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AThis presentation contains more questions than answers.



Gas diffusion in polymers
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Diffusion of Gases in Polyethylene Terephthalate
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F1e. 2. Permeability constants in crystaliine
polyethylene terephthalate.
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Fre. 3. Diffusion constants in amorphous
polyethylene terephthalate.
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E. Correlation of Diffusion Constants in the
Crystalline Polymer with Gas
Molecular Size

Since apparent activation energies correlate with d*
in both the glassy and rubbery states and Eq. (4) is
obeyed, it is logical to assume that In D will correlate
with 4% in either state of the polymer. These correlations
are successful, as shown in Fig. 6, within mean precision
limits of =4=409%, at the 95%, confidence level. Equations
of the type In D=.4—bd* are obtained. Equation (9)
applies to the glassy polymer at 40°C while Eq. (10)
applies to the rubbery crystalline polymer at 130°C.

InD=~—12.2-0.514* (9
(din A) )
InD=—9.9—-0.3842 (10)
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F1c. 4, Diffusion constants in crystalline
polyethylene terephthalate.



When we determined Land K of Xel31 and Ki85 inMakrofol N and DE we

discussed that with Philippe Cassette

Applied Radiafion and Isofopes 134 (3018) 260-274

Contents lists avallable at SclenceDirect % g
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I ]\| \ || ‘R Journal hom epage: www.elsevier.com/locste/apradiso ==

Diffusion lengths and partition coefficients of 1*!™Xe and ®Kr in Makrofol N
and Makrofol DE polycarbonates

K Mitev™*, P. Cassette”, 1. Tartés®, S. Georgiev®, I. Dimitrova®, D. Pressyanov®

* Fexalry of Physics Sofla Ustversity “52 Kimens Obrishd”, 1164 Sofia, Bulgoria
" CEA, LIET, Laboraare Nasimal Hend Bee querel, Gifsar-Tese, LNE-LNHB, F91191, Pronce

but also for the partiion coefficient K. Thus, in terms of the free volume
theory, our hypothesis is that both Ly and K depend on the free volume in
the polycarbonate and the free volume is different for RNGs with different
atomic radii. More in detail, our hypothesis is that the trapping of RNG
atoms in volume traps available in the polycarbonate is of paramount
import@ance for their absorption and transport in the material. This hy-
pothesis implies enhanced Langmuir-type adsorption and suggests how it
is possible to have K>=1. In additon, this hypothesis explains why the
diffusion coefficients of RNGs determined in this work (Table 8) are much
smaller than the diffusion coefficients of other gases in polycarbonate.
Notice that if we compare, for example, the Makrofol® DE diffusion
coefficients of ®Kr (D = 17.2 *10" Y em?/s), '™ e (D = 1412
*107 "% em/s) and **Rn (D = 0.569 *107'" cm™/s) determined here
with the polycarbonate diffusion coefficients published by Thran2 et al
(1999) for He (D = 67300 *10 " em?/s), Hx (D = 6400 *10~ ' em?/s),
04 (D = 411 *107 'Y em?/s), N3 (D = 159 *10™ ' em?/s), CO, (D = 219
*107'° cm®/s) and CH, (D = 53 *10~" cm®/s) we observe between one
or two orders of magnitude smaller diffusion coefficients for '*'™Xe and
“2pn. Evidently, there is something that impedes the RNG diffusion in
the polycarbonate matrix and we suspect trapping of RNG atoms in vo-
lume traps.

Diffusion coefficient vs. Kinetic diameter
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From P. Cassette, private communication

Dear Krasi,

Yes, the behavior of molecular gas is a little bit strange. | plotted in the attached file, the
diffusion coefficient vs. the kinetic diameter of the gas (I do not know if this is the pertinent
guantity and perhaps some kind of molecular diameter would be more appropriate). It
seems that there is a nice exponential correlation (D is in log scale) for the molecular gas
(except CO2) and also for noble gas but with another exponential constant. The two curves
cross for H2. The behavior of CO2 is atypical.




Ln(D)

D for noble gases in polycarbonates

R LD in Makrofol N LD in Makrofol DE Makrofol N Makrofol DE Makrofol N Makrofol DE
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There are indications that gas transport in glassy polymers depend on the free vo

In the polymers
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Molecular Transport in Liquids and Glasses

MorreL H. CoueN, University of Chicago, Chicago, Illinais

AND Journal of Membrane Science 226 (2003) 51-61 —_—
Davip TURNBULL, General Electric Research Laboratory, Scheweclady, New York www.elsevier.com/locate/memsci

(Received May 15, 1939)

We have derived, by using simple considerations, a relation between the diffusion constant D in a liquid Effect of free volume and SOI'pthIl on membrane gas transport

of hard spheres and the “free volume” »,. This derivation is based on the concept that statistical redistribu-
tion of the free volume occasionally opens up voids large enough for diffusive displacement. The relation

Chien-Chieh Hu, Chin-Shun Chang, Ruoh-Chyu Ruaan®, Juin-Yih Lai

is D=4 exp[ —yv*/vs], where v* is the minimum required volume of the void and 4 and v are constants. Department of Chemical Engieering, Research and Development Center for Membrane Technology,
This equation is of the same form as Doolittle’s [J. Appl. Phys. 22, 1471 (1951) ] empirical relation between Chung Yuan University, Chung-Li 320, Taiwan
the fluidity ¢ of simple hydrocarbens and their free volume. It has been shown [ Williams, Landel, and Received 8 October 2002 received in revised form 25 July 2003 : accepted 30 July 2003

Ferry, J. Am. Chem. Soc. 77, 3701 (1955)7] that the Doolittle equation also can be adapted to describe
the abrupt decrease in molecular kinetic constants with decreasing temperature that accompanies the glass
transition in certain liquids. Our result predicts that even the simplest liquids would go through this glass
transition if sufficiently undercooled and crystallization did not occur. The problem of transport in actual
simple and network liquids also is discussed.

It is shown that data on self-diffusion in some simple van der Waals liquids and Jiquid metals are described
satisfactorily by our relation with ¥ near the molecular volume for the van der Waals liquids and near the
volume of the ion, corresponding to the highest valence state, for the metals.

Advances in Colloid and Interface Science 164 (2011) 89-99

Contents lists available at ScienceDirect

Advances in Colloid and Interface Science

journal homepage: www.elsevier.com/locate/cis

Perspective
Maﬂmmnlemlles puh;m,gmm,m,ﬂ Polymeric membrane materials: New aspects of empirical approaches to prediction
of gas permeability parameters in relation to permanent gases, linear lower

. . hydrocarbons and some toxic gases
Polymer Free Volume and Its Connection to the Glass Transition

b a a,b,*
Ronald P. White and Jane E. G. Lipson® 0.V. Malykh ®, AYu. Golub?, V.V. Teplyakov

2 AV. Topchiev Institute of Petrochemical Synthesis, Russian Academy of Sciences, Moscow, Russia
Department of Chemistry, Dartmouth College, Hanover, New Hampshire 03755, United States b Lomonosov Moscow State University, Faculty of Chemistry, Department of Chemical Technology and New Materials, Moscow, Russia

Correlation Between Fractional Free Volume and Diffusivity
of Gas Molecules in Glassy Polymers
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ELSEVIER Materials Science and Engineering A317 (2001) 70-76 ——————————
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A. THRAN, G. KROLL, F. FAUPEL
Molecularly-based numerical evaluation of free volume in

Technische Fakultit der Universitit Kiel, Lehrstuhl fir Materialverbunde, Kaiserstr. 2, D-24143 Kiel, Germany amorphous polymers

Santosh Putta. Sia Nemat-Nasser *
Recefved 7 May 1999; revised 3 August 1999; accepted 18 August 1999

Department of Applied Mechanics and Engineering Science, Center of Excellence for Advanced Materials. Unicersity of California, San Diego,
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Macromolecules 2003, 36, 8673—8684 :

Effects of Cooling Rate and Physical Aging on the Gas Transport

Properties in Polycarbonate

Christelle M. Laot,* Eva Marand,* B. Schmittmann,” and R. K. P. Zia'

Department of Chemical Engineering, Virginia Polytechnic Institute and State University,
Blacksburg, Virginia 24061-0211

Received November 27, 2002

ABSTRACT: The gas transport properties of bisphenol A polycarbonate films were examined as a function
of the cooling rate during film processing and subsequent physical aging. Interpretation of the permeation
properties using results from dynamic mechanical analysis and density measurements indicated that
the diffusion coefficient of small gas molecules in glassy polycarbonate is influenced more by the local
chain dynamics rather than by the overall free volume content. A one-dimensional lattice model was
developed to help probe the effects of the distribution of energy barriers associated with polymer motion
on the transport properties. Fast cooling rates generated highly restricted conformations, which hindered
local motions leading to increases in the measured activation energy of diffusion. These results correlated
well with a lattice model having a broad distribution of energy barriers. Annealing reduced the measured
diffusion coefficients, which was shown to be consistent with narrowing of the energy barrier distribution,
as well as an increase in the mean barrier energy. Interestingly, the decrease in the diffusion coefficient
with aging was found to occur much more slowly in fast-cooled samples, despite the higher initial free
volume content. By contrast, properties such as density or isothermal dynamic mechanical properties
were more consistent with the free volume model.
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Figure 2. Schematic of the temperature program for the [ m 126107 e
cooling rate studies. The polycarbonate films were heated from o 2.5x10

room temperature (30 °C) to 165 °C at a heating rate of 40

Jewdjod

*C/min, kept at 165 °C for 15 min to remove thermal history, 11962 - h | § o
and cooled with the internal fan oven at several controlled 3
rates to room temperature. The cooling rates were taken as 11960 , , \ , o . . \ . - =
0.5 °C/min, 10 °C/min, 40 °C/min, or in excess of 40 °C/min - 2.0x1 1.0x10™ ¢y
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Figure 7. Density as a function of the aging time for a sample

cooled at 40 °C/min and aged at 120 °C. The densities were
measured at 18 °C using a linear density gradient column.



