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Diffusion of toluene and n-heptane in polyethylenes of different crystallinity
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Abstract

Diffusivity and solubility data for toluene and n-heptane in semi-crystalline polyethylene were obtained by gravimetric sorption experi-
ments conducted in two different laboratories. The effects of temperature, concentration and degree of crystallinity on the diffusion and
solubility behaviour were investigated at®@ The diffusivity data were correlated using a modification of the Vrentas—Duda free-volume
theory. All the parameters in the free-volume model were estimated from pure component data except the size of the jumping units, the
tortuosity, and the free-volume characteristics of the polymers. These results indicate that both the diffusivity and penetrant solubility in the
polymer amorphous phase decrease with increasing crystallinity. Further, the tortuosity or the length of the diffusion path around the crystals

increases with the degree of crystallini®.1999 Elsevier Science Ltd. All rights reserved.
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Nomenclature

1. Introduction

In the production of most polymers, residual low

D polymer—solvent binary mutual-diffusion coefficient (€s1?) . .

D, constant pre-exponential factor (&) molegulgr Welg_ht. species, such as monomers or solvents

fa free-volume of the amorphous phase without the presence of ~ fémain in the finished polymer prquCt- In order to meet
crystals (cmig™) quality, safety, health, and environmental standards,

fy correlation factor for crystallinity influence on the free-volume these low molecular Weight species must be removed by

3 -1 . . . . . .
- (Crln gt) i eritical hole 1 | oY devolatilization steps. Detailed information concerning the
1 solvent specific critical nole Tree-volume (Clg e . . .
Vi polymer specific critical hole free-volume (Grg-Y) soluplllty and cﬁffusmn of. splvents in .t.he .polymer are
Ven  hole free-volume in the amorphous phase {gm) required to design anq optimize devolatilization processes.
In most cases, devolatilization occurs at temperatures above

Vaj polymer jumping unit (cfimol ™) ) the glass transition temperature of the polymer where the

Vey,  hole free-volume of the solvent (chg ™) . diffusion coefficient for the polymer—solvent system can be

Ven,,  hole free-volume of the amorphous polymer o)

Greek Letters

a strong function of temperature and solvent concentration.
Theories based on free-volume concepts provide excellent
correlations and, in some cases, predictions of the concen-
tration and temperature dependence of small molecules

v overlap factor accounting for shared free-volume

3 ratio of solvent and polymer jumping unit within amorphous polymers under devolatilization condi-
¢ia  volume fraction of componentin the amorphous phase tions [1]. The devolatilization of semi-crystalline polymers
e l’;ft'gg;i;aggg rOf componeritin the amorphous phase such as polyethylene, however, can be conducted at con-
Ta correlation factor for influence of crystallinity on the tortuosity ~ ditions where amorphous and crystalline phases coexist and
X Flory—Huggins interaction parameter standard free-volume theories are not applicable. Studies of

* Corresponding author.

diffusion of small penetrant molecules in semi-crystalline
polyethylene clearly reveal that the diffusion process is
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greatly complicated by the presence of the two phasesvolume of solution by the Fujita theory [11] and the average
[2,3]. free-volume per jumping unit by the Vrentas—Duda theory.
Although various models were conceived to correlate It was shown that the Fuijita theory is a restricted form of the
diffusivity data for semi-crystalline polyethylene—solvent Vrentas—Duda theory [12]. Both theories can correlate
systems, several assumptions are common to all. Solventdiffusivity data equally well. The strength of the Vrentas—
are generally considered to be insoluble in the crystallite Duda theory, however, is its semi-predictive capability, for
regions of the polymer and mass transfer or diffusion occurs example, when a few diffusivity data points for one solvent
only in the continuous amorphous phase existing betweenare available to determine key parameters, the model can be
the crystallites. Barrer [2] states that twisting crystalline applied to predict diffusional behaviour for that solvent or
lamellae are thought to grow out from several centres, others over a broad spectrum of temperature and concen-
producing spherulitic structures in polyethylene. Michaels tration. Consequently, the results of the correlation
et al. [3] consider the lamellae to be the inpenetrable presented in this study can be used to predict molecular
domains and not the spherulites. The lamellae are thoughtdiffusion of other solvents in polyethylene.
to be in close proximity thereby restricting the routes for ~ The free-volume theory can be modified to describe
diffusion and rendering very tortuous pathways. The mutual binary diffusion in a semi-crystalline polymer by
amorphous content between the spherulites never fully considering the hole free-volume of the amorphous phase
disappears [4], rather the amorphous region is envisionedand the effect of crystallite size on the tortuosity:
to supply the growing spherulites with polymer, resulting in o -
a permanent entanglement in the spherulites. Thep_— M
mobility of the polymer chains decreases as a result of VEn/y
this entanglement and ultimately the crystal growth 1
stops. Correspondingly, the mobility of solvents in the X [(1—2X¢1a)(1—¢>13)2} [—} (@h)
amorphous region are also presumed to be retarded by T
these entanglements which cause a tightening or loss ofin Eq. (1), the mutual binary diffusion coefficierd, is
free-volume in the amorphous phase. constructed of the product of three terms. The first term is
The presence of the solvent is generally assumed not toan approximation for the self-diffusion coefficient of the
influence the number of crystallites or their morphology. solvent in the polymer based on the free-volume concepts
There are certain systems where this assumption is invalid[10]. The second term is a thermodynamic term which
since the presence of solvents can either promote therelates the mutual binary diffusion coefficient to the self-
formation of crystals [5,6], or destroy them [7]. In the diffusion coefficient based on the Flory—Huggins thermo-
former, the solvent plasticizes the polymer and facilitates dynamics model [13]. This model has the adjustable
its approach to thermodynamic equilibrium. In constrast, parameter which indicates the strength of the interaction
when crystals are dissolved by the solvent, the thermo- between the polymer and solvent. Although the crystallites
dynamic equilibrium state is altered. In this study, serve toimpede swelling similar to cross-links, the concen-
diffusivity data for toluene and n-heptane in several poly- tration range examined in this study is sufficiently low so
ethylene samples of varying crystallinity were measured that the effect of cross-links can be neglected. For higher
by gravimetic sorption and correlated by a free-volume solvent concentrations use of the Flory—Rehner [14]
theory of diffusion that was modified to incorporate the thermodynamic model may be more appropriate. The third
complexities of diffusion in semi-crystalline polymers. term in Eq. (1) is a tortuosityr, which accounts for the
longer pathway a penetrant must follow to circumvent the
crystalline regions. In this formulation, subscript 1 refers to
2. Theory solvent, subscript 2 refers to the polymer, and subscript "a"
refers to the amorphous phase. The definition and physical
The most successful models for describing diffusion of significance of all the parameters in the first two terms are
low molecular weight penetrants or solvents in amorphous available in several references [15]. The specific volume of
polymers above the glass transition are based on free-the polymer—solvent solution in the amorphous phase that
volume concepts in which the components of the system facilitates molecular diffusionr, is referred to as the hole
are envisioned to migrate by jumping into free-volume free-volume and can be determined from the hole free-
holes formed by natural thermal fluctuations. These basic volumes of the individual species in the amorphous phase:
free-volume concepts were first proposed by Cohen and,, Y -
Tumbull [8], modified by Fujita [9] for the case of diffusion  * 7Y = @1aVFr/y + woaVen, /v @)
in amorphous, rubbery polymers and refined by Vrentas wherey reflects the amount of free-volume shared between
and Duda [10] for both self and mutual diffusion in molecules. Although this model has numerous parameters,
polymer—solvent systems. they all have specific physical significance and several of
The critical difference between the Fujita and Vrentas— them can be estimated from pure component data [1,16].
Duda theories is the utilization of the free-volume per unit The critical volumes,V; and V, can be estimated
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from group contribution correlations [17,18]. The pre-expo- each solvent—polymer pair from equilibrium sorption
nential term,Dy, and the free-volume associated with the measurements that were obtained as an integral part of the
solvent}?FHl, can be estimated from the temperature depen- diffusion experiment. The solvent specific parametbxg,
dence of the solvent viscosity and density along with the and\7FH1, were determined from literature values which are
solvent critical properties. For most polymers, the free- based on pure component solvent data. Finally, the data sets
volume associated with the ponme}FHz/y, can be deter-  for both solvents were correlated to determine five
mined from a free-volume correlation of the viscosity of the parameterst,, fy, 75 £ (toluene) and(n-heptane).

polymer as a function of temperature. In the case of a semi-

crystalline polymer, however, it is difficult to determine the

free-volume characteristics of the amorphous phase of the3. Experimental

polymer. Further, the free-volume of the amorphous phase

may be influenced by the presence of the crystallites. The gravimetric sorption experiment is a common experi-
Consequently, the free-volume of the amorphous phasement for studying diffusion in solvent—polymer systems,
was determined from a correlation of the diffusivity data. and details concerning the experimental technique and
As a first approximation the amount of free-volume in the data analysis are available in the literature [19]. In this
amorphous polymer was assumed to be a linear function ofstudy, a thin film (approximately 1.5 mm thick) of the

the volume fraction of the crystalg,. polyethylene was exposed to a constant vapour pressure of
Ve fwet. _t 3 the solvent, and the weight gained by the polymer film was
Froo/ Y =Ta = Tode (3) measured as a function of time at isothermal conditions. The

wheref, is the free-volume of the amorphous phase without €quilibrium solubility of the solvent in the polymer at a
the presence of the crystals afilis a parameter which ~ particular solvent vapour pressure and temperature were
correlates the influence of crystallinity on the amorphous determined by the final equilibrium weight gained by the
phase. Similarly, as a first approximation, the tortuosity is Polymer sample. The mutual binary diffusion coefficient

assumed to be a linear function of the degree of crystallinity: Was determined from the measured relationship between
the weight gain and the time of exposure to the solvent.
7=1+ ¢ 4)

The diffusivity dependence on concentration was deter-
One of the key parameters in the Vrentas—Duda theaty is mined from the initial slope technique using a correlation
which represents the ratio of the volumes of the diffusive for the influence of concentration on the diffusivity [20].
jumping units of the solvent to the polymer. Although Independent measurements from two different laboratories
correlations were presented to estimate this parameterare presented as a check on both the equilibrium and
[16], the theory was most successful when this parameterdiffusivity data. Although both experiments were based on
is determined from the correlation of diffusivity data. gravimetric sorption, the equipment employed were
For the thermodynamic function in Eq. (1) the solvent significantly different. The gravimetric sorption balance in
volume fraction in the amorphous phageg, can be related  the Centre for the Study of Polymer—Solvent Systems
to the weight fraction of the solvent in the amorphous phase, exposes a polymer sample to a pure solvent vapour and relies
w1 by the density of the two components. The Flory—Huggins on the extension of a quartz spring, from which the polymer is
interaction parametery, can be determined from solubility = suspended, to determine the solvent weight gain. In the DSM
data or estimated by various thermodynamic models. Research Laboratory, the polymer sample was exposed to a
In the application of the Vrentas—Duda free-volume flowing gas stream composed of the solvent and an inert gas,
model for completely amorphous polymers the polymer the solvent weight gain was determined by an electronic
free-volume is obtained from viscosity or relaxation data. balance. The characteristics of the three types of polyethylene
For the case of a semi-crystalline polymer, however, the employed in this study are presented in Table 1. Reagent-
complexities associated with the presence of the crystalsgrade toluene and normal heptane were used as supplied.
dictate that diffusivity data be correlated using four  The vapour pressure of the solvent was controlled by a
adjustable parameterg; f,, 7, and £. Fortunately, such a  second constant temperature bath. Diffusivity data
correlation is not completely empirical since three of these were obtained as a function of solvent concentration by
parameterd,, f, andr, are fixed by the characteristics of the conducting a series of sorption experiments consisting of
polymer and are independent of the solvent. Further, reason-step changes in the vapour pressure of the solvents.
able values for the ratio of the jumping units, are con-
strained to a range consistent with the size of the solvent
molecules relative to segments of the polymer chain. 4. Results and discussion
In this study, the free-volume model modified for semi-
crystalline polymers (Egs. (1)—(4)) was evaluated using 4.1. Thermodynamic data and analysis
diffusivity measurements for toluene and n-heptane in
three polyethylene samples possessing different degrees of Gravimetric sorption experiments were conducted with
crystallinity. The interaction parametey, was obtained for  three different polyethylenes at XD over a broad range
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Table 1 The equivalent solubilities suggest that the amorphous
Polymer characteristics phases in the LDPE and the LLDPE are similar, whereas
Sample Crystal Density at the amorphous_phgse qf the HD_PE.is .s.omehow differgnt

volume 70°C, since the solubility in this phase is significantly less. This

fraction,¢.  p, (g cm ™) could be interpreted to mean that less free-volume exists in
LDPE, low density polyethylene 035 0.8907 the amorphpus phase qf .the HDPE than in LDPE and
LLDPE, linear low density polyethylene 0.45 0.9097 LLDPE. This characteristic, however, should also be
HDPE, high density polyethylene 0.70 0.9477 reflected in the diffusivity measurements.

Figs 1 and 2 also reveal that the solubility data from the
of concentration. Fig. 1 shows a correlation of the DSM Research Laboratory are consistently lower than those
equilibrium sorption data for toluene in the three poly- determined in the CSPSS laboratory. These differences may

ethylene samples where the volume fraction of the toluene P& caused by subtle changes in the amorphous phase of the
based on the total volume of the polymesr, is presented as h!gh density polyethylene resulting from differences in the
a function of the toluene activity. The solvent activity is NiStory or pretreatment of the polymer sample. The tem-
defined as the ratio of the vapour pressure of the solventPerature—time history of the sample influences the polymer
to which the polymer sample is exposed relative to the morphology through crystal size and shape. Such structural
vapour pressure of the pure solvent at@0The data changes can influence the characteristics of the amorphous
shown as open symbols in this figure and all subsequentpOIVmer betwe_en thg crystal_s. These_effects are expected to
figures are from the Centre for the Study of Polymer— _be_ most prominent in t_he high density polyethylene since
Solvent Systems (CSPSS) while the data shown as closed! IS the most crystalline and only a small amount of
symbols represent measurements taken at DSM ResearcRmorphous phase is distributed between the crystalline
(DSM). The Flory—Huggins correlations of the solubility Phases. _ -
data are presented in Fig. 1 along with regressed values of Similar correlations for the n-heptane solubility data are
the interaction parameters. Generally good agreement waderesented in F_lg. 3. As before, analyzing the volume fraction
obtained between the correlations and the solubility data. ©f the solvent in the amorphous polymer phase does a better
Since conventional wisdom suggests that a solvent will J_ob of correlating the data for the LDPE and the LLDPE. As
only absorb in the amorphous phase of a semi-crystalline I the case of toluene, the data for the n-heptane clearly
polymer, a more reasonable solubility correlation should be Show that the solubility is lower in the amorphous regions
based on the volume fraction of solvent in the amorphous ©f the HDPE than in LDPE and LLDPE.
polymer phase. This correlation is shown in Fig. 2 for o )
toluene. In this correlation, the data for the LDPE and the 4-2- Diffusivity data and analysis
LLDPE merge so that a single value pfcorrelates all the

data, including the highest solubility data measurements. 1h€ analysis of the diffusivity data is based, as the
solubility correlations, on the concentration of the solvents

1.0 X=2.114| [Xx=0.966 1.0
-
08 | s
0.8 | oH =
z
> > 5 ©
= 0.6 | = N
s Z 06
«© ..6. .
= © °
@ o4} *g ohw A
o) 0.4 |
17 =
o
7]
0.2 O  LDPE (CSPSS)
A LLDPE (CSPSS) 0.2 O  LDPE (CSPSS)
O HDPE (CSPSS) A LLDPE (CSPSS)
®  HDPE (DSM) O HDPE (CSPSS)
0.0 - - B HDPE (DSM)
0.0 0.1 0.2 0.3 0.4 0.0 h —
¢, in total polymer 0.0 01 02 03 04 0.5

$,,, in amorphous phase
Fig. 1. Correlation of toluene solubility in semi-crystalline polyethylene at

70°C (343 K) utilizing Flory—Huggins model with solubility based on  Fig. 2. Correlation of toluene solubility in semi-crystalline polyethylene at
volume fraction of solvent in the total polymer including amorphous and 70°C (343 K) utilizing Flory—Huggins model with solubility based on
crystalline phases. volume fraction of solvent in the amorphous phase of the polymer.



N. Litzow et al./Polymer 40 (1999) 2797—-2803 2801

1.0 Table 3
Polyethylene characteristics based on correlating paraméjes0.164,
f, =849 X 102 andr, = 7.57
o
0.8 | a Sample b T Ve, /v
> LDPE 0.35 3.65 0.134
— a -
> o6l LLDPE 0.45 4.40 0.125
b ' ° HDPE 0.70 6.30 0.104
«
— A
c
@ o4y o The measured effective diffusion coefficients decrease, as
o expected, with an increase in the volume fraction of the
crystalline phase. Overall, the free-volume correlation
0.2 O  LDPE (CSPSS) represents the diffusion data well, although some deviation
A LLDPE (CSPSS) is clearly evident for the LLDPE data. For both toluene and
O HDPE (CSPSS) n-heptane in LLDPE, the curvature of the diffusivity versus
0.0 0.1 0.2 0.3 0.4 the weight fraction of the solvent relationship is well

represented while the absolute values of the diffusion
coefficients are somewhat over-predicted. This suggests
Fig. 3. Correlation ofi-heptane solubility in semi-crystalline polyethylene ~ that the polymer free-volume correlation is accurate for
at 70C (343 K) utilizing Flory—Huggins model with solubility based on  LLDPE while the tortuosity factor is low. This result

volume fraction of solvent in the amorphous phase of the polymer. could arise from the fact that a linear dependence of tortu-

in the amorphous polymer phases. The solvent parameterSOSity, on the volumg fr'action of the crystal phasg (Eq. (4))
in the free-volume model of diffusion in semi-crystalline was imposed. At this time, however, a more detailed depen-

polymers as represented by Eqgs. (1)—(4) and can bede;ce 9f tortu%s_ity %%C;ySta”iEity s rt:na\;]ailz?]ble. d .
estimated from solvent physical property data available in revious studies [16] have shown that the thermodynamic

the literature. These parameters for toluene and normal factor of Eq. (1) dominates at high solvent concentrations,

heptane are presented in Table 2. As discussed earlier>° that the diffusivity reaches a maximum and t.he.n
three parameters in the modél, f,, and r,, are specific decreases as solvent concentration increases. Predictions

for polyethylene, and the ratio of the species jumping based on the free-volume theory indicate th_at this m_aximum
units, &, is the only parameter related to the characteristics occurs at the Iowest concentration for th? high-density poly-
of both the polymer and the specific solvent. The specific ethylene. Resu!tlng from the low splublhty of both toluene
occupied volume of the polyme¥/,, can be estimated by and _n—heptane in the HDPI.E’ experlr_nental (_data COUI(.’ not be
group contribution techniques [16]. For polyethylene, this obtal_ned at th? conc_entratlo_n su_ff!mently hlgh_to v_enfy the
value is 1.005 crig ™. predicted maximum in the diffusivity. Maxima in diffusion

Employing the solvent parameters given in Table 1, the P'at.a are comman in n_on—crystalline polymer systgms and
estimate o¥/5, the interaction parameters indicated in Figs 2 indicate a strong coupling between the solvent mobility and

and 3, and all the diffusion data for the two solvents in the
three polyethylene samples, Egs. (1)—(4) were used to deter-

¢,,, in amorphous phase

mine the following five parameterf; fy, 7, £ (toluene) and
£ (n-heptane) (See Tables 2 and 3).
The experimental diffusivity data and the resulting free-
volume correlation (shown as solid lines) are depicted
in Figs 4 and 5. The effective diffusivity values are -
significantly different in the three polyethylene samples. E
L
Table 2 o
Free-volume parameters for solvents
Toluene n-Heptane 107 tfgséfs:::)s)
Vi (cmPg Y2 0917 1.115 HDPE (CSPSS)
Do: (cm?s 92 1.87x 107 3.43% 10° LA CCL)
Ven, A (70°C) (cm®g™)° 0.5307 0.5265 00 01 02 03 0.4
£° 0.615 0.750 m
1a
®Determined from group contribution techniques [17,18].
PDetermined from solvent viscosity and critical properties [16]. Fig. 4. Free-volume model correlation of toluene diffusion in semi-crystal-

“Correlated from solvent-polyethylene experimental data. line polyethylene.
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crystallinity or physical properties of the polyethylene
used in the Dekmezian n.m.r. study. We expect, however,
that the discrepancy arises from omitting the relaxation
time at the reference temperature in their evaluation of the
free-volume parameters.

The influence of crystallinity on the free-volume of the

10 |

2 amorphous phase determined in this and previous studies
g is consistent with the dynamic n.m.r. study of the non-
~ crystalline phase by Chen et al. [24] Their study revealed
o that the motion of the CH carbons in the amorphous
107 region are more constrained in the polyethylene with high

©  LDPE (CSPSS) crystallinity.
® LDPE (DSM)
o A LLDPE (CSPSS)
O  HDPE (CSPSS .
: ) 5. Conclusions
0.0 0.1 0.2 0.3
© In this study, diffusivity and solubility data were presented

1a

for toluene and n-heptane in three different semi-crystalline
polyethylenes. These data were obtained aEtver a broad
range of concentration. This study reveals that a correlation
exists between the free-volume within the amorphous parts of
the thermodynamic factor in determining the overall mutual the polyethylene and the crystallinity. The trends and
binary diffusion coefficient. magnitudes of the resulting tortuosities and free-volumes

This study is consistent with the study of Fleischer [21] in of the amorphous phases seem reasonable (see Table 3).
which pulsed field gradient n.m.r. was used to examine The results are in good agreement with most previous
the self-diffusion of alkanes in polyethylene. Fleischer investigations and the general concept that crystallinity
correlated his experimental results with Fujita's free- increases will decrease solvent mobility in the amorphous
volume theory. His estimates of the fractional free-volume polymer phases and increase tortuosities. The functional
in the amorphous polymer volume are in good agreement relationships between free-volume, tortuosity, and the
with the results of this study. N.m.r. self-diffusion measure- degree of crystallinity do not necessarily follow the simple
ments provide a more direct means of establishing the linear relationships employed in this study. For example,
influence of crystals on the free-volume characteristics of Eby [25] as well as Sha and Harrison [26] have shown
the amorphous phase than mutual binary diffusion measure-that the orientation of the lamellar crystals in polyethylene
ments. Most previous investigators measured mutual binarycan influence molecular diffusion. At present, however,
diffusion coefficients and incorporated tortuosity factors but insufficient data exist to justify use of more complex
did not include the influence of the crystal phase on the relationships. To a first approximation the -effective
overall mobility characteristics of the amorphous polymer diffusivity of any solvent in polyethylene can be determined
phase. Hedenqyvist et al. [22] show, in agreement with this by the model represented by Egs. (1)—(4) if the free-volume
study, that the free-volume of the non-crystalline com- characteristics of the solvent are known. Further, since
ponent of the polymer strongly decreases with increasing toluene is expected to jump as a single unit, the results of
crystallinity, particularly at crystallinity levels below 60%. this study suggest that a polyethylene jumping unit volume
These results are based on the sorption and permeatiorof V, = 138.3 cn mole™! can be used to estimate the
measurements to determine the mutual binary diffusivity parameteg for other polyethylene-solvent systems.
and solubility of n-hexane and oxygen in a wide range of
linear and branched polyethylenes with crystallinities
ranging from 40% to 97%.

The estimates of the amorphous phase free-volume o
polyethylene by Hedengvist et al. [22] are in good agree-

Fig. 5. Free-volume model correlation of n-heptane diffusion in
semi-crystalline polyethylene.
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