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Diffusion of the university system

UniBO is proud of being the %dest University in western
world:

In operation since 1088
In 1988 has celebrated the 9th Centennial of its life

Copernicus, Galilei, Galvani, Malpighi were among

Bologna’s Scholars




» Fickian diffusion

* non swelling penetrants = no relevant deformations and no stresses

» swelling penetrants = deformations and stresses are induced
a) how to measure stress effects

b) how to calculate the stress field

* Non-Fickian Transport
*  Effects of swelling and of stresses =
*  Structural changes and relaxation
*  Effects of temperature
» Effects of activity difference
» Effects of pre-history
* Effects of sample dimensions

a) Anomalous diffusion

b) Two stage sorption

c¢) Case Il Transport

d) Super-Case Il transport



OUTLINE

* Modeling Fickian Transport
* non swelling penetrants = nothing special
 swelling penetrants = deformations and stresses must be calculated
* FElastic (and viscoelastic) case

*  Modeling Non-Fickian Transport
*  Lumped models
* Localized swelling (with & without differential swelling stresses)
* Viscoelastic diffusive flux
*  General models
*  Based on Mixture theory
* Based on a proper expression of the chemical potential in glasses

* Calculate time dependent BC

* Calculate fluxes depending on concentration and deformation/stress
gradients
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Penetrants can generate swelling

In gases and 1n liquids diffusion does not build up a stress field

In solids in general and in polymeric solids in particular stresses are
generated by swelling penetrants

Lrazes and even eracks can be produced

*Morphological changes are induced

T~ T\ Methanol in PMMA

After Tomas & Windle, Polymer 1982




# Effects of swelling and stresses

Swelling and stress fields may affect diffusion
* through morphological changes
* through solubility changes
*BC
*Final solubility
* diffusivity dependence on stress
* through stress dependence of the flux

The viscoelastic nature of the polymer introduces relaxation times
in the response , which affects the transport process

Qualitative interpretation is based on — 2
diffusion Deborah number, (DEB)D: (DEB), = 7D,y



* birefringence
* bending cantilever
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ot oz’
c=c, VP(x,y,z)eS,, Vi
Ve-n=0 VP(x,y.z)eS, Vi
c=0 ‘v’P(x,y,z)er, t=0

Swelling condition

& =p(c)c



c=c, VP(x,y,z) eSS, Vit
Ve-n=0 ‘v’P(x,y,z)eS,, Yt
c=0 VP(x,y,z)eV, t=0
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Swelling condition

g =p(c)c

E.0
& Data from Ref 11
+ This waork
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Elastic constitutive equation Mechanical equilibrium with

1 —
&8 =0 —V(Gy +Gz)] external forces and external moments
£, —& =%:0'y -v(o, +0'Z)]
1r o.=0
E.—& -z o, —V(O'x +0'Zy)]
) N=0
Internal consistency (laminate condition) M=0
gx 8)? kx . .
et =& t+z-dk, Cantilever deflection:

k -I*

5L
2



Acetonitrile in PC over Al cantilevers

Film thickness 0.0155 mm

Young Modulus - polymer 2400 MPa
- substrate 64000 Mpa
Poisson Ratio - polymer 0.47
- substrate 0.34
Diffusion kinetic Fickian diffusion
D=19107¢2% ©
Linear swelling BKC)=0.175¢®

(3) This work, ¢ in /g, , D incm?/s

Substrate: aluminum cantilever (5 x 1 x 0.275 mm)

Cast film from a solution of PC in CH, (I,



Layers model: parameters

sensitivity

Once we know

1) the mechanical properties
(Young modulus and Poisson
ratio),

11) the diffusion coefficient (D),

111) the concentration profile and
the dilation-concentration law

we can calculate:

- deflection

- the stress profile inside the
polymer film.
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variable ©

| — Layers model (variable D) |
| — Layers model (costant D)
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Model predictions vs exp. data

1.2 !
I:I I;} T T T T
1.0 005 b t Experimental data
#
a1 | " * Layers model (cubic
0.8 T o % dilation)
3 E 1z | 2 i —Layers model (linear
£ - B dilation)
= 0.6 S
= L
= . B -0.2
< o Experimental data s
=
o —Fickian curve Linear | -0.25 |
dilation
= Fickian curve Cubic 03 |
0.2 r Dilatian
-0.3s
DD 1 1
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75 (s7) 0 20 40 &0 =11 100
tﬂ.ﬁ {50.5}

Kinetics of polymer dilation for the system
acetonitrile-PC at 40°C experimental data and
comparisons with different swelling models

Kinetics of deflection of an aluminum
cantilever for an integral sorption run of
acetonitrile in PC for an activity jump from 0
to 0.3 at 40°C, sample thickness 16 mm.



S The stress 1s:
B X * compressive
1z i) BN = 20 + 40 MPa
g oo «- .
N Yield = 62 MPa
e
g
320 min
0 I I I I
-30 -25 -20 15 -10 -5 0
Stress (MPa)
Time evolution of the stress profile inside a PC film of d=18 mm,
during an integral sorption run of acetonitrile up to an activity of 0.20
at 40°C.



Deflection (mm)

Deflection relaxation dynamics

Long time experiments reveal a decrease of deflection after a maximum is

reached
0
The phenomena is likely related
R to a stress relaxation due to the
V4 viscoelastic behavior of the
FY RN N A polymer.
08 -
A N OO
-1.2
0 2 4 6 8 10 12
time”0.5 (h"0.5)
Ey
The constitutive equation of ,\[\
. . . . . E,
viscoelastic materials is being Gy, G,
implemented in the mechanical /\A/ n
problem 1]
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EB in PS Time'®  (min)"?

Plot of M,/M, vs t for (wl =0.1181), circles, (w1 = 0.1308 squares),
and (w1 = 0.1425 triangles); all three uptake curves show Fickian
characteristics (Billovitis et al Macromol 1994)



M /M..

EB in PS
Plot of M,/M, vs t for (wl = 0.0276), Fickian
characteristics (Billovitis et al Macromol 1994)

wl =0.0600 delta P (torr): 4.0-4.9
glass ; two-stage



2

VDUE Time®  (min)*"®

Differential sorption data33 for polystyrene/
benzene at 25 “C where the initial pressure is at 47.5
Torr and the final pressures are

Maxwell elements 53 (0), 55 (0), 56 (A), 59 (V), and 62 Torr (0).

After Billovitis et al 1994 Effect of activi ty jump

Plot of Mt/M- vs (t*) for @1 =0.1068, P from 7.0- to
7.1 torr showing the data and the predictions for two



Series of successive sorption kinetic runs

on membrane M-59. Absorption: o, desorption: e;
resorption: (@. An absorption-desorption-resorption cycle
was performed at each step. After Sanopoulou and
Petropoulos, J. Plym. Sci. B 1995
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Figure 1 Anomalous Fickian kinetics of n-propyl alcohol absorp Fip.rru-? l::_:mli kinetics of n-propyl, i-propyl and n-butyl alcohol
tien in polyimethyl methacrylate) sheets. [Volume fraction or absorption in polylmethyl methacrylate) shests. [Weight of alcohal

walght ratio, w/wy, a8 a function of t12 (T = 318 K)]. Volume  Per original dry sheet weight, wy/ws, versus £ (T = 318 K] . n-
f'“ut:m ¢, 0 1:-.:;“ ratio wyfwsy, O ] propyl aleohal; O, isopropyl atcohal; &, n-butyl aleohol



Thickness

b

Tomas & Windle Polymer 1978,

19, 255
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S‘,ixlﬂzmmll

50 80

20
Time (h)

Temperature dependeﬁf:e? of n-pentane

penetration of polystyrene sheets. A, T =

30°C; B, T=25°C

30

o < - , Temperature dependence of n-hexane penetration of
* polystyrene sheets. A, T =55°C; B, T=50°C; C, T = 45°C;
D, T =40 °C; E, T= 35 °C, after Tidone et al., Polymer 1977
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20

Relationship between exponent, 7, in equation
and temperature, describing penetration of the n-
alkane series from pentane through octane in

polystyrene sheets. (after Tidone et al. Polymer
1977)



Me-OH in PMMA
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Relative oplical density of ioding —=

Distance —=

Weight gain funit area (gfem®}

Pengtration (mm)
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tihki

Fractional residual core thickness for methanol
sorption in PUMA sheets; | mm nominal
thickness; as-received samples.

After Masoni Sarti J. Membr Sci 1983
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TS J— 30
Fractional residual core thickness for ethanol sorption in

PMMA sheets; 1 mm nominal thickness; as-received

samples: 50, 55, 60 °C; and samples annealed 24 hr at 100

°C, penetrated at 50°C.




t(h) —— 200

Fractional residual core thickness for n-propanol sorption in Fractional residual core
thickness for ethanol sorption in PMMA sheets; 1 mm nominal thickness; as-received
samples: 50, 55, 60 °C; and samples annealed 24 hr at 100 °C, penetrated at 50°C.
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Comparison of nthexane sorption m preswollen (£, ‘a5
received” (0], and annealed samples (O at p.-h =075 and 30°C, . . . . . .
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Comparisan of n-hexane sorption in preswollen (0],
‘as- r-mlmd {9}, and annealed sampies 121 at pdp® = 010 and II-‘-E:.
Sorption-cycle 1, polystyrens, o = 0,634 um

.. Comparison of nbexane desorption from praswollen (4,
m.rg.;.upd‘ LY}, and annealed samples {O) previousty aguilibrated
at pip® = 0.75 and 30°C. Desorprion-gycle 1, polystyrens, o =
0534 jem

After Hopfenberg et al Polymer 1980
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Effects of film thickness !: L
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Boundary conditions (solubility and its relaxation)
Localized swelling
Flux dependence on stress and history

lumped models

General models



NET GP General Results

* The Helmholtz and Gibbs free energies under asymptotic pseudo-equilibrium
conditions are uniquely related to the equilibrium Helmholt; free energy at the same
T, V and composition (T, p,, p,) as:

N

A=Ay, (T.p.pi,p,) =4, (T. p. p,)

* polymer density p, is the non equilibrium value measured in the glass

*Pressure is not the equilibrium value at the given T, V and composition

Doghieri & Sarti JMS 1996, Chem. Eng. Sci 1998



Volume Dilation %

Assume lattice fluid model (SL):
*The SL Parameters (P*,T*,p*) for

both penetrant and polymer

*The density of the polymer during the

Sorption (e.g Dilation data)

S

[ )
[ ]
e exp.data °
(CO2-PC 35°C) o °
[ )
[ ]
[ )
[ ]
[ )
[ )
[ )
[ )
..
[ )
o 1 2 3 4 5
p(MPa)

(data from Fleming and Koros, 1990)

C(g/g_pol)

Solubility Isotherm from

The NELF gives the
Sorption Isotherm

0.12
e exp.data
0.1 - (CO2-PC 35°C)
00s | — NELF
prediction
0.06 -
0.04 -
0.02 -
0 T T T
0 2 4 6

p(MPa)
(data from Fleming and Koros, 1990)




Effect of relaxation processes on gas/vapor solubility in glassy
polymers: volume swelling model (VS)

Swelling kinetics of polymeric elements induced by sorption processes

Volume dilation modeled through simple Kelvin-Voigt model for bulk
rheology:

1 8:0]901 pEXT_pEQ (Q’ppoz) =
ppol at 77

solubility data in sorption
processes driven by volume relaxation

phenomena:

n-hexane in PS @ 40°C
sorption process in microspheres
(d =~ 0.5 pm)

Activity jump 0 - 0.1

Exp. data from Enscore et al., Polymer
1980

Fitting parameter = bulk viscosity .

0.9

® experimental data (Enscore et al., 1980)

— nofick model (eta=3.5E7 MPa s)

grams n-hexane / 100 grams dry polystyrene
- w

0 1 2 3 4 5 6 T
time (1000 min)



9Pul _ _yey
Mass transport model for gas sorption in 07 -
glassy polymeric systems with both J=-Dp
diffusion and volume relaxation

Example of simulation results e N

for n-hexane sorption in PS
films

T=40°C

Film thickness =1 pum

0.8

06 |

activity jump 0 - 0.1

Mt/Meq

04 H
Diffusion coefficient from

Vrentas and Duda Free
0.2

Volume Theory

Bulk viscosity from analysis of 0 25 50 75 100 125 150 175 200 225 250

relaxation data square root of dimensionless time
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| 1000 - ”16000

time (s)

Kinetics of CO, sorption in PMMA film for
sorption step from 12.4 bar to 23.4 bar.
Comparison of experimental values with model

results.

0.010

mass uptake per polymer mass

O experimental data

model correlation
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1
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1l Lol MR
1000 10000
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Kinetics of CO, sorption in PMMA film for
sorption step from 25.4 bar to 33.1 bar.
Comparison of experimental values with model

results.
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Rate-Type (RT) lumped models for viscoelatic diffusion

1 appol

ppol at

Results from the application
of 2" Jaw:

Necessary condition for the
formation of shock
concentration waves is that:
62
L £ 5 > 0
6 IO sol P

pol

at least in a concentration
range

Hyperbolic problem accounting for

*a relaxation time t in the flux

relaxation phenomena in volume swelling

and in relax in BC

Thermodynamic Analysis for the development of

shock concentration waves in the system

A S

0.1

0.2

0.3

penetrant mass fraction

0.4

1 -12

T -12.5

+ 13

T -13.5

-11.5
= == h=0.9 cm3/g
- = = = h=1.0 cm3/g
= = = h=1.15cm3/g
= = = h=1.4 cm3/g
equilibrium

T -14
-14.5 NELF expression for

-11

i, system
PMMA-EtOH



Example of simulation results for RT sorption model: case of
negligible volume swelling

0.07

Sorption kinetics for the case of " e
ethanol-PMMA system at 30°C i / sl I
. - - -
Poor =1.10 g/em? e diffusivity - /. g |
dally ; o functi m™ / 1= -7 — — P/P0=0.36
exponentially increasing function gt
p Y g (g/cm3) g 03 /'. — - == =-PP0O=074 |
of concentration: 0.02 A .
. : A P/PO = 1
Effect of external solute fugacity i /‘j -
0
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Dimensionless square root of time
0.14 , : :
0.12 ! — | '

ooy 4
0.08 —f— ’
e 0.06 l 7
0.04
/

0.02

Examples of concentration

A
7L
[ —
P ————

profiles from simulation of

sorption process for ethanol in
PMMA (De =30)

L]
/

0.00 ‘ ===l
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

Dimensionless distance from the midplane



P41 1

1 —

=04V, — Vo) = —vT, — —VT
1:4 91{ 1 n%‘ -E"m_:m E‘1_ _1 _-’:":z 9

Mass balance
_|_

Mechanical problem
with viscoelastic response

e.g. Billovitis, Macromol. 1994

Caruthers & Peppas Chem Eng Sci 1992, 1996

Petropolulos et al Macromol 2002
Doghieri et al. 2004, 2005

];







<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


