0.92 14.7 = 1.1 18 = 4 22 + 8
LLDPE3 0.904 175 = 1.2 28 + 6 25 +
LLDPE4 0.87 222 + 1.4 52 + 11 40 + 15
LLDPE1 0.94 CO, 35 0.70 + 0.04 4+ 2 0.25 + 0.10
LLDPE2 0.92 0.91 + 0.06 3+1 0.15 + 0.05
LLDPE3 0.904 1.05 + 0.12 2.0+ 05 0.10 + 0.02
LLDPE4 0.87 1.30 + 0.16 3.5+ 0.7 0.20 * 0.05
LLDPE1 0.94 Ethylene 1.45 + 0.18 6+ 2 0.25 + 0.07
LLDPE2 0.92 1.65 = 0.16 40+ 1.5 0.20 + 0.05
LLDPE3 0.904 1.99 + 0.17 2.0 = 0.4 0.07 * 0.02
LLDPE4 0.87 3.4+ 02 1.5 + 0.5 0.01 + 0.005
LLDPE1 0.94 Propane 7.0 0.3 10 = 2 0.15 + 0.03
LLDPE2 0.92 10.1 + 0.8 20 + 5 0.04 + 0.02
LLDPE3 0.904 142 + 1.1 35 + 10 0.025 + 0.01
LLDPE4 0.87 204 + 1.4 25 + 8 0.012 =+ 0.004

The units of kp, are: ecm® of gas (STp) cm 2 of polymer (emHg) L.

The units of C}; are: cm® of gas (STp) ecm 2 of polymer.

From the analysis of data in Table 1, we
make the following observations. Henry’s solu-
bility constant decreases when temperature
increases. This is possibly due to the formation
of defects near the interface amorphous-crystal-
line, such that the effective sorption of the
Henry’s sites decrease.

Furthermore, the values of the Ciy and & for
COg are bigger than that obtained in pure poly-
ethylene. This is due to the fact that the attrac-
tive interaction between the permeating gas and
the polymer in the Langmuir sites increases for
CO, and ethylene, but decreases for propane.

The value of b seems almost constant, but for
the interval of temperatures for each gas, we
see that this value increases with the value of
the kinetic diameter of the permeating species.

We now proceed to test the prediction of the
theoretical approach given in Theoretical Back-
ground. For this purpose, the logarithm of the
effective solubility coefficient is plotted against
the density for the four LLDPE. The results for
kp in Table 1, are presented in Figures 6-8, for
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the three gases and two different tempera-
tures.

The conclusion of the analysis of Figures 6-8
shows that the prediction presented in eq. 13 is
fulfilled. However, this success indicates that the
proportionality-rule presented by Michaels and
Bixler, that is, S = #3nSam, is only an approxi-
mation, since the contribution of the Henry sites
is smaller one order of magnitude than the Lang-
muir contribution, which in fact, follows this
rule. For instance, the proportionality-rule is
confirmed in the cases of ethylene and propane
in Figures 9 and 10, respectively. It can be seen
that the straight lines coincide in o, = 1, which
means that the sorption of the crystallinity
phase is zero. However, rigorously, this value is
different from zero and the extrapolation of the
straight lines to this point is only apparent.

Therefore, the dual model for semicrystalline
polymers might be modified to include the cases
in which the crystalline phase makes contribu-
tions to the sorption, as it was pointed out in
ref. 20.
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Calculation of Henry’s Solubility Constant
for LLDPE

According to the Flory-Huggins theory, the vari-
ation of chemical potential arising from the mix-
ture of a gas A in the liquid state with a poly-
mer P can be written as'®

*— U DAT Va 2
BT Poar A+ Pp Vo 1P

(20)
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Figure 7. Dependence of the log kp of ethylene in
LLDPE films with density at 25 (O) and 35 °C ([1).
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Figure 8. Dependence of the log kp of propane in
LLDPE films with density at 25 (O) and 35 °C ([]).

At equilibrium conditions, pa r represents the
vapor pressures of the gas in the liquid state in
solution, with the membrane at temperature 7.
Therefore ¢, and ¢p are, respectively, the molar
volume fractions of gas in liquid form and poly-
mer, so that ¢ + ¢p = 1.

V and Vp are the respective molar partial vol-
umes, and by taking as reference the boiling po-
int of the gas at 1 atm, the Clapeyron-Clausius
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Figure 9. Apparent solubility of ethylene as a pres-
sure function at 35 °C for semicrystalline LLDPE, at
differenet pressures: 600 cm of Hg (O), 400 cm of Hg
(&), 200 em of Hg (X), 100 cm of Hg (+) and 50 c¢cm
Hg (0D.
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equation allows to estimate ps 1 as

L7101 A Tya
] B R TS T
npAT R<TbA T) RTbA( T) (21)

Here / is the latent heat of vaporization and
Tya is the boiling temperature of A under 1 atm
of pressure. From egs. 20 and 21 it follows that®

Inpar =Ingy + (1 —¢a) (1 - %)

P

2 T
+XA(1_2¢A+¢12§)+R—T}OA (1—%) =~ In ¢y

/ T
) - (L 2t + g (1122 @2

In this expression, the terms with %, as well
as the ratio V,/Vp, are neglected. It is also con-
sidered that ¢o =~ VAC,, with Ca the molar con-
centration of gas in the liquid state in the poly-
meric matrix. Hence, the solubility coefficient
can be written as

S =2 _ (kp),, exp(bca), (23)
PAo

where (kp)am is the Henry’s constant at temper-
ature T, given by
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22414
pu— — — 1 LY
76Vx exp [ (1+ xa)

— (A/RTys) (1 - Toa/T)]. (24)

(kD)amor = kD

Here Vi and (kp)amor units are cm®/mol and
cm®(STP)/(cm®cmHg), respectively. Equation 24
predicts that the condensability of the gas and/
or favorable polymer solvent interactions,
enhance greatly the Henry’s solubility constant.
Moreover, the parameter b in eq. 23 can be writ-
ten as

b= (1+27,)Va. (25)

Since yo > 0 and Tpya < T, then S > kp. On
the other hand, at low pressures cp (0 and the
sorption process follows Henry’s solubility law.
At high pressures, the concentration of gas in
the polymer matrix may become significant and,
as a result, the isotherms representing the con-
centration of gas against pressure in rubbery
polymers is concave with respect to the ordi-
nates axis. This behavior has experimentally
been observed in the sorption isotherms of COs
in poly(dimethy]l siloxane).?!

Values of the boiling temperatures under 1
atm of pressure, latent heat of vaporization and
the partial molar volume of ethylene, propane,
carbon dioxide,??2* are shown in Table 2.

We now proceed to obtain the (kp)sm theoreti-
cal values, using data in Table 3 in eq. 23, with
different values of the interaction parameter.
The results are shown in the same Table 3.

Also, the Table 3 shows the results found for
Henry’s constant using eq. 24, as a function of
the interaction parameter. A quick inspection of
the data of this table shows that (kp)amor de-
creases when the interaction parameter increases.
The comparison of these values with those ob-
tained experimentally for CO,, propane and
ethylene, shows that the proper values are

Table 2. Boiling Temperature at 1 atm of Pressure,
T, Latent Heat of Vaporization, /, and Partial Molar
Volume, V,, for Several Gases>?23

T, 10732 VaiaT,
Gas °C) (cal/mol) (ecm®/mol)
CO, —78.5 4.112 46
Propane —42.1 4.487 76
Ethylene —103.7 3.237 49.3
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Table III. The Variation of (kp)., with the Values of
the Interaction Parameters, y5 at 25 °C for a LLDPE
Film with a Specific Density Given by p = 0.94 g/cm?

103(kD)am 103(kD)am 103(kD)am
A COq Propane Ethylene
0 104 158.5 31.1
0.5 6.3 96.1 18.9
1.0 3.8 58.3 11.4
1.5 2.3 35.7 6.9
2.0 1.4 21.5 4.2
2.5 0.8 13.0 2.6
3.0 0.5 7.9 1.5
3.5 0.3 4.8 0.9
4 0.16 2.9 0.6
4.5 0.10 1.8 0.3
5 0.08 1.0 0.2

«a = 1.7, 3.5, and 3.0, respectively, considering
pure amorphous LLDPE.

CONCLUSIONS

The solubility coefficients of Henry’s law and the
Langmuir sorption for COs, ethylene and pro-
pane, were obtained for polymeric films of differ-
ent densities, varying the temperature, and the
applied pressure. From the analysis of these
sorption plots the dual model is verified, where
it is established that there are two gas sorption
modes in a polymeric material. One is around
the amorphous nonfreezing sites, which is
described by Henry’s law, and the other is
around the Langmuir sites originated in the
freezing regions of the amorphous phase and at
the interfaces between amorphous and crystal-
line boundaries. The crystalline content in the
polymer modifies the role played by these sorp-
tion modes. The logarithm of Henry’s solubility
constant varies inversely proportional with the
crystallinity percentage. On the other hand, pa-
rameters associated to the Langmuir sorption
are increasing proportionally to the pure amor-
phous fraction LLDPE. It should be noted the
change in the profile of the sorption curve
against pressure, which varies from a hyperbole
to an “L” form. That is, the initial part of the
sorption curve slows down abruptly (Henry’s
character diminishes logarithmically), followed
by a plateau representing the saturation of the
Langmuir sites, which prevails for relatively
small pressures.

These two features contribute to establish the
dual-semicrystalline model for semicrystalline
polymers.'*1? This might be considered neces-
sary to explain the sorption coefficient changes
with temperature and pressure, in polymeric
and semicrystalline LLDPE films.

On the other hand, Michaels and Harris J.
Bixler’s works establish that the total sorption
is equal to the product of the amorphous frac-
tion and the solubility constant, for a completely
amorphous sample. We concluded, based on the
dual-semicrystalline model for semicrystalline
polymers, that their results are only an approxi-
mation.
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