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ABSTRACT

¥

AN EXPERIMENTAL STUDY OF THE DIFFUSION OF ORGANIC VAPORS
IN CELLULOSE ACETATE FILMS
by

Hussein Mahmoud Achkar

The diffusion of methanol, ethanol, and benzene in

cellulose acetate films at 25, 35 and 45°C has been

investigated at different penetrant acti&ity levels.

Tge sorption of the penetrants were generally found to
be Fickian.. Therefore, the sorption curves obtained in this
study were utilized to obtain the integral (experimental)
diffusion coefficients for thg systems inveolved. The
differential diffusivities were calculated.fnom the integral
values using the method reported by Crank (1979).

The dependence of the diffusion coefficients on concen-
tration for the systems investigated has been determined.

]
Also,-diffusivities at zero éenetrant concentration have

been'ev;iuated. These have been utilized to assess the
effect of penetrant size and temperature on diffusivities.
The intrinsic and thermodynamic diffusion coefficients
for the systems under investigation have been calculated and
were found to change in an exponential manner with penetrant
activity within the concentration range investigated in this

work.

The predictions of free volume model suggested by

-

iv



Wilken and Long (1957) appear to be in close agreement with

the experimental results obtained in th}s’study.



. DEDICATION

TO MY PARENTS

vi. -



:ACKNOWLEDGEMENTS

Primarily, I wish to declare my honest gratitudé to.
ALMIGHTY GOD for His help; inspiration and guidance.

I would'like to declare my greatest thanks to my
advisor, Professor Abdul-Fattah Aly Asfour for Iris supervisibn,
advice, encouragement and~guidance throughout the course of
‘this research.

I am indebted to Dr. A. Berens of the B.F. Goodrich
Research Centre, U.S.A., for disclosing the deéign detailé
of his experimental set-up.

Financial support for this project, from the Natural
Sciencés and Engineering Research Counc?l of Canada (NSERC),
-Impefial Qil Company, and the University of Windsor is deeply
apbreciated. | .

Much appreciation goes to Mr. Dieter Liebsch of the
Central Research Shop, Mr. George Ryan, the technician of
the Chemical Engineeriné Department, and Mr. Louis Cory of
the Electronics Design Centre for their excellent service.

At last, but by no means least, I feel very grateful
to my parents for their invaluable sacrificesland

-

encouragements.

.5

vii



Page
ABSTRACT s icsssveesresasecsnusscsssnassnsssnsancsansssenna iv
DEDICATION vvveececenannneaccacsscessnssonsiaacaacnas vi
ACKNOWLEDGEMENTS ...... l.........; .......... teeeeene vii
TABLE OF CONTENTS  tcccceccccntscsanansnnsancnssnsasces viii
LIST OF TABLES  cveeesesrc-orvovsnnnnncnoaalonacanes X
LIST OF FIGURES ...... cervrmssasaans “esersremaenanas xi
LIST OF APPENDICES citveacevensnansasnsassnsanssnnnmsss xiii
CHAPTER
I. INTRODUCTION  tucceceasssassacanccnscsssnvessass 1
1.1 General R - S U 1
1.2 TerminologV  +eveecrcrsccsacncnssennsssnnas 3
1.3 ObJeCtivVeS  .cieeeccacccscansnsccncnnoaanas 4
1.4 Significance  .(.eccceiiiiiinanneananns mereas 4
II. LITERATURE SURVEY L ierccrcccerscosceannressnccassas . B
. ~

2.1 General  ...ciccacerrecacacccseanssnstanny 6

2.2 Factors influencing the Diffusion of
Liguids and Gases in Polymers  ........... 15
2.2.1 Effect of penetrant concentration  ..... . 16
2..2.2 Effect of temperature ......-....0a.cann 16
2.2.3 Effect of penetrant mdlecular size .aten 17
III. THEORY .. ecnocev.nn e e e eeneesescaaeaer e 18
IV. EXPERIMENTAL  cvuceescccccssssnnaasaascssannnnn 24
4.1 General et caaaeelacarens i ............... 24
4.2 Description of Experimental Set-Up ...... 24
4.2.1 Materials B T 29
4.2.2 Procedir®  c.ccssancancncaassasannasnnns 29

viii



V. RESULTS AND DISCUSSION  c..c-cccevecmoeen--onscr”

5.1
5.2

5.3

Description of the Sorption Processes in
Cellulose Acetate  c..cersscvaaccremnccss
Calculation of the Integral Diffusion

Coefficient, D ...ccemecccenceconnsnence )

Calculation of Differential Diffusivities,
D, from Integral piffusivity Values, D

5.3.1 Description of the flow chart of the

omputer program used to calculate the
differential diffusivities -from the
integral values  ....-c-ccsccecnrennonns

5.4 Concentration Dependence of Diffusion _
_ Coefficients  i.eceessesscienocaanoeeos
5.5 Diffusion Coefficient at Zero

Concentration, Dg S

5.5.1 Effect of the size of the penetrant
Molecule  cccieccsnssenommsesanornnos
5.5.2 Effect of temperature  ......--cemeoe-s
5.6 Tntrinsic Diffusion coefficient, 0 ...-.
5.7 Thermodvnamic Diffusion Coefficient, D¥ ..

5.8 A Free-Volume Model for Diffusion in
POLYMELS  ecov-csemomaossorasoraareroosrs
vI. CONCLUSIONS AND RECOMMENDATIONS  ...ccceesncens
6.1 ConcluSions  .ueereescssecnenemasnenncens
6.2 Recommendations for Further Work  ....-.-
NOMENCLATURE = -ceeeecovncosrs @ eeieeaaenenn e eereaneae
REFERENCES . ccvee-vonsecasssssammsssmercstrmmssssnns
APPENDICES  cevevecsmessensesseanmesmemoesssoosssssns
UITA AUCTORIS  eeeesecsssnnnsrnesnnssossenssrosssss

ix

——-..__“"V
}

31
31
35
36

39
48
50 .
52

54
66
68
80
86
86
87
89
91

95



Table

5.1

5.5

5.6

5.7

LIST OF TABLES

Description

piffusivity—Concentration pData for the
System Cellulose Acetate/Methanol ’»/

piffusivity-Concentration Data for the
System Cellulose Acetate/Ethanol

pDiffusivity-Concentration Data for the
System Cellulose Acetate/Benzene

Diffusion Coefficient at Zero Penetrant
Concentration, Do' and Penetrant Molar Volumes

Examples for Systems Which Show a Decrease
in the Diffusivity Upon Increasing the
Temperature

Activation Energies for piffusion, Eg., for
the Penetrants Studied in Cellulose Acetate
at 25°C

Tntrinsic Diffusion Coefficient Data for the
System Cellulose Acetate/Methanol

Intrinsic Diffusion coefficient Data for the
System Cellulose Acetate/Ethanol

Intrinsic Diffusion coefficient Data for the
System Cellulose Acetate/Benzene

Constants of Equation (5.9)

The Flory-Huggins Interaction Parameter, X-
Data for All the Systems Investigated

* . N .
Thermodynamic piffusivity, 0 » - Activity
Data for the System cellulose Acetate/Methanol

x
Thermodynamic,piffusivity, ? , - Acfivity
Data for the System Cellulose Acetate/Ethanol

' *
Thermodynamic Diffusivity, 0 » - Activity
Data for the System cellulose Acetate/Benzene

constants of Eguation (5.14)

constants of Eguation (5.15)

Page

.42
43
44
49

53

56

60
6l
62

67

70
71
72
73

78

g8l



Figure

4.1

5.5

‘5.6

LIST OF FIG

Description

Set-Up
Sorption of Methanol iﬁ Cellulose
Sorption cf.Ethanol in Cellulose Acetate
Sorption of Benzene in Cellulose Acetate

Flow Chart of the Computer Program Used to
Calculate the Differential Diffusivities
from the Integral. Values

Dependence of Diffusivity on Concentration
for the System Methanol-Cellulose Acetate

Dependence of piffusivity on Concentration
for the System Ethanol-Cellulose Acetate

Dependence of piffusivity on Concentration
for the System Benzene-Cellulose Acetate

variation of Dg with the Molar volume of -
the Penetrant .

Arrhenius Tvpe Plot for the Determinatiorn
of the Activation Energy of Diffusion

Change of Activation Energy of Diffusion
with Molar Volume of Penetrant

Dependence of the Intrinsic Diffusion
coefficient on Penetrant Activity for the
System Methanol-Cellulose Acetate

Dependence of the Intrinsic Diffusion
coefficient on Penetrant Activity for the
System Ethanol-Cellulose Acetate

Dependence of the Intrinsic Diffusion
coefficient on Penetrant Activity for the
System Benzene-Cellulose Acetate

Dependence of the Thermodynamic Diffusion

coefficient on Penetrant Activity for the
Svstem Methanol-Cellulose Acetate

xi

Page

27

32
33
34
38

45
46
47
51
55

57

63

64

65

75



5.18

N

e Description

Dependence of the Thermodynamic Diffusion

Coefficient on Penetrant Activity for the

System Ethancl-Cellulose Acetate

Dependence of the Thermodynamic Diffusion
Coefficient on Penetrant Activity for the
System Benzene-Cellulose Acetate

Comparison Between the Experimental
Thermodynamic Diffusion Coeffigients and
Predictions of Eguation (5.15), for the
System Methancl-Cellulose Acetate

Comparison Between the Experimental
Thermodynamic Diffusion Coefficients and
Predictions of Egquation (5.15) for the
Svstem Ethanol-Cellulose Acetate

Comparison Between the Expégimental
Thermodynamic Diffusion Coefficients and
Predictions of Equation (5.15), for the
System Benzene-Cellulose Acetate

xii

Page
76

77

g2

83

84



Appendix

LIST OF. APPENDICES

Experimental Data

Sorption Curves for the Systems

Investigated in this Study at 35 and 45°C.

Detailed Manual Calculations of the
Differential Diffusivities from the
Integral Values for the System Cellulose
Acetate/Ethanol at 45°C

Computer Prog%am for Calculating the
Differential Diffusivities from the
Integral values

Values of the Differential Diffusivities
for the Systems Investigated, Calculated
Using the Computer Program Provided in
Appendix D

Calculation of the Thermodynamic
Diffusivities from the Intrinsic Values
for the System: Cellulose Acetate/
Ethanol- at 25°¢

.O xiii

‘Page

96
143

150
153
161

180



Chapter I

INTRODUCTION

1.1- General
Diffusion is a process by which matter is transported
&
from one point to another under a concentration gradient.
Fick's first law has usually been employed for describing

steady state diffusion. It is given by the following

expression for one dimensional diffusion:

€= p. _A (1.1)

0
1
fu
£

where, Jg is the flux of component A in a coordinate fixed
frame of reference, CA is the concentration of the diffusing
species, x is the space coordinate, and Dy is a proportion-
ality constant which is known as the Fickian diffusionig
coefficient. '

Unsteady state diffﬁsion in one dimension, can be
described by Fick's secéﬁd law, which is given by:

a\: a%c

A A ~

—2 =7

(1.2)
8:) ax?

where acAjat is the rate pf change of concentration of the

diffusing species.
Diffusion in polymers is a process by which matter is
transported frgm/one part of a piece of polymer to another

part. Van Ame&ongen (1965) pointed out that this subject is
N

\ /; 1



important because polymers are always used in contact with
foreign molecules which may be gases, ligquids, or solids,
which can diffuse into it. This starts with the processes

for the manufacture of polymers which often involve diffusion
.0f reactants or products to or from the site of the polymer-
ization reaction. The absorption of larger gquantities of
liquids and gases is highly undesirable as it may lead to
weakening or even disintegration of tﬁe polymer. Many
technical applications of polymers are based on their property
of being é medium for diffusion of foreign molecules.

Furthermore, diffusion in polymers is of interest to
chemical engineers because thin polymer membranes may be
employed in separation processes. The separation processes
.include hydrocarbon separation, dialvsis, reverse osmbsis,
and blood oxygenators.

Diffusion of water vapor and solvents in general, presents
problems in the manufacture of commercial polvmers and the
spinning of these to produce textile fibers.

The wide use of plastic films for packaging has created
the need for measuring vapor transfer rates through these
polymeric films. The packaging industry reguires low vapor
and liquid permeability in the polymeric films uséd to
package food.

A special subjé&t which is closely connected gith
diffusion and solubility is permeation. This process is

concerned with the crossing by foreign molecules of a polvmer
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membrane that separates two reservoirs containing these
foreign molecules at different concentrations or pressures.
The main qualitative features concerning permeation of the
movement (diffusion) of gases through poiymer membranes were
described in the classic paper of Graham published in 1866.
The process was described as the condensation and solution of
gas at one surface of the membrane film followed by diffusion
throﬁéh in the form of a ligquid, to the other face of lower
concentration where finally, they evaporate to the gaseous
state or are extracted (desorbed). Accordingly, the process
of permeation is divided into several independent processes,
+hose of solution and evaporation being governed by Henry's
law and that of diffusion by the diffusion eguation (Fick's

law) .

Y

1.2 Terminology ' -

Mutual diffusion coefficient, DAB

The behaviour of a system consisting of two components A
and B interdiffusing into each other, satisfving the condition
of zero volume change on mixing, may be described in terms of
a single diffusion coefficient. This coefficient has been

termed the mutual diffusion coefficient.

Integral Diffusion Coefficient, D

The integral diffusivity can be considered as some mean
value of the diffusion coefficient for the concentration

range over which diffusion takes place.

AJ



Differential Diffusion Coefficient, D

The differential diffusivity can be considered as the
instantaneous value of the diffusion coefficient at a certain

. .
concentration.

Fickian Diffusion Coefficient, DF
It is the kind of diffusivity which is associated with
the process of diffusion of a penetrant gas in a polymeric
film when such a process is governed by Fick's law. The
characteristics of the Fickian diffusion curves are:
i) the sorption curves are linear in the initial stage.
The liﬁear.region extends over 60% or more of M_ where
M_ 1s the amount of vapor absorbed per gram of dry
polymer until the sorption equilibrium is reached,
ii) above the linear portions, the sorption curves are

concave to the abscissa.

1.3 Objectives

The objectives of this work are to: .

i) Design and build a comﬁuter—controlled vapor-sorption
experimental set-up, and

ii) Measure the diffusion coefficients of methanol, ethanol,
and benzene in’cellulose acetate films at different

penetrant activity levels and at 25, 35, and 45°C.

1.4 Significance

The results obtained in this project are expected to.

contribute to the data base required for obtaining a generalized



correlation for the dependence of distribution coefficients

on concentration. Such a correlation is neededxfor [

designing pervaporation medules.



,Chapter II

LITERATURE SURVEY

2.1 General

The earliest studies on the transport of gases and vapors
in polymeric membranes were concerned with natural polymers.
Stannette (1978) reviewed briefly some of these studies.

The first observations were apparently those of
Thomas Graham in 1829. He observed that a wet bladder
inflates to the bursting point when placed in an atmosphere
of carbon dioxide.

In 1831 a systematic study of the rates of permeation of
ten different gases through natural rubber was reported by
Mitchell. The rate of collapse of small rubber balloons in
air when filled with each gas was used as the method of
measurement. The rates of permeation were found to vary by
one hundredfold with carbon monoxide being the slowest and
armmonia the most rapid. Mitchell also observed that natural
rubber absorbed its-own volume of carbon dioxide and correctly
associated this high solubility with its high permeation rate.

- Graham (1866) published a paper which truly laid the
foundations for today's membrane science and technolog&.
Graham devised and tested a permeabiiity rate measuring
device using flat membranes with a_vacuum on one side. Graham
also postulatéd the mechanism of the permeation process 2as

the solution of the gas in the upstream surface of the



membrané, diffusion through the membrane, followed by
evaporation from the downstream membrane surface. This is
the basis for the'so called "solution-diffusion"-model which
is used in various forms ahd modifications in the handling of
most membrane problems today. Other observations which are
still useful and tenable today are that the more easily
condensed and the more soluble in water and other liquids a
gas is, the more it is soiuble in rubber and the more rapidly
it peérmeates. Graham pointed out that the pPermeability
increased with increasing temperature even though the
solubility decreased. This increase was attributed to the
increasing softness and more liguid nature of the fubber at
higher temperatures, thus facilitating the permeétion process.

Fick (1855} had proposed his law of diffusion by analogy
with Fourier's law of heat conduction. :

Exner (1875) and Stefan (1878) showed experimentally that
the permeation of gases through socap fiims was - -praportional.
to the product of the solubility of the gas in water and the
Fickian diffus?on coefficient. These results were extended
and applied to rubber by Von Wroblewski in 1879.

Kayser (1891) provided further support for the solution-
éiﬁfusion theory by demonstrating the validity of Henry's
Yaw for the absorption of carbon dioxide by rubber over a
wide range of pressures and temperatures.

A series of studies performed between 1917 and 1920 by

Shakespear supported Graham's observations. Shakespear also

C



found that the temperature dependence of the gas permeability
. was independent of the pressure difference across the
membrane. -

Edwards (1918) found a highly non-linear effect of

temperature on measured permeabilities of hydrogen in rubbers.

-

—

He also measured or estimated errors due to sorption of water
vagpr in the membrane, evolution of volatile substances in the
membrané, and effects of gas flow rate across the membrane
surface.

Dewar (1930) measured the permeabilities of several gases
in rubbers over a range of temperatures, and found that a plot
of the logarithm of the pressure (P) of the penetrant, versus
the temperature (T) for a gi#en gas consisted of two straight
lines which intersected at 0°C. He attributed the discontin-
uity to the presence of water in the membranes.

Barrer (1939) demonstrated tﬁat the permeabilities and
diffusivities follow an Arrhenius type equation.

Desultory (1948) studied in detail gases, gelatin and
some cellulose films. 1In addition, some organic vapors and
water vapor studies were made with these polymers and with
rubber, but fundamental advances with these penetrants began
after thi; period.

Mandelkern and Long (1949) conductkd a detailed study of
the take-up of vapors of methylene chl%iide and acetone by
films of cellulose acetate as a function of vapor pressure,

£ilm thickness, and temperature. In their study., the



previously suspectéd complexity of the sorption mechanism for
cellulose acetate was confirmed. Théy reported an inversion
in slqpe of the take-up time curves in such a way that some-
timesﬁan increase of the temperature results in a lower
diffusion rate, which fé unexpected. These investigators
failed to éive any explanation for such unexpected behaviour.

Prager an§ Long (1951) reported the diffusion coefficients
of six hydrocarbons (propane, n—butane,-isobutane, n-pentane, ¢
iso-pentane and‘neopentane) in polyisobutylene from sorption
data at 35°C. The investigators found that all the diffusion
coefficients increase exponentially with increasing concentration
of the hydrocarbon in the polymer. Furthermore, they found
that an .dncrease in both the degree of branching and the size
of the diffusing molecules lowers the diffusion coeffic;ent.
The degree of branching was found to have a much greater effeéf
.on the diffusion coefficient than does molecular size. The
results were accounted for on the basis of Eyring's "hole"
theory of diffu;ion. According to this theory, there are in
any solid a number of holes, arising from thermal £luctuations;
diffusion takes place by a molecule leaving its current
position énd jumping into one of these holes.

Wilkens and Long (1957) reported a model for the
diffusion of small molecules. An»assu;ption was made that
diffusion takes pléce in polymers only when local configura-
tions of high free volume occur. It was proposed that the \\

rate of diffusion is directly proportional to the probability
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of the occurrence of these local configurations. A model
which shows the dependence of the diffusion coefficient on
the volume fraction of the penetrant was derived. The model
proposed agreed with the experimental results for diffusion
of organic vapors into polymers. -

Rogers et al. (1960) investigated the diffusion and
penetration of several organic vapors in polyethylenes over
wide ranges of vapor pressures. The integral dikfusion
coefficients were estimated. 'The integral diffusion
coefficients were foundé to be‘exponential functions of wvapor
pressures.

Newns(i963) used the sorption technique to study the
diffusion of benzene in polvmethyl acrylate at 25, 35, and
45°C, and for different concentrations of benzene. He
reported that the diffusion coefficient increaqu rapidly and
approximately exponentially with the conceptration of benzene.
The activation energy for diffusion was found to decrease with
increasing benzene concentration.

Kishimoto and Matsumoto {(1964) studied the absorption
and desorption of organic vapors in polymers in a wide
temperature range, as a function of £ilm thickness. The
systems chosen for this study were polyvinyl acetate {(PVac)/
allvchloride at 40°C and polymethyl acrylate(PMA)/methyl
acetate at 15 and 35°C. The absorption curves for different
film thicknesses at relatively high penetrant concentrations

were apparently normal, but the initial slopes of the plots

e

~
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increased with increasing film thickness (). The
investigators found that these pProcesses are controlled by a
purely Fickian diffusion mechanism. -

Schneider et al. (1968) carried out sorption measurements
of water vapor over the temperature range 27-40°C on a
polyurethane polymer film. The results presented in their
paper -serve to clarify th% nature of the water vapor transport
process in polyurethane. The mutual diffusion coefficient
was determiged froem the initial slope of Mt/Moo versus tl/z,
where Mt and M_  are the weight increases at Fime t and at
equilibrium, respectively.

Prosser (1970) reported an experimental technigue for
the simultaneous determination of the amount of vapor absorbed
and desorbed by a Polyethylene terephthalate film (Mylar
film). For Mylar film at 40°C, it was found that the amount
of water vapor absorbed was about 10-7 g/cmz. Prosser
found that so;ption pPlots of Mt/Mm fersus (tl/z) using water
vapor as the penetrant do not riéé 1iﬁea:ly from the origiﬂ
as they shouléd, but generally intercept the abscissa on the
positive siae giving the impression that there is a short
time lag before the start of sorptgon. This delay is usually
attributed to the time required for the admission of the
water vapor and to the fact that the amount adsorbed 1s not
negligible compared with the amount adsorbed.

Dollimore and Holt (1973) examined the rates of sorption

of water vapor and of methanol vapor in cellulose films by
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stepwise increments of vapor pressure. 'In addition, the
rates of sorption of the_series of vapors (water, methanol,
ethanol, n-propanol, and n-butanol) were studied at different
pressures. The investigators confirmed the idea that the
diffusion of water vapor and the vapors of organic solvents
by celiulose is non—Rickian. |

Berens et al. (1974-1982) conducted comprehensive
investigations of the sorption of wvinyl chloride monomer'(VCM)
vapor by polyvinyl chloride (PVC). Berens' studies initially
were undertaken to. help design processes for removing residual
monomer from the polymer. The sorption process appears to
consist of two stages:

i) Relatively rapid attainment of diffuéion equilibrium, and
ii) Much slower relaxation to equilibrium. -

The gravimetric sorption-rate data for vinyl chloride in
PVC powders were found to obey the Fickian modei over limited
ranges ©of vinyl chloride pressure increments. The maih
difference between Berens' work and this work is that this
work deals with polymeric films rather than polymer powders;
The mathematical treatment is completely different.

Felder (1977) pointed out that experimental methods for
studying the transport of vapors in polymers may.be divided
into three categories: integrai permeation rate measurement,
in which the cumulative amount of a penetrant that has “passed
through a membrane is determined; differential permeation

rate measurement, in which the rate of penetration through a.
~

-
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: %’ e
membrane is measured instantaneously, and sorptlon’ratg,»

‘_ai’_

measurement, or determination of the cumulatlvefamo%?t'of
penetrant absorbed in a polymer sample. In hls‘paper, Felder- .

—-r

reviewed commonly.used techniques for est;matlng d;ffuszon"_ —

B i

-

. coefficients from transport data of all three typeé. ?Sevg;ﬁf': Casi
new egtimation formulaé were postulated, and the merfts off/ ‘ .
different measurements were discussed. ; | . p - |
Hopfenberg (1978) realized the effect of a cha%acteristic -
dimension of a polymeric specimen on the kinetic me;hanlsm |
controlling unidirectional absorption of organic vapors and .
liguids in polymers. He showed that effect by comparing
n-alkanes absorption experiments in films, microsphé{?s,
spheres, and sheets of polystvrene. It was found thaﬁ t
absorption in sﬁbmicron micorspheres is ca;trolled by Fickié
‘diffusici-where, under otherwise identjcal boundary conditighs,.
films (75 .um thick) and spheres (184 um in diameter) sorb
according to nsn-Fickian diffusion absorption kinetics.
Thinner films (35 um thick)-sorb by super non-Fickian .
diffusion kinetics, and relatively thick sheets (2000 pum
thick) sorb initially by non—Fickian diffusion kinetics.
Roussis (198la, 1981b, 1983) investigated the
concentration dependence of the diffusion coefficient of
water in cellulose acetate. Aspects of the non-Fickian
behaviour of the system were reported aﬁd the data were
treated in alternative ﬁays. Roussis also investigated the

mechanism of sorption of water vapor in polymethyl methacrylate

(PMMA) . Typical non-Fickian features were discerned in
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differential absorption kinetics on membranes of different
thicknesses.

Saxena and Stern (1982) investigated the sorption and
transport of acetone, benzene, and methanol vaéors in ethyl
cellulose which have been studied previously by Barrer,

Barrie and Slater (1957a, 1957b) over a range of temperatures
and penetrant concentrations. The sorption curves for the
three penétrants as well as thé diffusivity and permeability
data for acetone reported by these investigators. were énalyzed
in terms of the "solution-diffusion® model, assuming that the
diffusion coefficient is concentration dependent. These
investigators gave comprehensive clarification of the
"solution-diffusion” model which is.called dual-sorption model.
The model postulates that a gas dissolves in a polymer by two
simultaneous mechanisms. These are:

i} Ordinary dissoluticn, and

ii} Diffusion in pre-existing cavities or holes in the polyﬁer

matrix.

Stannett et al. (1952) réported permeabilities and
sorption/desorption kinetics for water vapor in polvacryloni-
trile (PAN) films. A wide range of vapor pressures was
studied at 15, 30 and 45°C. Permeation behaviour at low and
intermediate upstream vapof pressures suggesﬁ%a that Fickian
transport occurred under most of the conditions studied.
Integral sorption/desorpticon kinetics at low and intermediate

vapor pressures alsc appeared to be Fickian with a
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concentration-dependent diffusion coefficient. Deviations

frqm_giqkigg“@éggqiour rnay occur during permeation at high

penetrant concentrations.

.
Odani et al. (1983) studied the diffusjon behaviour of

- methanol vapor into two copolymer films: poly(2 vinylpyridine)

polyisoprene and poly(2 vinylpyridene)/polystyrene, at 25°C.
The rate of absorption or desorption of methanol was measured
gravimetrically. A guartz spring balance was used for this
purpose. For both copolymer systems, absorption and
descrption processes of non-Fickian type were observed.
However, the magnitude of the deviations from pﬁrely Fickian
behaviour was small, and the integral diffusion coefficient,
D, was obtained with reasonable accuracy. At low and medium
concentrations, D, for methanol in poly(2 vinylpyridine)/
polvisoprene was greater than that for poly(2 vinylpyridine}
polvmer; on the contraryv, D, for methanol in poly(2 vinyl-
pvridine) /polystvrene copolvmer was lower than that for
polv (2 vinvlpyridine). The authors tried to explain this
diffusion behaviour by comparing the size of a methanol
molecule with the size éf the repeating upit of the copolymers
studied. -

2.2 Factors Influencing the Diffusion of Liguids and Gases
in Polvmers -

Extensive studies of diffusion of organic penetrants in
polymers and the factors influencing diffusion of liguids and

gases in polvmer solids such as penetrant concentration,
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temperature, and the type of penetrant molecules have been
made, by several research groups. A brief account on these

factors is in order:. . -

2.2.1 Effect of penetrant concentration

The effect of concentration on diffusion coefficien?s has
been investigated on a number of penetrant;polymer systems.

It was observed that diffusion coefficients for penetrant
gases in polymers are essentially independent of concentration.
This can be attributed to the low‘solubility of gases in
polymers. The diffusivity of vapors and liquids were found

to vary strongly. with concentration. Natural rubber and
polyisobutyleﬁe have been subjected to extensive vapor
diffusion measurements by -several investigators, e.g., Havers
and Park (1955); Aitken and Barrer (1955), Barrer and
Ferguster (1950)..

King (1945); Hartley (1946); Robinson (1950): Kishimoto
and Enda (1963); found that at low concentrations, the
diffusion coefficient of liguids and vapors often increases
considerably with concentration. Furthermore, Park (1950,
1951); Prager and Long (1951); Xokes et al. (1952); Kokes and
Long (1953) and Prager et al. (1953); found that for a
number of systems, diffusion coefficients increase

exponentially with concentration.

2.2.2 Effect of temperature

Barrer and Skirrow (1948); Van Amerongen (1950); Kokes

e :
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and Long (1953): Hayes and Park (1955); Fujita et al. (1960)
showed that for many systems, the temperature dependence of
the diffusién coefficients for limited ranges of temperature

may be represented by the Arrhenius type of egquation:

where Dozis a constant; E, is the activation energy of
diffusion, R is the universal gas coﬂstant, and T is "the
absolute temperature. Measurements made over extended ranges
of temperature have shown that Ed decreases as the temperature

increases for a number of systems.

2.2.3 Effect of the penetrant molecular size

Park (1950) reported that the diffusion coefficient for
the system halomethane-polyvstyrene, varied experimentally
with the size of the pehetrant molecule.

Prager and Long (1951) ana Prager et al. (1953), pointed
out that for the diffusion of hydrocarbons in polviscbutene,
the branching of the hvdrocarbon chain was more important than

the molecular size of the penetrant used.
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Chapter IIT
THEQRY

The mathematical theory of diffusion isg based on the
hypothesis that the rate of transfer of a diffusing substance
is proportional to the concentration gradient. For one

dimensional diffusion we have: ~

= -p 2 (3.1)

whete J§ i1s the rate of transfer per unit area in the

co-ordinate fixed frame of reference, CA is the concentration

of the diffusing substance A, X is the space coordinate, and
D 1s called the diffusion coefficient (which has dimensions
length 2 time™1) .

Considering the mass balance around an element of volume,
Axdydz, it is easy to show that the fundamental differential
equatioqxoL diffusion takes the form:

3C 3%C 3

—.ﬁ:D(

5t ax? dy? 3z*®

) (3.2)

provided D is constant. In many polvmer systems, D depends

markedly on the concentration. Consequently, Eguation (3.2)

becomes:
ac 3 3C 2 aC 3 sC
A _ _ _A . __A . A
Fre 5 (D —=) + (D )+ (D 33 ) (3.3)

ox v 3y gz
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&
where D may be a function of x, y, z d a- Frequently,
diffusion occurs effectively in one ection only, e.g.,

there is a gradient of concentration only along the x-axis;

in such cases Equations (3.2) and (3.3) reduce respectively,

to:
3cC 32C
2 -p_3A (3.4)
3t ax?
and
eC o aC
‘\ ’ A = — ——g‘.
. 5t - 3% P 3 (3.5)

Equations (3.1) and (3.4) are commonly referred to as Fick's
first and second laws of.diffusion, respectively. The film
is kept at a constant concentration, Cp + the initial

concentration being zero throughout theofilm. The following

initial and boundary conditions apply:

CA =0, x>0, t=20 I.C.
CA = CA r x =0, t >0, B.C.
Q
CA remains finite as x becomes very large B.C.
Multiplying both sides of Eguation (3.4) by e °%.and

integrating with respect to t from 0 to = , it follows that:
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@ 32c 1 = __._ 3c, .
[ e7St Bar - - | eTSE_B g (3.6)
o) ax Do 3t

Interchanging the orders of differentiation and integration,

it can be shown that:

© 3lc 3% w _ 3¢
J eSSt 2 ge - — [ ceF a2 (3.7)
o 3x? 3x° o 3x?
where
- _ -st
C, = J C,e dt (3.8)

EA is the Laplace transform of C,-

Integrating by parts the second térm in Equation (3.6):

o _ aC ‘ _ @ «© _ _
[ e P ac=c e s+ g c,e”5% at = T (3.9)

e Fyem ]
o ot A 0 0 A
since the term in the Square brackets vanishes at t=0 by

virtue of the initial condition stated above, and at t=«

through the exponential factor. Thus, Equation (3.4) reduces

to:
a*c
D A-s¢ (3.10)
, 2 A
~— dx
N ‘_:
The solution of Equation (3.10) is-
- - F
C. = M eqx + N e X (3.11)
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where M and N are constants and q2 =

S
D
On using the boundary conditions stated earlier, one

obtains:

(3.12) |

T.= [ c, eStar=-2 (3.13)

Taking the inverse Laplace transform of Equation (3.12) gives:

»
cC. =¢C erfc (3.14)
A Ao 2vDt
where erfc 2 = 1 - erf Z.
Using Equation (3.14), one determines:
dCA‘ derfc
B 2/Dt
(EE_) = CA ( I ) {3.15)
t [a}
qu 1l derfc X
(—) =¢, ( 2ot (3.16)
dx £ o 2vDt d —
2v D¢

Since
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2Dt -n2
e  dn=1-E (3.17)

2
erfc . ==
' 2vYDt 0 ym

Poa

LY

where E is the normal error function. Hence:

o’
derfc = ~2  _ x*
____i*Dt = — e 4Dt (3.18)
a - T .
2vyDt
it follows that:
3
2
bls
dac 1l - = :
(—& = -, e 4Dt (3.19)
dx £ o YTDL
Now, at x=0
dc., 1
(—2y | = -c, (3.20)
dx l o ¥TDt
ti_
x=0
Thus,
\
dCA 1
J ==D(——=) =D CA (3.21)
dx £ o vrnDt A

Now, 1/2 Mt’ the mass of penetrant vapor absorbed through

one boundary by the polymer sheet at time t, is given by:



1

-M_=A [ Jat =A

2 t o]

where A is the surface area of the polymexy film.

2/t = 2aC,

Dt
—_ (3.22)

For a finite sheet of thickness %, the total mass of

vapor absorbed by

time is given by:

Hence,

where D is the integral diffusivity.

one side of the polymer film at

LS
M| o

=

=]

infinite

{3.23)

-(3.24)

In this eﬁperimental work, Equation (3.24) has been

utilized in the following way:

i) Measurements of the uptake of penetrant vapor at equal

intervals of the square root of time are taken.

~ii} For every sorption experiment, a plot of Mt/Mm vs. t

1/2

is prepared. The slope of the straight line portion of

the curve is 4

calculated.

/ % , from which the diffusivity can be
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Chapter IV

EXPERIMENTAL

4.1 General

The simplest method for studying sorption inveolves direct
weighing of the polymer under investigation. A specimen of
known shape and size is kept in an atmosphere of constant
penetrant vapor pressure and is withdrawﬁfand weighed from
time to time. The kinetics of sorption and desorption of
water vapor by several materials has been investigated using
this method (e.g., A. Kovacs, 1948). However, there has been
little application to organic vapors, except for some studies
by Crank and Park (1949) and by Park in (1950, 1951) of
diffusion in polystvrene. In this simple technique,’the
errors due to the presence of an air barrier can be large in
the more rapid experiments and the interruption of the sorption
pProcess at each weighing results in errconeops measurements.

These errors can be overcome by measuring the polymer
mass directly by suspension from a qguartz spring {(Mac Bain
and Baker, 1926; King, 1945; Prager and Long, 1951). The
errcrs due to air barrier can be reduced by using vacuum

methods.

4.2 Description of Experimental Set-Up

The experimental set-up used in this study consists of
a recording electrobalance (CAHN 2000) which was put in a

glass vacuum-enclosure and mounted in a temperature controlled



-

Figure 4.1l: Schematic Diagram of the Experimental Set-Up

25
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~
EXPERISUENQ‘\AL SET-UP

Key

A Electrobalance beam.

B Electrobalance vacuum bottle
C Jacketed sample hangdown tube
D Middlé hangdown tube

E Counter weight hangdown tube
3 Polymer £ilm

G Counter weight

H Temperature controlled chamber
J Thermometer

X Thermocéuple 1

L Thermocouple 2 .
Tl

T2 Valves

T3

26
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chamber (* 0.05°C) by’a heating and cooling arrangement and
a Sargent Welch temperature controller. The glass vacuum-
enclosure of the balancg is connected to a source of the
penetrant vapor, and to a vacuum pump (Sargent Welch - Model
1400) which was used to evacuate the system overnight, and the
pressure of the vacuum system was measured with a Datametrics
Type Sad vacuum/pggssure transducer and a type 1400 digital
electronic manometer. In adéition, the sample hangdown tube
of the balance is fitted with a water jacket that Kept the
samplg temperature fluctuations to within * 0.02°C. Vapor at
a2 certain pressure was admitted into the chamber using a
p .
beoks servo-valve and Datametrics type 1404 servo valve
,ficontroller for automatic pressure control. The take-up of
| vapor was monitored bv a microcomputer interfaced to the
CAHN electrobalance. The computer is programmed to +ake the
balance's readings at equal time iﬁtervals. This represents
& substantial improvement over previous designs because:
i} more accurate weight change readings can be obtained,
ii) more data pPoints can be recorded during an experimental
run,
iii)} temperature control in this case is better than that in
pPreviously reported studies.
Figure 4.1 depicts a schematic diagram of the

experimental set-up used@ in this study.
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4.2.1 Materials
Cellulose acetate sheets of 0.025 mm thickness were
employed in this study. The acetyl content of cellulose
acetate is 39.8 * (0.5%.
Gold label grade methanol, ethanol, and benzene were
-5

purchased from Aldrich Chemical Co. and were used without

further purification.

4.2.2 Procedure .
The following is a description of the experimental
procedure adopt?% in this study.
i) The electrobalance was zeroed and calibrated at the
start of each experiment.

ii) rectangular specimens of cellulose acetate (35x 16x%
0.025 mm) with a hole at the top were cut and
suspended on the hangdown of the balance.

iii) The temperature controller was set to the required
temperature.

iv) The whole svstem was evacuated overnight, befg;e any
‘sorption experiment was begun.

V) The solvent to be used was degassed by repeated
freezing and melting.

vi) &he controller to the servo valve was set to the
required pressure and put on (close) mode of

operation.

vii) An auiilliary valve was used to help the servo valve



viii)

ix)

x)

30

stay active all the time, thus maintaining the
pressure within = 0.5 mmHg. -

The sampling time is specified to the computer
program.

The controller to the-servo valve kés then put on the
(Automatic) mode of operation; and immediately the
computer started taking data of +he weight, pressure,
and temperature according to the sampling time
specified. )

the vaporrsorption through the membrane was allowed

to proceed for enough time tg‘assure attainment of

steady state.
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Chapter V

RESULTS AND DISCUSSION

5.1 Description of the Sorption Processes in Cellulose
Acetate _ 4

U§ing the experimental technigue for integral sorption
" described earlier, measurements were taken for the uptake of
penetrant vapors,. viz.; methanol, ethancl, and benzene at
different temperatures and pressures. Conseguently, the
gathered data have been used in preparing plots of Mt/Mm
versus tl/2 . Where Mt is the mass of vapor taken up at
time t, and M _ is the mass taken up at eguilibrium. Data
used in preparing such plots are contained in Appendix A. A

1/2 N

family of curves of Mt/Mm versus t have been drawn
for each (polymer/penetrant) system at 25, 35, and 45°C and
at different activity levels of the penetrant. These are
depicted in Figures 5.1 to 5.3 for the systems investigated
at 25°cC.

The Mt/Mm versus tl/2

graphs. for the systems
methanol-cellulose acetate and ethanol-cellulose acetate at
25°C are depicted in Figures 5.1 and 5.2, respectively.
Figures for the same systems at 35°C and 45°C are given in
Appendix B. All these plots indicate a Fickian behaviour.
The initial parts of these curves are linear which enables
one to determine the value of the diffusion coefficient as

described earlier.

Some time lags have been observed in the case of the

31



32

2)DJady asoinjja) Ul Joupyja jo uohdiog:

0z 6 8 L 9 Sl 9 €

1

( Zuw) 3
AN Y ]

6

B8 L 9

I'§ ainbiy

706
E£T0L
Ly°5Y
80°1¢
59'G
b4 ww
A1

PRSI IR

(o}
‘.ainssald
aJinjnsaduwta]

L0
-80
60
-0}

W/ W



33

a)0j20y  ‘#sojnj|20’ ut  jounyia 4o uondiosg: 7' 2amnbid
" { .W_..E ) w_u ,
i] 6 8 L 9 S Yy € Z |
i [ L i -. | 1 1 | '0)
0005 v lo«%4
wm
* = e § [Z0
£6°02 v m Ve
6601 o ov ® B [E0
- 4
L9 . | v bl g e
L8 0] .NO
B ww ' 31nsS3)d n v e U©
° G0
9,62 anjosadwal " o e OV
m O " 90
o
e vt N 10
* @
© v v - 80
o ° .
- ™ o v = 60
- y O v ° ¢ 1] v
. om o Ho¥o o0e®y eV e ® uvl oy v -0l

W/ W



2|DJ20Y  asojn|j@) ul  auazuag jo ‘uondios: €' ainbiy
{ v_E ) w_a
74| I 6 8 L 9 S Y7 £ |
I I 1 1 1 [ I I lg—a— 00
mve @
. o 10
. "o © 20
3 "
. . Gl o .
orie @ v €0
. g o
SVOL 0 .o i 70
Lo 8.mm a A.‘G 0] '
™ €LY v . Abl 0] a G0
6H ww ’ aInssaly N P 90
. v ,
2,62 ainjnJadwal ; u o O L0
. "u : 80
Yy n O a
v m a 60
V' m o .
oa.lq.-ano g O 68 @ 0 @ Al
o .

W/ W



35

cellulose acetate-benzene system before any observable vapor
uptake takes place. - These time lags become shorter when

éhe temperature is increased probably because the polymer
becomes less glassy.

Furthermore, these time lags become shorter as the
operating pressures increase. This may be attributed to the
increase of the activity of the penetrant vapox. Such a
behaviour cah behgyserved in Figure 5.3%which reports sorption
data obtained at 25°C. Similar behaviour can be observed
from inspecting benzene-cellulose acetate data at 35°C and
45°C, which are depicted in Figures B.5 and B.6 in Appendix
B. HEHowever, it should be noted that the time lags beéome
shorter as the temperature is-increaséd. -

Due to the phvsical limitations of the experimental
set-up, the maximum vapor pressure which could be emploved is
lOO'mmHg. Consequently, the work reported in this thesis
has been carried out at verv close penetrant activffy lévels,
even when the temperature was raised to 453°C. On that
basis, one can notice that the sorption curves obtained get
closer to each other as the temperature is increased.

5.2 Calculation of the Integral Diffusion Coefficient, D

As can be seen from Figures 5;1 to 5.3 and B.l to B.6,
the initial portioh of each plot is linear, and the slopes
of the plots increase steadilv with increasing penetrant
concentration. This indicates that the diffusion coefficient

is concentration dependent.
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For sorption in a plane sheet, the solution of the

diffusioh equation derived previously is given by:

237 M /M, 2

D = IE—'(-—ZI7§ ) (5.1)
where D is the mutual diffusion coefficient as defined
previously, and £ is the thickness of the polymer £ilm.

Equation (5.1) has been derived for the case where D

does not depend on concentration. When the diffusion
coéfficient is dependent u§On éghcentration, Eguation (5.1)
yields some mean value, D, of the variable diffusion
coefficient averaged over the appropriate concentration range.
D is called the integral (experimental) diffusivity.

5.3 Calculation of Differential Diffusivities, D, from
Integral Diffusivity Values, D

The differentialaéiffusion coefficient, D, can be
obtained from the integral diffusion coefficient, D. The
method adopted in this work is the one reported by Crank and
Park (1979). The relation between the differential and
integral diffusivity is given by:

Cn
(Cn - Cn-
n-1

(5.2)

Al
where cn—l and Cn are the equilibrium concentrations at

the start and at the end of the nth sorption interval. Now,

it i1s possible to calculate an average diffusion coefficient
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which is define%/;yz
- - c

1 .
D, = & [ pac (5.3)

where Ci is the equilibrium concentration at the end of a

sorption interval.

Equation (5.2) can be rewritten in the following wéy:

“n

[ pac = Bac) (5.4)

cn-l

using Equation (5.3) it is possible to write:

C.
i

] pac =p_C. = Dl(cl—c0)+02(cz-cl)+...+Di(ci—ci_l)

= 1 5_(s0), . (5.5)

also from Equation (5.3) it follows that:

d(DavCi)/dCi =D

"It is possible to draw a graph of L 5(Ac)n versus C,.
Numerical or graphical differentiation of the curve with
respect to Ci will give the relationship between D and ci'

It is more convenient to plot 1n I B(Ac)n versus C;

C.
i

The slope of this plot gives d[ [ - Ddé]/dci at each

value of Ci. The differential giffusivity, D, can then be
obtained as a function of. C. Detailed manual calculations
of the differential diffusivities from the integral values

are given in Appendix C for a cellulose acetate-ethanol
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system at 45°C.

The quantity B(Cn - Cn-l ) is only approximately equal
(04
n

to ] D 4C. Crank (1956) has given corrections to
c .

n-1
this approximation for a range of values of B/D(Cs). Where,
D(CS) is the value of D at the concentration Cs, at'the
beginning of the sorption interval.

57D(Cs) can be calculated and used with Crark's correction
graphs (Crank, 1956) to obtain better values for D. An é%;
example of the correction used to give the second apptoximat;;n
cf D is given in Appendix C for a cellulose acetate-ethanol
system at 45°C.

A cbmputer program which serves to calculate the
differential diffusivity, D, from integral values, D, is also
provided in Appendix D. A flow chart of the computer program
is described in the next section and is shown in Figure 5.4.

The results of the computédr calculations for all the svstems
investigated are provided in Appendix E as well. T
5.3.1 Description of the flow chart of the computer program

used to calculate the differential dlffu51v1t1es from
the integral values (///

As mentioned earlier, a computer program has been ,ns\%r
prepared to calculate the differential diffusivities from the
integral values. The following is a description of the flow
chart given in Figure 5.4:

i) The input data include values of the integral



ii)

iii)

iv)

v)

vi)

vii)
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(experimental) diffusivities, D, and the corresponding
concentrations, €. The numher of the experimental
data points (M) has to be provided.

Subroutine ADM iﬁ/égiled to perform the following

. ol -
calculations:

a) Calculate AC.
b) Calculate I DaC.
c) Calculate ln I DAC.
The relation between 1ln I DAC (dencted by Y) and the
concentration is assumed to be of the form:
Y = a + BC + yC?* + &C? . (5.86)
The library subroutine ZXSSQ together with subroutine
FOX are called to calculate the coefficients o, B8,
Y and § using the least squares technique.
Differentiation 6f Equation-{(5.6) with respect to
Ci vields:
ay o2
~— EE; = B + 2yC + 3&C
The differential diffusivity (denoted by D*} is then

calculated as follows:

dy

* = Y oyvx v [
D { dci ) L DAC

The value of the diffusivity at zero concentration,
Dy is calculated according to the following

procedure:
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a) For the first correction (K = 2) assign ¥ = 1ln D,

- otherwise Y = 1ln D*.
b} The library subroutines ZXSSQ and ASD are called
to calculate the coefficients on the following
: equation: .
- Y = 8 % uC +uc? + ncd
viii) The ratio E/D(CS) is calculated. Where p(Cs) 1s the
value -of ﬁ at the concentraticen, Cs' at.éhe beginning .
9f the sorption interval. ‘
ix) Sub;ottine KIM is called. Input ﬁo KIM is the ratios
E/D(Cs) and output is the percentage correction read
from Crank's corrective curve.(Crank, 1956) by
interpolation. This percentage correction has to be
subtracted from DAC calculated earlier. Now, a
corrected value'-of DAC is obtained.
x) Repeat steps 2 to 6 to find the improved or corrected
value of the differential diffusion coefficient (denoted ’
by D**) .
»1) Coméare the first calculated value of the differential
diffusivity (D*) with the corrected value (D**); if the
two values within a specified tolerance, then the
program prints all the value calculated and comes to
a stop. Otherwsie, another iteration is needed, i.e.

X = K+1 and proceed from step 7.
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Table 5.1
Diffusivity-Concentration Data
for the System

Celldlose Acetate/Methanol

Concentration Integral Diffusivity Differential Diffusivity
mg penetrant - 2 . 2 -
mg polymer D, em™/sec : D, cm“/sec

Temperature = 25°C

0.146 x 107t 0.284 x i0~° 0.1398 x 10”2

0.336 x 10”2 0.912 x 10~° 0.7786 x 10”2

0.588 x 1071 0.191 x 1078 0.2152 x 108

0.916 x 1072 0.383 x 10”8 0.6095 x 1078

0.1244 0.6278 x 1078 0.1254 x 1077

Temperature = 35°¢
0.83 x 10 2 0.44 x 1072 0.2161 x 10”7
0.22 x 10~% 0.912 x 10”9 0.897 x 10”3
0 0.39 x 1073 0.176 x 108 0.2465 x 108
0.49 x 107t 0.315 x 1078 . 0.4139 x 1078
0.66 x 1001 | 0.587 x 10°8 _ 0.9404 x 1078
Temperature = 45°C

0.55 x 10°° 0.59 x 1072 0.2729 x 10”9

0.145 x 1071 0.355 x 108 0.1292 x 1078

0.24 x 10°°% 0.2063 x 10”8 0.276 x 1078

0.35 x 10t 0.317. x 1078 0.5247 x 1078

6.414 x 102 0.469 x 10”8 0.7411 x 10”8




Table 5.2
Diffusivity-Concentration Data
for the syvstem ¢

cellulose Acetate/Ethancl

Concentration - Integral Diffusivity Differential Diffusivity

'Eg ggisizint D, cmz/sec D, cm?/sec
Temperature = 25°%C
0.29 x 107% 0.141 x 10710 0.13 x 10°%°
0.35 x 107t 0.251 x 107%0 0.1855 x 10710
0.54 x 1071 0.738 x 10730 0.6551 x 1070
0.81 x 107+ 0.1127 x 107° '0.1693 x 1077
0.12 0.296 x 1072 0.5322 x 107°
- Teméerature = 35°C
0.2 x 107+ "p.229 x 10730 0.2416 x 10 O
0.26 x 107* 0.39 x 10710 0.367 x 10 0
0.36 x 107% 0.712 x 10730 0.7379 x 1070
44 x 107% 0.1486 x 10°° 0.1356 x 1077
52 x 1071 0.192 x 1077 0.2191 x 10°°
72 x 107% 0.2938 x 1077 0.5112 x 10°°
Temperature = 45°C )
0.97 x 10 2 To0.62  x 10710 0.2713 x 107 +°
0.15 x 107t 0.653 x 1070 0.4418 x 10710
0.23 x 1077 0.81 x 107%° 0.7471 x 10 0
0.33 x 1077 0.1064 x 1077 0.1225 x 107°
0.41 x 10°% 0.131 x 107° 0.1691 x 107°
§.a47 x 107t 0.1773 x 107° ' 0.2161 x 1077
0.91 x 107+ 0.958 x 107° 0.1771 x 10°°
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Table 5.3
Diffusivity-Concentration Data
for the system

Cellulose Acetate/RBenzene

Concentration Integral Diffusivity Differential Diffusivity

mg penetrant = 2 2
Mg polvmer D, cm /sec D, cm /sec
Temperature = 25°C
0.154 x 107% 0.447 x 1071 0.2847 x 10711
0.27 x 10t 0.719 " x 10 %1 0.6184 x 10”11
0.32 x 10°% 0.889 x 10711 0.8029 x 10~ 11
0.65 x 1071 0.7626 x 1010 0.2714 x 10-10
Temperature = 35°C _
0.76 % 1072 0.134 x 10710 0.1207 x 1010
) -2 -10 -10
0.94 x 10 0.211 x 10 0.165 x 10 ,
. -1 -10 ~10
0.127 x 10 0.204 x 10710 . 0.2448 x 10
0.148 x 10+ 0.2090 x. 10719 0.2948 x 10”10
Tem?erature = 45°C
0.63 x 102 0.332 x 10 0 0.21 x 10710
-2 -10 -10
0.7 x 10 0.353 x 10 0.2348 x 10
-2 _ -10 q -10
0.97 x 10 0.3¢2 x 10 0.3167 x,10
-1 ~10 ~10
0.122 x 10 0.272 x 10 0.3816 x 10
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The flow chart described above is applicable when the
concentration dependence of the diffusion coefficient is 7

represented by a non-linear polynomial of the third degree. e

v
e

If a guadratic or straight line model is assumed to 7
represent the concentration dependence of the diffusivity{/
the computer program can still be used. The required number
of parameters (N) has to be specified. Subroutines TWO0 and

DV2 take care of the straight line model while subroutined

THR and DV3 take care of the quadratic case.

5.4 Concentration Dependence of Diffusion Coefficients

The values of the integral and differential diffusivities
at different concentrations for all the systems investigated
at 25, 35, and 45°C are given in Tables 5.1 to 5.3.

Figures 5.5 to 5.7 show the change of both the integral
and the differential diffusivities With concentration., In
the case of methanol and ethanol, the increase of diffusivity
‘with concentration is non-linear. However, in the case of
benzene the differential diffusivities change linearly with
concentration within the narrow concentration range studied.
As far as integral diffusivities of benzene are concerned,
linear behaviour is only clear at 25°C. At 35°C and 45°C
the data do not seem to follow any particular pattern. This
cap probgbly be attributed to the narrow vapor activity
levels employved in this study. The narrow activity levels

have been dictated by the physical limitations of the
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experimental system.

Inspection of Figure B.6 indicates that the straighf
“line portions of the Mt/Mw versus tl/2 curves at
different temperatures_come very close together since the
Qapor'activity levels are very close. This resulted in
obtaining very close diffusivity values for benzene in
cellulose acetate at the three temperatures emploved. Such
behaviour has not been detected in the cases of methanol and

ethanol since the vapor activity levels emploved have been

relatively much larger than those in the case of benzene.

5.5 Diffusion Coefficient at Zero Concentration, Do

The diffusion coefficient is concentration-dependent.
fherefore, such diffusion coefficients cannot be considered
characteristic of the polvmer unless evaluated at zero
pPenetrant concentration. Furthermore, evaluating the
diffusion coefficient at zero penetrant concentration provides
a very important tool for igbestigating the effect of the
different variables such as penetrant size and temperature.

In this study, Do’ has been determined by extrapolating
the plot of D versus concentration to zero concentration.

Values of DO for the svstems investigated in this studv
are giyen in Table 5.4. 3 discussion. of the effect of

L
S .
penetrant size and temperature follows.



D, , cm?/sec

‘51

2- . | © 25%¢

i _ A 35C
f )
o) 45°C

-12 .
10 f T T T T T T T

10 20 30 40 50 60 70 80 S0 100
Molar Volume of Penetrant x 10° m>/mol
Figure 5.8 : Variation of D, with the Molar Volume of the

Penetrant.
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"“5.5.1 Effect of the size of the penetrJ;; molecule

The molér volumes at 25, 55, and 45°C of the penetrants
used in this study are reported in Table 3.4. A plot of the
diffusion coefficient at zero concentration versus the molar
volume of the penetrant for all thehsystems studied at 25/,
35, and 45°C is shown in Figure 5.8.

r

Figure 5.8 indicates that the @iffusion coefficient, D0
as expected decreases with increasing penetrant size;- This
behaviour has been reported in several studies for other-
systems, e.g., Prager and Long (1951).

Prager and Long {(1951) explained this behaviour assuﬁing
that the diffusion process occurs when the penetrant molecule
leaves its current position and jumps into one of the local
free volumes (best pictured as holes) resulting from thermal
flucéuatibns. Usually, the free volumes or holes are not the
size of the entire penetrant molecules, therefore, several
jumps must occur in the same directicon before the penetrant
molecule can be admitted to the free volume. For a hole to be
created, a certain number of secondary valence bonds
{(Vvan der Waals bonds) must be broken and this in turn gives
rise to sites of higher energy. So, the creation of a larger
hole requires the breakage of more bonds, the result is that
there are fewer of these‘large holes. Thus, molecules with a

large size diffuse more slowly.
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5.5.2 Effect of temperature
= .

Increasihg the temperature results in softening the
polymer, which: in turn has been found'to result in increasing
penetrant a%ﬁfusivity. -

The explanation of this phenomenon bedomes very easy
once one understandse.that a penetrant molecule;can only
move from one plaee to another when the local amount of empty’
space (it is.called free volume as will bg,discussed.later)‘
around the penetrant molecule reaches a certain éritical
value. The volume fraction of 'empty space' is called the
fractional freé volume, and this fractional free volume of
any system increases with increasing temperature.' Thus
increasing the probability of -finding sufficient local free
volume which in turn results in increasing penetrant
diffusivity.

In the case of methanol and ethancol it was found that an
increase in the témperature mav result in a decrease in the
value of the experimentg} diffusivity. An example of this
phenomenon is the cgéé of.the svstem (cellulose acetate-

methanol) ; iti{was found that the diffusivities at 25, 35,

\,// : .
and 45°C and at penetrant pressure of 90 mm Hg are as
follows: 0.62x x L07% ,70.597 x 10°% and 0.469 x 10°% cm?/sec.

Table 5.5 gives more examples of the systems which behaved
similarly.
The effect of temperature on diffusivity has been

determined by preparing Arrhenius type plots for 1ln Do



. ).
D, , cm®/sec

A Methanol
o

© Benzene

3T

32

T
33

1T x160( K )

1

3.4

35

Figure 5.9 :Arrhenius Type Plot for the Determination of the

Activation Energy of Diffusion



Table 5.6
Activaiion Energies for Diffusion, Ed’ for
the Penetrants Studied
in Cellulose Acetate
at 25°C
Penetrant Activation Energy, Ea-
) in XJ/mol
Methancl ) 65.42
Zthanol 69.11
Benzene . 73.7

L1}
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-
3

against 1/T. Such plots are dépicted in Figure 5.9. The
plots are linear within the temperature tange employed

in this study.

-»

Since it has been assumed that the diffusion:coefficient

chanées with temperature according to the relationship:

, -E_./RT
D=p%e ©

the slope of the plots given in Figure 5.9 hav

utilized in calculating values of the activaﬁion'energy o;\\\\
diffusion, E;z+ in the temperature range 25-45°C. These
activation energies are reported in Table 5.§.

A plot of the activation energy versus penetrant molar
volume is given/in Figure 5.10. The relationship is linear
and. indicates thHat the activation energy increases with
increasing penetrant molar volupe. .

. Kokés and Long (1953) reported similar behaviour and
confirmed the fact that the activation energy of diffusion
increases with penetrant size until a aritical value of the
activation énergy is reached, after which it stays constant.

On the basis of the postulation given by Prager and.
Long (1951) which was described earlier, it is possible to
explain the increase in the activation eneféy of diffusion
with the penetrant size in the following way: the
activation energy of diffusion, Ed, is presumably related to
the energy reguired ﬁo create a large enough hole in the

polvmer for the penetrant molecule to pass through it. Sco,

Y

-
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-

a larger amount of energy is required to create a large
hole in the‘polymer to allow é large penetrant molecule to
diffuse. )
Table 5.5 gives examples for systems which showed a
decrease in the experimental diffusiéities upon increasing

the temperature. Similar behaviour was reported by other

investigators, e.g. Mandelkern and Long (1949).

-

. The investigators studied the sorption results obtained

at 30°C and 40°C with both methylene chloride and acetone.

For pressures of 100 mm Hg of methylene chloride, and
cellulose acetate films of the same thickness, the
investigators found that at 40°C the sorption process is more.
rapid than the one at 30°C, which is expected. However,
complications arised when methvlene chloride was used at
higher pressure (204 mm Hg). When plotting Mt/Mm Iversus

1 .
t /2 for both temperatures, it was found that the two

I,
curves cross each other and that there was a region in which
the 40°C téke-up is slower than that at 30°C. .
Furthermore, Mandelkern and Long (1949) found that for
methvlene chloride ét 400 mm Hg, the inflection of slopes
of the take—up:curve appeared again, with the result that the
rate of take-up at 40°C is always slower than the one at 30°C.
SimiYar results were obtained when acetone was used as the
diffusant.
Those investigators tried to attribute this phenomencon

to variations in the true temperature of the polymer film



Table 5.7
'Intrinsic Diffusion Coefficient Data
for the System

Cellulose Acetate/Methanol

T
Activity, a Volume Fraction * Intrinsic Diffusion

of Penetrant, ¢ . Coefficient 7,

in cm?Ysec

Temperature = 25°C

0.045 0.034 0.148 x 107°
0.169 0.036 - 0.85 x 107°
0.363 0.09 - 0.268 x 10°°
0.562 0.13 0.84 x 107°
.0.721 ,//r\f' - 0.17 0.193 x 107/
7
Lx_fq;t:i:) Température = 35°C
0.027 0.014 0.223 x 107
0.099 0.036 0.977 x 1072
0.219 0.061 0.286 x 107°
0.34 0.076 0.498 x 10'8,
0.435 0.1 " g.12 x 1077
Temperature = 45°C
0.017 0.0092 0.279 x 1077
. 0.062 0.024 0.137 x 10°°
0.136 0.039 | 0.3 x 1078
0.212 0.056 0.6 x 10°°
0.274 0.065  0.867 x 1078
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Table 5.8

Intrinsic Diffusion Coefficient Data

for the System

Cellulose Acetate/Ethanol

Activity, a

Volume Fractidn
of Penetrant, ¢

Intrinsic Diffusion
Coefficient D

in cmz/sec

r

Temperature = 25°C -

0.11 0.046 0.145 x 10”10
0.177 0.054 0.211 x 10710
0.344 0.082 0.8 x 10”10
0.51 0.12 0.228 x 10°
0678 0.165 0.81 x 1079
Temperature = 35°¢ v
0.063 0.033 0.261 x 10710
0.102 0.041 0.405 x 10”10
0.199 0.055 0.842 x 10-10
0.291 0.07 - 0.161 x 107°
0.389 .0.08 0.267 x 10”9
0.484° 0.11° 0.67 x 2077
Temperature = 45°C _
0.037 0.016 0.281 x 10”10
0.061 0.025 0.469 x 10 +0
0.119 0.038 0.818 x 10”10
0.176 0.053 0.139 x 1077
0.241 0.065 0.198 x 1077 .
0.29 0.073 0.258 x 10”°
0.547 0.133 0.247 x 10”8




Table 5.9
Intrinsic Diffusion Coefficient Data
for the System

cellulose Acetate/Benzene

Activity, a

Volume Fraction .Intrinsic Diffusion
of Penetrant, ¢ Coefficient P,

. 2
in cm”/sec

Temperature = 25°C !

0.43 0.022 0.3 x 10+t
0.59 0.038 0.677 x 10+t
0.738 0.045 : 0.894 x 10+t
0.853 0.088 0.336 x 107 1°
Temperature = 35°C
0.274 0.011 ' 0.124 x 19”40
0.373 0.014 0.171 x 10710
0.473 0.019 0.256 x 19”20
0.541 0.022 0.311 x 10_10
’ Temperature = 45°C
0.182 0.0096 0.215 x 1070
0.247 0.01 0.24 x 19710
0.314 0.015 0.33 x 10-%0
0.358 0.018 0.4 X 10”1°
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Figure S.11 : Dependence of the Intrinsic Diffusion coefficient
on Penetrant Activity for the System Methanol-
Cellulose Acetate.
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Figure S5.12 : Dependence of the Intrinsic  Diftusion coefticient
on Penetrant Activity for the System Ethanol--
Cellulose Acetate.
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caused by the heat evolved during sorption. Expers] 1

work and calculatioﬁs enabled these investigat
conclude that the temperature rise is not
inflections.: They could not give any interpretation for the
complex sorption behaviocur for cellulose acetate. This

phenomenon has not been explained yet.

5.6 Intrinsic Diffusion Coefficient, D

A methodé has been described earlier for obtaining the
differential diffusion, D, from the integral value, D. Such
a method ignores the swelling that occurs to the ‘polymer
. sample as sorption takes place. An allowance can be made for
this, and the intrinsic diffusion <coefficient, 0 , can be.
calculated as well by using the following expression which

.

was suggested by Garrett and Park (1965):

_ D
0 = —_— {5.8)

_. (1-¢) >~
where ¢ 1is the volume~ffaction of the penetrant. Tables 5.7

to 5.9 show the values of the intrinsic diffusion coefficients,
D -, calculated from the differential diffusion coefficient,
D, at different activity levels and volume fractions of the
penetrants for all the systems involved in this study at 25,
35, and 45°C. -

Figures 5.11 and 5.13 show tﬁe cﬁange of the intrinsic
diffusion coefficient, ¥ , with the ad%&vity level of the

penetrant in semi-log plots. The straight lines obtained
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Table 5.10
- Constants of Equation (5.9)
System Temperature Do o
e \ , cmz/sec
Cellulose acetate/Methanol 25 3.3 x 10710 s.68
35 7 5.13x 1070 7.13
- D45 8.55 x 10720 g.8
Cellulose acetate/Ethanol 25 6.43 x 1072 7.12
- .35 1.82 x 10712 7,34
| 45 2.66 x 10711 8.297
Cellulose acetate/Benzene _ 25 2.99 x 10713 5.19
| | ) 35 4.7 x 107%%  3.a9
- .
as 1.06 x 1071 3.6

L
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indicate that the relation between the intrinsic diffusion
" coefficient, D , and the activity level of the penetrant,

a, is of the form:
p=2°e ' (5.9)

The coefficients D° and o in Equation (5.9) are given in

Table 5.10.

hy

. * + *
5.7 . Thermodynamic Diffusion Coefficient, D

The concentration gra&ient has loﬁg been ccns@deged the
driving force for anf diffusional processes. However, the
development of the diffusion eqﬁation by using arguments
based on irreversible thermodynamics iqdicated that the-
chemical potential gradient is the true driving force of
diffusion. ©On that basis, '‘the diffusivity value obtained from
Fick's law hag-to be corrected to reflect the change in the
driving force.

It has been shown by several investigators, e.g. Park

g

(1961) that: | g
DT = D/8 . (5.10)

_where

B = 3ln a/3ln ¢

where B is generallvy called the thermodynamic correction
N .
factor and, 7 , is-the thermodynamic diffusion coefficient.

-

Experimental evidence to show that the chemical potential

S
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gradient is the true driviné force of diffusioh and not
coﬂéentration gradientfwas reported by Cullinén and Lenézyk
(1969) . :

Park (1983) reported that the solubility of gases in -
polymer membranes is léw enough to ensure that Henry's law is
obey;d in which the concentration of gas in a polymer sample
is difectly proportional to the gas pressure. As far as -
organic vapors are concerned, their solubility in polymers is
much greater than that of gases. This results in devi;tions
from Henry's law; and a very common method of representing
the relatiénship between the veolume fraction of the-organic
v r, ¢ , and the vapor pressure, P, is given by the Florv-
Huggins relaticonship:

~_ .

. . P : ' ) -
o In == = 1n ¢ + (1-0) + x(1-9) (5.11)°
‘ P .

In a = 1In o + (1-8) + x(1-¢) (5.12)
where ?°  is tﬁe saturation vapor pressure. In this study,
the values of the saturation vééor pressures for the
menetrants studied were calculated using Antoing's eguation.
In Ecguation (5.11) and (5.12), ¥x 1is the Flory-Huggins
interaction parameter, and is characteristic for a given

syvstem. According to Park (1960), this parameter is small

L4
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Table 5.11

The Flory-Buggins Interaction Parameter, x, Data

N for 211 the Systems Invesfigated 5
‘Svstem ' Temperature Flory-Euggins
- Interaction
°C Parameter, X
Cellulose acetate/Methanol- - - 25 -0.037
&, N S35 ©© -0.064
45 -0.1177
Cellulose acetate/Ethanol 25 0.184
35 ~ p.18
" 45 0.09
Cellulose acetate/Benzene 25 1.879
35 T 2.313
. 45 2.099

w1

v



Table 5.12

R .
Thermodynamic Diffusivity, 0 . -~ Activity Data

for the System

Cellulose Acetate/Methanol

activity, a

Thermodynamic pDiffusivity., *

cmz/sec

Teﬁperatufe = 25°C

0.045 0.15 x 1072
0.169 0.88 x 107°
0.363 0.29 x 1078
0.562 0.95 x 10°°
0.721 0.23 x 1077
Temperature = 35°C
0.027 0.22 x 107°
0.099 0.1 > 1078
0:219 0.3 x 1078
0.34 0.54 x 1078
0.435 6.13 x 107/
Temperature = 45°C
0.017 0.28 x 1077
0.062 0.14 x 1078
0.136 0.31 x 1078
0.212 - 0.62 x 10'8
0.274 0.91 x 107"
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Table 5.13

) .
Thermodynamic Diffusivity, ¥ , - Activity Data
for the System ‘P)

Cellulose Acetate/Ethanol

Activity, a ' Thermodynamic Diffusivity, D*
. »

cm?/sec

Temperature'= 25°C

0.11 ' 0.154 x 10730
0.177 ' 0.227 x 10710
0.344 ) 0.9 x 10730
0.51 0.27 x 107°
0.678 a ‘ 0.1 x 107°%
Temperature = 35°C
0.063 0.273 x 10”0
0.102 0.43 x 10 20
0.199 0.91 x 10710
0.291 : 0.18 x 107°
0.389 _ 0.3 x 12077
0.484 _ 0.79 x 107°
Temperature = 45°C *
0.037 0.29 x 107 %°
0.061 _ ' 0.48 x 10 10
0.119 0.86 x 107 *°
0.176 . 0.15 x 107°
0.241 0.215 x 107>
0.29 0.28 x 107°
0.547 : g : 0.29 x 1078
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Table 5.14
* .
Thermodynamic Diffusivity, ? , — Activity Data
for the System

Cellulose Acetate/Benzene

Activity, a Thermodynamic Diffusivity, o*

cmz/sec

Temperature = 25°C

0.43 0.33 x 10 1
0.59 0.82 x 107 1%
- 5.738 0.11 s 20710 )
0.853 0.55 x 1030
Temperature = 35°C
0.274 : 0.13 x 10 *°
0.373 0.19 x 10 10
0.473 0.28 x 10 *0
0.541 : = 0.35 x 10 *°
ial Temperature = 45°C
0.182 0.226 x 10 *°
0.247 0.25 x 10 0
0.314 0.36 x 10 0
x 10 %0

0.358 0.44
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™

when the polymer and organic penetrant liquid are completely
miscible and is large when the organic vapor and the polymer
are incémpatible. The data repofted in Table 5.11 'comfirm
suéh a behaviour.

Values of 3lna/31lné are obtained by differentiation

of the Flory-Huggins relationship given by Egquation (5.12):

3 .
3 iﬁz =1+ [¢(-1)] + 2x(1-¢){e(-1)}

1 - o(1l42y) + 2y % (5.13)

Fqg all the systems studied, data for the activity of
the penetrant, a, and the volume fraction of the penetrant, o,
wére fitted to Egquation (5.12) to calculate the value of the
interaction parameter, X . The values of 31lna/3lno are
theh;obéained by substituting the values of ¥ in Equation
5.13]. The values of the thermodyvnamic diffusion coefficients

are calculated by dividing the intrinsic diffusion

coefficient, 0 , values by the thermodvnamic correction

) *
factor 3lna/3lne . Typical manual calculations of ?
from 7 are included in Appendix F.

The obtained values of %he Flory-Huggins interaction
parameter, x , are given in Table 5,11. Similarly, the
calculated values of the thermodynamic diffusion coefficients

at different activity levels of the penetrant are reported

in Tables 5.12 to 5,14.

& ,
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Thermodynamic  Diffusivity , .@‘, cm? /sec

‘:‘ T-do ! - T T T T T
{ 0.1 02 a3 04 a5 06 Q7
\ Penetrant  Activity

Figure S5.14 - Dependence of the Thermodynamic Diffusion
Coefficient on Penetrant Activity for the System
‘Methanol - Cellulose  Acetate.
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Table 5.15

Constants of Equation (5.14)

*

Systen Temperature o 8
°C cmz/sec
Cellulose acetate/Methanol 25 . 1.76 x 1010 7.05.
35 5.18 x 10 %0 7.3
45 8.55 x 10 ° 8.96
Cellulose acetate/Ethanol 25 6.6 x 10712 7.3g
} 35 1.87 % 167% 759
45 2.71 x 10 %t 8.57
. ..
D ' -13
)Cellulose acetate/Benzene 25 2.1%9 x 10 6.05
35 4.67 x 10712 . 3.75
N 45 1.07 x 10°% 3.5
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-

*
‘ Also, plots of 1n 7 versus the activity of the
e .
peég\

trant vapor were prepared and shown in Figures 5.14 to
5.16. The linearity of these plots indicates éhat the

*
relation between 0 , and, a, is of the form:
=0 e . " (5.14)
* .
The coefficients Do and 87 in Equation (5.14) are given in

Table 5.15 for all the Systems investigated at 25, 35, and

45°C.
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5.8 A Free-Volume Model for piffusion in Polymers

Wilkens and Long (1957 reported 2 model for the
aiffusion of penetrant molecules in polymers. The derivation
of the model depends on the major assumption that the
diffusion proces’takes place when local configurations of
high free volume occur. Garreét (1965) defined free volume
as the difference petween the volume taken up ?y a molecule
and the volume of the molecule itself.

on this basis, free volume could bé pictured as ‘holes'
openg@ up in the polymer conéiguration by ?hermal fluctuations.
Furthermoi;:nége_féfe afggﬁgmaiffusionjp:ocess is proportignal
to the probability of occurrence of regions 1in which the
free volume exceeds 2 certain critical value; after reaching -
this critical value, the diffusion rate becomes jndependent
of the free volu;e of the polymer- The investigators then
derived an expression for tﬂis probability and related it to
+he diffusion coefficient.

The dependence of the difiusion coefficienﬁ on volume
fraction of the penetrant molecule was found to be of ;he

form:

in D = 1n v; + RO + BOS (5.15)

* *
where U is the +hermodynamic giffusion coefficient, Do

is its value at zero penetrant concentration, and A and B

are constants.
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for the System Ethanol-Cellulose Acetate.



b
 —
. Il'
24
3]
o !
< 11 I
10—
(& ——
*GD“ 8~
5 e
>
= B
>
-—
a y
- © 25¢C
L .
= & 35¢C
o - -
< 0 45°¢ ‘
o
g —— Values Predicted by
C e 2 Equation [ 5.15)
_: 7 .
[m— .
-12
10 T i

i | I ! I T T
01 02 03 04 05 o8 07 08 09 10
Penetrant Volume fraction, &
- Figure- 5.19 : Comparison Between the Experimental Thermodynamic
Diffusion coefficients and Predictions of Equation{ 5.15)
for the System Benzene -Cellulose Acetate.



d

85

Data for the thermo@ynamic'diffusivities and the
volume fractions of the penetrants involved in this study were
fitted to Eguation (5.15). The values of the constants
in, D;, A, B, were obtained and dre reported in Table 5.16
along with the values of B/A.

It can be cbserved from the data reporfed in Table 5.16
that the values of B/A show no definite trend upon increasing
the temperature. On the other hand, the values of D;
increase with temperature as expected.

EQuation (5.15} indicates that at very low values of
penetrant volume fraction, th% relatiénship between the
theimodynamiC‘diffusion coefficient and the volume fraction
of the penetrant becomes exponential.

Knowing the constants.of Egquation (5.15), it is possible
to predict the values of the thermodynamic diffusion
coefficients at any value of the volume fraction of the
penetrant. The values of the thermodvnamic diffusivities
determiged both experimentally and by using Eguation (5.15)
with the appropriate constants are plotted against the—--
volume' fraction of the penetrant for all the systems
inv;étigated. Figures 5.17 to 5.19 show such plots.

Figure 5.17 to 5.19 indicate that the experimental
results of the thermodynamic diffusion coefficients agree
with the ones calculated by using Eguation (5.15) for
diffusion of methanol, ethanol, and benzene into cellulose

acetate at 25, 35 and 45°C.
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Chapter VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusicons
The most relevant findings of the present work can be
summarized as follows:
i) The sorption of methancl, ethanol, and benzene in
cellulose acetate £ilms is Fickian in nature, in the

range of operating temperatures and activity levels

P
of the penetrants used. '

ii) The integral diffusion coefficients for the systems
studied can be calculated from the slope of the
straight line portions of the take—-up time curves.

iii) The diffusion éoefficients were found tc be -
‘ concentration dependeﬁt. .
iv) The diffus;on‘coefficients of the organic penetrants

# :
witth increasing penetrant size, which agrees with

\\~studied in cellulose acetate were found to decrease
previous findings for other polymer/penetrant systems.
v) The temperature dependence of the diffusion coefficients
were found to follow an Arrheqius ﬁype eguatiocn.
vi) Plots of 1n D, against 1/T were foundffs be linear
. within the temperature range emploved. The slopes of

such plots have been utili 3 in calculating values

of the activation en?fgies of diffusion.

86



vii)

viii)

ix)

X)

)

* xi)

6.2

- i)

ii)

Recommendations for Further wWork

87

The activation energies of'diffusion were

found to

be independent of temperature in the temperature

range 25-45°C employed.

The activation energy of diffusion was found to

increase with increasing penetrant molar volume in

a linear~fashion, which supports previous

in the literature.

findings

Some unexpected results were obtained in the case of

diffusion of methanol and ethanol, represented by the ’

inversion of the slopes of, the take-up time curves

at higher pressures. The same Phenomenon
in the literature.
The intrinsic and thermodynamic diffusion

were found to depend exponentially on the

‘ievel of the penetrant.

’

The experimental results obtained in this
found to agree very much with the results
by the free-volume model for diffusion in

suggested by Wilken§ and Long.

The follow

was reported

coefficients

activity

study were

predicted \\VJ/

solvmers

ing are suggestions for further studies:

Some modifications have to be introduced in the

design of the experimental set-up to enable higher

activity levels of the Penetrants to be used.

Different thicknesses of the polymer film

can be
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employed to study the effecé of thickness.

The glass transition temperature of the polymer film
has to be determined. This will permit comparing
experimental data with the predictions of Fujita's

free volume theory.

]



NOMENCLATURE

The meanings of all important and frequently used

-

symbols are described below. The meanings of other'symbols

are described in the text as they are used.

A

v

g 0O w

5

=B

rt

0

constant

activity of the penetrént

constant

conceﬁﬁration (mg penetrant/mg polymer}
differential diffusioﬁ coefficient - -

mutual diffusion coefficient

Fickian diffusion coefficient

- integral diffusion coefficient

diffusivity at zero penetrant concentration

intrinsic diffusion coefficient-
. td

thermodynamic diféusion coefficient
activation energy of diffusion N
thickness of the polymer film

amount of penetrant sorbed at time t
amount of penetrant sorbed at equilibrium
vapor pressure cf the penetrant

satuéation vapor pressure of the penetrgnt
universal gas constant

temperature

time

fiux of component A in a coordinate frame of
reference /’\\

89
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B = thermodynamic correction factor
% = volume fraction of the penetrant molecule
X = Flory-Huggins interaction barameter

L J

>

a
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TABLE A.1

Sorption Data for the System:

Cellulose Acetate ﬁ\Methano1

Conditions:

1}

Temperature = 25°C, Penetrant vapor pressure

-

5.65 mm Hg

Time, t, minutes Amount Sorbed, mg
0.0 0.0
2.0 0.0435°
4.0 0.0861
) 6.0 0.115

8.0 0.1384

12.0 0.1688

16.0 0.1988

24.0 0.2339

34.0 0.2675

40.0 0.2831

48.0 0.3

54.0 0.3093

60.0 0.3206

80.0 0.3367 -

110.0 0.3535

130.0 0.3624

140.0 0.3672

216.0 0.38 = M




Sorption Data for the System:

TABLE A.2

Cellulose Acetate - Methanol

o

Conditions:
Temperature = 25°C, Penetrant vapor pressure = 21.08 mm Hg
Time, t, minutes Amount Sorbed, mg
N 0.0 0.0
2.0 0.1265
4.0 0.2666
6.0 0.3582
10.0 0.4976
12.0 0.5583
14.0 0.6131
16.0 0.6627
18.0 © 0.7078
22.0 0.7765%
24.0 0.8024
26.0 0.8242 -~ —
32.0 0.866
40.0 0.8967
60.0 0.9238
.196.0 . 0.9509 = M
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TABLE A.3

-Sorption Data for the System:

Cellulose Acetate - Methanol

Conditions:

Temperature = 25°C, Penetrant vapor pressure’ = 45.41 mm Hg

Time, t, minutes Amount sorbed, mg
0.0 0.0
2.0 0.2927
3.0 0.4443
5.0 0.659
7.0 0.845
9.0 1.0117
11.0 1.1573
13.0 1.2674
17.0 1.3908
21.0 1.4392
27.0 1.4717
40.0 1.5
50.0 1.5111
75.0 1.5208
140.0 1.5241
200.0 " 1.5296 = M_
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TABLE A.4

Sorption Dataz for the System:

Cellulose Acetate - Methanol

Conditions:
Temperature = 25°C, Penetrant vapor pressure = 70.23 mm Hg
e _
J-<? - ) Time, t, minutes - Amount Sorbed, mg
0.0 0.0
1.0 0.275
- 2.0 0.622
' 3.0 0.911
4.0 1.16
5.0 1.4
7.0 1.8
9.0 2.0
12.0 2.15
15.0 2.21
24.0 2.27
31.0 2.2832
34.0 2.2889
75.0 2.3218
120.0 2.351
178.0 2.3811 = M.
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TABLE A.5

Sorption Data for the System:

. ' Cellulose Acetate - Methanol
Conditions:
Temperature = 25°C, Penetrant vapor pressure = 90.14 mm Hg
Time, t, minutes Amount Sorbed, mg
0.0 0.0
2.0 ° 0.74
4.0 ) 1.93
6.0 2.70
8.0 2.94
10.0 3.026
12.0 3.067
14.0 3.0877
16.0 =~ 3.1
- 20.0 3.128
26.0 3.15
32.0 3.175
42.0 3.20%
64.0 3.2318
70.0 3.2335 = M

N\
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TABLE A.6

Sorption Data for the System:

Cellulose Acetate - Methanol

Conditions:

Temperature = 35°C, Penetrant vapor pressure = 5.59 mm Hg

Time, t, minutes Amount Sorbed, mg
0.0 0.0
2.0 0.032
4.0 0.052
5.0 0.0674 .
8.0 0.0799
. 10.0 0.0906
15.0 - 0.1104
" 20.0 0.12%96
25.0 0.1446
30.0 0.1607 -
40.0 0.1808
50.0 0.1949.
- 60.0 0.205
70.0 0.2078
90.0 0.2167 = M




Conditions:

Temperature
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TABLE A.7

Sorption Data for the System:

Cellulose Acetate - Methanol

20.55 mm Hg

= 35°C, Penetrant vapor pressure =
Time, t, minutes Amount Sorbed, mg
0.0 0.0
2.0 0.1284
4.0 0.2081
6.0 0.264
8.0 0.3113
10.0 0.3532
15.0 0.4358
— 20.0 0.494
25.0 0.5242
30.0 0.544
40.0 0.5663
50.0 0.5752
60.0 0.5783
72.0 0.583 = M
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TABLE A.8
- Sorption Data for the System:
/
Cellulose Acetate - Methanol
Conditions:
Temperature = 35°C, Penetrant vapor pressure = 45.38 mm Hg

Time, t, minutes . Amount Sorbed, mg

0.0 0.0

2.0 0.2577

4.0 10.441

6.0 0.5786

8.0 0.6987

10.0 0.7944

12.0 0.8623

14.0 0.9086

16.0 0.9381 N
18.0 0.9587

20.0 0.973
2505 0.9943

30.0 0.9996
50.0 1.0184 = M_

/__/_\
T

(g
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TABLE A.9

Sorﬁ%ion Data for the System:
Cellulose Acetate - Methanol
Conditions:

Temperature = 35°C, Penetrant vapor pressure = 70.29 mm Hg

Time, t, minutes Amount Sorbed, mg
0.0 0.0

2.0 0.3291
3.0 0.4825
4.0 0.6156
5.0 0.7382
6.0 0.8515
8.0 1.0327
9.0 1.0873
12.0 1.2051
15.0 1.245
20.0 1.2679
32.0 1.2811

©38.0 1.2827 = M_
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TABLE A.10

Sorption Data for the System:

Cellulose Acetate - Methanol

Conditions:

Temperature = 35°C, Penetrant vapor pressure = 50.08 mm Hg

Time, t, minutes Amount Sarbed, mg
0.0 0.0
2.0 " 0.4805
3.0 e 0.7926
4.0 1.0494
5.0 1.2774
6.0 1.4411
8.0 1.5981
9.0 1.6352
12.0 1.6838
15.0 1.7073
18.0 1.717
23.0 1.7211
30.0 1.7285 = M

«Q
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TABLE A.11

Sorption Data for the System:

Cellulose Acetate - Methanol

fonditions:

Temperature = 45°C, Penetrant vapor pressure = 5.63 mm Hg

Time, t, minutes Amount Sorbed, mg
0.0 0.0
1.0 0.0173
2.0 0.0305
3.0 .0.0417
4.0 0.048
7.0 0.064
9.0 0.068
10.0 0.0741 .
13.0 0.0867
16.0 0.0857
23.0 0.1109
30.0 0.1228
43.0 0.1307
68.0 0.1418 = M

——n
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s
TABLE A.12

Sorption Data for the System:

Cellulose Acetate - Methanol

Conditions:

Temperature = 45°C, Penetrant vapor pressure = 20.63 mm Hg

Time, t, minutes Amount Sorbed, mg

0.0 0.0

1.0 0.0536

2.0 0.1028

3.0 0.1348

4.0 0.1561

5.0 0.1841

6.0 0.2217

7.0 0.243

8.0 0.2537

11.0 0.295

13.0 0.3103

17.0 0.3313
21.0 0.3458
25.0 0.3546
38.0 0.3774 = M_
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TABLE 'A.13

Sorption Data for the System:

Cellulose Acetate - Methaho1

Conditicns:

Temperature = 45°C, | Penetrant vapor pressure = 45.2 mm Hg

Time, t, minutes Amount Sorbed, mg
0.0 0.0~
1.0 0.1118
2.0 0.216
3.0 0.2855
4.0 \\\ 0.3304
5.0, ' 0.376
6.0 0.4155
7.0 0.4484
8.0 0.4816
11.0 0.5429
14.0 0.5725
16.0 0.5837
20.0 0.5982
22.0 0.56049
27.0 0.6153 = M_
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TABLE A.14

Sorpiion Data for the System:

Cellulose Acetate - Methanol

Conditions:

Temperatdfe = 45°C,

Penetrant vapor pressure =

70.24 mm Hg

Time, t, minutes Amount Sorbed, - mg

0.6 0.0 °

1.0 0.1228

2.0 0.3116
3.0 0.446

4.0 0.5551

5.0 0.6422

6.0 ™. 0.7103

7.0 " " 0.7613)
8.0 ~..0.7987

9.0 0.8267
10.0 0.8472
11.0 0.8598
13.0 0.8794
16.0 0.8934
19.0 0.9018
22.0 0.906

27.0 0.917 = M,




.

111

. - TABLE A.15

Sorption Data for the System:

cellulose Acetate - Methanol

=
- -
Conditions:
~-T3@rature = 45°C, Penetrant vapor pressure = 90.67 mm Hg
;‘i"” Time, t. minutes Amount Sorbed, mg
; 0.0 0.0
. 1.0 0.1201
ﬁaEEP" ' 2.0 0.38
g 3.0 0.57
i 4.0 0.7214
P 5.0 0.84
L 6.0 0.9205
7.0 0.97
: 8.0 1.0029
o E 1.0 1.0435
E ‘ . 15.0 . 1.0817
26.0 : _1.076




TABLE A.16 -

Sorption Data for the System:

Cellulose Acetate - Ethanol

Conditions:

Temperature = 25°C, Penetrant vapor pressure = 6.7 mm Hg

Time, t, hours Amount Sorbed, mg
0.0 0.0
0.1 0.035
Q.5 0.08
0.7 0.1
1.6 ~0.16
2.1 0.19
3.9 0.27
5.5 0.33
8.0 0.41
10.0 0.47
12.0 0.515
14.0 0.56
19.0 0.64
22.0 0.68
27.0 0.71
37.0 0.752 = M_
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TABLE A.17

Sorption Data for the System:

Cellulose Acetate - Ethanol

Conditions:

Temperature = 25°C, Penetrant vapor pressure = 10.55 mm Hg

Time, t, hours Amount sorbed, mé

0.0 0.0
0.2 0.045
0.53 0.10
0.93 0.15
1.5 0.2]
2.0 0.25
4.0 0.39 )
5.5 £ 0.48 ’
7.5 0.575
9.0 0.65

1.0 0.72

12.0 ’ 0.74

14.0 0.79

16.0 0.825

20.0 0.86

23.0 0.88

28.0 0.90 = M

[e]
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TABLE A.18

Sorption Data for thg System:

Cellulose Acetate - Ethanol

Conditions:

Temﬁerature = 25°C, Penetrant vapor pressure = 20.53 mm Hg
. ) ]

-

Time, t, hours " Amount Sorbed, mg
0.0 0.0
0.20 0.05
0.40 0.1.
1.25 _ 0.35
1.75 - 0.45
2.5 0.6
3.0 0.7
3.5 0.8
4.5 0.95
6.0 1.15
8.0 1.28
10.0 1.32
14.0 1.38
16.0 1.4 = M
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TABLE A.19

Sorption Data for the System:

CeTTuTose Acetate -‘Ethanol

Conditions:

Temperatyre = 25°C, "' Penetrant vapor pressure = 30.44 mm Hg

Time, t, minutes Amount Sorbed, mg

.0

.23
.45
.55
.65

S
1
3
.4
7
e
0
.05 -

.0
2
5
7
g
4

7
1
3
0
9
8
1
0 =

O W N = = OO DO O O

[ T )

N NN Y — —— o — 00 0 O O 0O O
P « e .
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-TABLE A.20

Sorption Data for the System:

Cellulose Acetate - Ethanol

.Conditions: .

Temperature = 25°C, Penetrant vapor pressure = 40.5 mm Hg

Time, t, hours Amount Sorbed, mg
0.0 0.0
0.067 0.4
0.13 0.6
0.2 0.75
0.33 1.0
0.53 1.42
Q.67 1
0.93 2.
1.0 2.43
1.33 2.85
1.67 2.98 .
2.0 3.05
2.53 3.1 =M

©

(‘s‘\
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TABLE A.21

Sorption Data for the System:

Cellulose Acetate - Ethanol

Conditions:

Temperature = 25°(, Penetrant vapor pressure = 50.0 mm Hg
Time, t, hours Amount Sorbed, mg'“
0.6 0.0
0.01 0.07
0.04 0.35
Q.09 0.85
0.16 1.4
0.25 2.1
0.36 3.15
0.49 3.7

0.584 3.85 =M

o
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TABLE A.22

Sorption Data for the System:
Cellulose Acetate - Ethanol

Conditions:

Temperature = 35°¢C, - Penetrant vapor pressure = 6,57 mm Hg

- Time, t, hours Amount Sorbed, mg
0.0 0.0 .
0.17 0.0473
0.5 0.0847
1.0 0.11¢8
1.67 0.1725
3.0 0.2332
4.17 0.2876
5 0.3143
8. 0.3785

10.0 0.4213
13.3 0.5081

17.75 0.5386 = M
@x
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TABLE A.23

Sorption Data for the System: .

Tellulose Acetate - Ethanol

Conditions:
Temperature = 35°C, Penetrant vapor pressure = 10.6 mm Hg
Time, t, hours Amount Sorbed, mg
0.0 0.0
0.17 0.0713
0.5 0.1288 L4
0.83 0.171 '
1.67 0.2547
2.67 0.3428
3.33 0.3936 -
§.17 0.4482
5.0 0.4911
6.0 0.541
8.0 0.5988 N
1.17 0.6735 = M_
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TABLE A.24

Sorption Data for the System:

Cellulose Acetate - Ethanol

b

Temperature = 35°C, Penetrant vapor pressure = 20.7 mm Hg

Conditions:

Time, t, hours Amount Sorbed, mg
0.0 0.0
0.03 ‘ 0.066
0.2 _ 0.134
0.8 0.299
1.1 0.365
1.6 - 0.459
2.17 0.5486
3.17 0.6814
3.5 0.7212
4.0 | 0.7674
5.0 ‘ 0.8455
6.52 0.9 = M_
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TABLE A.25 .

Sorption Data for the System:

Cellulose Acetate - Ethanol

Conditions:

Temperature = 35°C, Penetrant vapor pressure = 30.24 mm Hg

Time, t, hours Amount Sorbed, mg
0.0 0.0
0.17 0.1517
0.25 0.1977
0.5 0.322
0.83 0.4713
1.17 0.591
1.5 0.717
2.0 . 0.8517
2.33 0.921
2.67 0.9913
3 1.055
4.0 1.1328
4.13 1.142 = M_




Conditions:

{emperature
\

TABLE A.26

Sorption Data for the System:

Cellulose Acetate - Ethanol

~

40.39 mm Hg

= 35°C, Penetrant vapor pressure =
Time, t, hours Amount Sorbed, mg
0.0 0.0
0.08 0.2125
0.167 0.295
0.333 0.4366
0.42 0.498
0.5 0.5476
0.67 0.662
0.83 0.763
0.92 0.812
1.0 0.861
1.33 1.0457
1.83 1.2912
2.0 1.348 = M




Conditions:

Temperature

~123:

TABLE A.27

Sorption Data for the System:

Cellulose Acetcte - Ethanol

35°C,

Penetrant vapor pressure =

50.27 mm Hg

Time, t, hours Amount Sorbed, mg

0.0 " 0.0

0.08 T o0.357
0.167 0.3121
0.25 0.633
0.333 0.7432
0.67 1.1445
0.83 1.347
0.92 1.447

1.0 1.5373
1.17 ™ 1.689
1.33 1.8011
1.5 1.87 = M
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TABLE A.28

Sorption Data for the System:

Cellulose Acetate - Ethanol

Conditions: : -

Temperature = 35°C, Penetrant vapor pressure = -90.0 mm Hg

Time, t, hours Amount Sorbed, mg
0.0 0.0
0.048 0.2
0.084 0.46
- 0.1756 0.72
~ 0.168 .22
0.2 1.6
g.23 2.0
0.25 2.2
0.281 2.67
0.336 3.32
0.372 3.52
0.422 3.67
) 0.518 3.7456 = M_




Conditions:

Temperatqre

-125

TABLE A.29

Sorption Data for the System:

Cellulose Acetate - Ethanol

45°C,

Penetrant vapor pressure =

10.59 mm Hg

Time, t, hours Amount Sorbed, mg °
0.0 0.0
0.083 0.0462
0.33 0.0704
0.42 0.0788
0.67 0.1093
1.0 0.1305
1.67 0.184
2.08 0.2035
2.92 0.2483
3.33 0.2738
4.58 0.3269
5.0 0.3343
5.83 0.3582
6.67 0.3715
7.55 0.39 = M_




126

TABLE A.30

Sorption Data for the System:

Cellulose Acetate - Ethanol

Conditions:

Temperature = 45°C, Penetrant vapor pressure = 20.73 mm Hg

Time, t, hours Amount Sorbed, mg
g.0 ' 0.0
0.17 ' 0.1067
0.5 0.1831
0.833 0.2416
1.5 ©0.3383
2.08 0.4076
2.92 0.4788
3.75 0.5425
4.58 0.5848
4.97 . 0.6092 =M




Conditions:

Temperature

127

TABLE A.31

Sorption Data for the System:

Cellulose Acetate - Ethanol

30.53 mm Hg

= 45°C, Penetrant vapor pressure =
Time, t, hours Amount Sorbed, mg
0.0 0.0
G.05 0.1081
0.1 0.1333 -
0.17 O.IQEJ
0.42 0.2585
0.667 0.3291
0.833 0.3752
1.17 0.4717
1.5 0.5525
2.08 0.6657
2.5 0.7296
2.92 0.7833
3.33 0.8243
4.06 0.8659 = M




Conditions:

Temperature

) Sorption Data for the System:

128

TABLE A.32

Cellulose Acetate - Ethanol

.

41.8 mm Hg

= 45°C, Penetrant vapor pressure =
‘Time, t, hours Amount Sorbed, mg
0.0 0.0
.17 0.2155
0.333 0.3101
0.42 0.3579
0.5 0.3963
0.83 0.528
1.17 0.6464
1.5 0.7617
1.67 0.8056
2.5 0.9697
2.92 1.013
3.62 1.0653 = ¥_




»

“
TABLE A.33

Sorption Data for the System:

Cellulose Acetate - Ethanol

Conditions:

Temperature = 45°C, Penetrant vapor pressure = 50.35 mm Hg
4\\
Time, t, hours Amount Sorbed, mg
0.0 0.0
0.05 0.163
0.1 0.2286
0.25 0.3559
0.333 0.42
0.5 - . 0.5227
0.833 0.7078
1.0 0.7996
1.5 1.0038
1.67. 1.0492
2.08 1.1342
2.5 1.1809
3.28 1.2151 = M,




Conditions:

Temperature

130

&

TABLE A.34

Sorption Data for the System:

Cellulose Acetate - Ethanol

45°¢,

Penetrant vapor pressure =

94.91 mm Hg

Time, t, hours

- Amount Sorbed, mg

— O O O O O o O 0 O o o O

.0
.048
.0676
133
.152
.2025
.23
372

.436

.504
.67

.828
.322

0.0
0.326
© 0.45
0.834
~0.9202
1.1625
B
1.892

2.0639
2.169
2.2811

2.3236
2.3706 = M_

L
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TABLE A.35

Sorption Data for the System:

Cellulose Acetate - Benzene

Conditions:
=ellons -

Temperature = 25°C, Penetrant vapor pressure = 41,13 mm Hg

-

Time, t, hours Amount Sorbed, mg
0.0 0.0
1.5 0.015
5.5 0.055
6.5 0.065
13.0 G.105
17.0 0.125
21.0 0.145
) 27.0 0.175
i 36.0 0.19
33.0 0.205
37.0 0.222
46.0 C.258
§0.0 0.315
70.0 0.345
88.0 0.405 = M.
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TABLE A.36

Sorption Data for the System:

Cellulose Acetate - Benzene

fonditions:

Temperature = 25°C, Penetrant vapor pressure = 55.9 mm Hg

Time, t, hours Amount Sarbed, mg

0.0 0.0
0.5 0.0
2.0 0.035
3.0 0.05
6.0 0.09
~— 9.0 0.125
12.0 0.16
18.0 0.225
21.0 0.255
33.0 0.36
35.0 0.4
48.0 0.47
57.0 0.53
63.0 0.565
69.0 0.605
84.0. 0.695 = M_
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TABLE A.37

Sorption Data for the System:

Lellulose Acetate - Benzene

Conditions:

Temperature = 25°C, Penetrant vapor pressure = 70.15 mm Hg

Time, t, hours Amount Sorbed, mg

- 0.0 0.0
1.0 0.03
4.7 0.13
10.0 0.23
18.0 0.33
26.0 0.43
36.0 0.53
- 46.0 0.63
54.0 0.73

64.0 0.85 =M
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TABLE A.38

Sorption Data for the System:

Cellulose Acetate - Benzene

Conditions: . ' N
'Teﬁberature = 25°C, Penetrant vapor pressure = 81.1 mm Hg
Time, t, hours Amount Sorbed, mg
0.0 0.0
0.3 0.0
) 0.5 0.1
0.8 0.15
2.0 0.3
3.5 0.5
4.2 0.6
5.7 0.8
10.7 1.05
12.7 1.15
16.7 1.38
20.7 1.48
26.7 1.58
29.7 1.65
37.7 1.7 =M
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TABLE A.39

Sorption Data for the System:

Cellulose Acetate - Benzene

conditions:
Temperature = 35°C, Penetrant vapor pressure = 40.55 mm Hg'

-

Time, t, hours Amount Sorbed, mg
0.0 0.0
0.167 0.0029
0.333 0.0077
1.17 X 0.0246
1.67 0.0334
2.5 0.0549
4.17 0.0737
5.0 0.0801
10.0 L1042
11.67 .1056
16.7 < .1429
23.33 : .1586
26.7 .1859
29.83 J1965 = M

)
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TABLE A.40

F
(:f Sorption Data for the System:
Cellulose Acetate - Benzene
Conditions:
Temperature = 35°C, Penetrant vador pressure = 55.27 mm Hg

-

Time, t, hours Amount Sorbed, mg
¢.0 0.0
0.5 0.0237
0.67 0.0303
0.83 0.0337 _
1.5 0.0489
1.67 0.0565
3.33 0.0908 ;
4.17 0.0987
6.67 0.1212
10.0 0.1708
11.67 0.1853
15.0 0.2037
16.7 0.2187
19.67 0.2454 = M
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* TABLE A.41

Sorption Data for the System:

Cellulose Acetate - Benzene

Conditions:

Temperature = 35°C, Pénetrant vapor pressure = 70.0 mm Hg

.o

Time, t, hours Amotnt Sorbed, mg

0.0 i 0.0

0.67 . 0.0189

1.67 0.0473

2.5 0.0592

3.33 0.0832

5.0 0.1225

6.67 " 0.1488

8.33 0.1609

10.0 0.1876

11.67 10.2113

13.33 0.2324
16.7 0.2924 -
20 0.3294 = M
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TABLE A.42
Sorption Data for the System:
Cellulose Acetate - Benzene
Conditions:
Temperature = 35°C, Penetrant vapor pressure = 80.16 mm Hg

Time, t, hours Amount Sorbed, mg
0.0 - 0.0
~ Q.5 0.0144
1.17 0.0498
1.33 0.0557
2.5 0.084
3.33 0.1073
6.67 0.1958
. 8.33 0.2129
10.0 0.2436-
11.67 0.2739
13.33 0.3116
15.00 0.3375
“16.7 0.3856 = M
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TABLE A.43

Sorption Data for the.System:

Cellulose Acetate - Benzepe

Conditions:

Temperature = 45°C, Penetrant vapor pressure = 40.68 mm Hg

Time, t, hours Amount Sorbed, mg
0.0 0.0
1.17 0.0251
1.33 0.0303
2.5 0.0445
4.17 0.0644
6.67 0.0998
8.33 0.1083
11.67 0.1444
13.33 0.1545
14.17 0.1585
15.08 0.1645 = M_
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TABLE A.44

Sorption Data for the System:

Cellulose Acetate - Benzene

Conditions:
Temperature = 45°C, Penetrant vapor pressure = 55.17-mm Hg
Time, t, hours Amount Sorbed, mg
0.0 g.0
0.333 0.0051
0.666 0.0161
1.83 0.0472
2.5 0.0557
3.25 0.064
3. 0.0723 -
5.0 0.0823(
5. 0.1136
7.42 0.1322
8.42 0.1423
11.42 0.1548
12.7 0.1644
12.92 0.1829 = M_
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- ' TABLE A.45

Sorption Data for the System:

Cellulose Acetate - Benzene

Conditions:

Temperature = 45°C, Penetrant vapor pressure = 70.20 mm Hg

Time, t, hours Amount Sorbed, mg
0.0 0.0
0.167. 0.002
0.333 0.0176
0.83 0.0353
1.5 . 0.0516
. 2.5 0.0736 S

4.17 0.1066
N 6.67 0.1418
S 8.33 0.1864
< 10.0 0.2037
13.33 0.2355

15.67 0.253 = M_
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TABLE A.46

Sorption Data for the System:

Celluleose Acetate - Benzene

Conditions:

Temperature = 45°C, Penetrant vapor pressure = 79.97 mm Hg

Time, t, hours Amount Sorbed, g
0.0 0.0
0.25 0.0045
0.833 0.0321
1. 0.0397
1. 0.060S
3. 0.1068
3.67 0.1265
417 0.1366
5.17 - 0.1552
5.83 0.1663
6.67 0.1801
9.17 0.2146
10.0 0.2278
11 0.2433
11.83 0.255
14.75 0.294
16.67 0.3166 = M_




APPENDIX B

Sorption Curves for the Systems

Investigated in this Study at 35 and 45°C

7

2
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APPENDIX C
/

Detailed Manual Calculations of the Differential Diffusivities

from the Irtegral Values for the System Cellulose Acetate/‘
Ethanol at 45°¢
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APPENDIX D

-
-

Computer Program for Calculating the

-Differential Diffusivitie§ from the Integral Values

This program was prepared and it has been used for the
calculation of the differential diffusivities for the systems
investigated in this studv from the integral diffusivities

obtained experimentally.

'«\\ | g, _
e :



//JOBNAME J0B

//
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EXEC FORTVCLG

//FORT.SYSIN DD =

c **********t***t***********t*t******t***t***************************

C THIS PROGRAM IS FOR DETERMINING D

c

C ****************t‘t****t****t*****

502
505

in

— O Oyun

19
507
960

INTEGRAL(EXPERIMENTAL)DIFFUSIVITIES

EXTERNAL ADM
EXTERNAL TWO
EXTERNAL THR
EXTERNAL FOX
EXTERNAL Dv2
EXTERNAL DV3
EXTERNAL ASD
EXTERNAL KIM

INTEGER M,N,IXJAC;NSIG,MAXFN,IOPT,I,IHFER,IER _
DIMENSION Y(22),DLTC(lOO,Q),SPl(lOO,Q),SOP(100,9),
@APl(lOO,Q),SSPI(IOO,Q),RT(100,9),PER(lOO,Q).Q(lOO,ZO
#),DCOR(IOO,IO),V(ZZ),DD(Q),A(lOO,lO),XZ(15),YZ(15),V
REAL PARM(B),X(S),F(ZZ),XJAC(22,8),XJTJ(72),HORK(94)

*EPS,DELTA,SGN,SSQ
COMMON/ZSQ/Y,V

M=5

M = NUMBER OF DATA POINTS.
NN=15 T :

-

L=0
L= COUNTER

K=1

K= ITRATION NUMBER

DO 505 I=1,M ,

READ(5,502) vP(I)

FORMAT(F5.2) ’ .

YP = OPERATING VAPOR PRESSURE
CONTINUE i
00 11 I=1,M

READ(5,55) v(I},DD(I)
FORMAT(G10.4,61%.4)

Y= CONCENTRATION

0D= INTEGRAL(EXPERIMENTAL)DIFFUSIVITY
CONTINUE

DO 19 I=1,NN
READ(5,79)XZ(1),YzZ(1)
FORMAT(2F10.2)

CONTINUE

READ(5,507)N

FORMAT(I1)

(RO60,E7C), "HUSSEIN® ,CLASS=Z

IFFERENTIAL DIFFUSI

),
pi

Q
1

p
0

(
)

YITIES FROM

t*****f***tt***tt********ﬁ*******

100,10

NN = NUMBER OF DATA POIN%§_FRQMNLRQFK‘S CORRECTION CURVE. -

'

N=NUMBER OF PARAMETERS (N.3. THERE IS 2 REGRESSION SUBROUTINES)

CALL ADM(V,K,DD,DLTC,QP,SP1,SSPL,Y)
IXJAC=10

NSIG=3

EPS=0 0

DELTA=0.0

MAXFN=500

10PT=1

~
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im

c THE INITIAL VALUES OF THE PARAMETERS ARE’ T0 BE PROVIDED
, IF(N.EQ.4)GO TO 508
IF(N.EQ.6)G0 TO 509
IF(N.GE.8)G0 TO 510
508 5 X(1)=0.1
. X(2)=0.2
X(3)=0.15
X(4)=0.004
6070 511
1509 X(1)=0.1
X{2}=0.2 -
¥{3)=0.15
X(4)=0.004
X(5)=0.35
X(6)=0.17
60 TO 512
510 X(1)=0.7500
x(2)=0.8
X(3)=0.01
X(4)=0.00
X(5)=2.5
X(o}=0.821
X{7)=-0.2554
x(8)=0.082
¢ ASSUME THE RELATION BETWEEN Y AND ¥V TO BE OF THE FORM
c YaX (L) +X(2)*V+X(3)*V*e*2+X(4)*y**3
¢ THE COEFFICIENTS X(1).X(2),X(3),X(4) ARE TO.BE DETERMINED
c USING THE LIBRARY SUBROUTINE zX$SQ AS FOLLOWS :
CALL ZXSSQ(FOX,M,N,NSIG,EPS,DELTA,MAXFN,{0PT, \
* PARM.X,S5Q.F.XJAC, IXJAC,XJTJ,WORK, INFER,IER)
c NOW A POLYNOMIAL OF Y .VS. Vv 15 KNOWN
C  ANALYTICAL DIFFERENTIATION IS PERFORMED TO DETERMINE THE SLOPES.
D0 7 I=1.M
NSOP (K. 1)2X(2)+2.0%X(3)*V{1)+3. %X (3)*V(I1)**2 :
c SOP=SLOPE (VALUE OF THE DERIVATIVE EVALUATED AT A CERTAIN CONC.
7 CONTINUE
| G0 TO 517 .
511 CALL ZXSSQ(TWO,M,N,NSIG,EPS,DELTA,MAXFN,I0PT,
* PARM.X.SSQ.F.XJAC.IXJAC,XJTJ,WORK, INFER, IER)
o 707513
512 CALL ZXSSQ(THR,M,N,NSIG,EPS,DELTA,MAXFN,10PT,
* PARM.X.SSQ.F.XJAC.IXJAC,XJTJ,WORK, INFER, IER)
G0 T0 515
513 DO 514 I=1,M
SOP(K.1)=X(2)
514  CONTINUE
GO TO 517
515 DO 516 I=1,M.
CSOP(K,1)=X{2)+2.0%X(3)*V(I)
16 CONTINUE
517 DO 8 J=1,M
APL(K,J)=S0P(K,J)*SSPL(K,J)
8 CONTINUE
¢ APl = FIRST APPROXIMATION OF THE DIFFERENTIAL DIFFUSIVITIES
c A CORRECTION IS NEEDED TO FIND 2na APPROXIMATION USING
c CRANK'S CORRECTION CURVE.
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IF(K.EQ.1) 60™T0 225
IF(K.EQ.2) GO TO 93 ‘ )

225 WRITE(6,223) )

223 FORMAT(23X,'System: Cellulose Acetate/Methanol')

] WRITE(6,224) .

224 FORHAT{/,31X,'Temparature= 45°C') . -
WRITE(6,227)

227 FORMAT(//,33X,'First Iteration')
WRITE(6,228) :

228 FORMAT(//,IZX,'VP',9X,'C',8X,'DLTC',10X, DD',SX,‘SSPI',?X,

. 'Dx' /) _ -
00 230 I=1,M
WRITE(6,229) VP(I),V(I),DLTC(K,I),DD(I),SSPl(K,I),APl(K,I]

229 FORMAT(IIX,FS.Z,ZX,GIO.4,2X,G10.4,2X,GIO.4,2X,69.2,2X,GIO.4)

230 CONTINUE
S=SQRT((S5Q/3)) -

o WRITE(6,250)s ! . )

250 -FORMAT(//,15X,"'Standard deviation=',613.4)
WRITE(6,234) ~

234 FORMAT(//,15X, 'These abbreviations have been used above',/)

P WRITE(6,9781)

. 9781 FORMAT(15X,'yp =0perating vapor pressure(mmHg}',/)
/ WRITE(6,9782) '
’ 9782 FORMAT(15X,'C = Loncentration',/)
\\\ WRITE(6,235)
~235 FORMAT (15X, 'DLTC
WRITE(6,236)
236 FORMAT(ISX,‘DD
\ WRITE(6,237)

237 \FORMAT(1SX,'SSP1 =Summation(DD*DLTC)' /)
WRITE(6,238)

= Delta concentration: Cn-Cn-1',/)

"

Experimental diffusivity in cme/s' /)

238 FORMAT(15X, 'p* =First approximation(differential diffusivity
. *in cm2/s') ) '
WRITE(6,300})
300 FORMAT('1")
GO TO 290

93 WRITE(6,251)
251 FORMAT(ZBX,'System: Cellulose Acetate/Methanol')
WRITE(6,252)
252 FORMAT(/,31X,'Teﬂgsrature= 45 C')
WRITE(6,253)
253 FORMAT(//,33X,"'Second Iteration')
WRITE(6,254) N
254 FORMAT(//,15X,'D*‘,lOX,'DD/D ',4X,'% CORREC.',ZX
*'SLOPE',?X "DExt sy
DO 255 I=1.M
WRITE(6,256) APl(K-l,I),RT(K,I).Q(K,I),SOP(K,I),API(K,I)
256 FORMAT(IZX,GIO.4,3X,GIO.4,3X,GQ.3,2X,F9.6,2X,G13.4)
255 CONTINUE
S=SQRT((SSQ/3))
WRITE(6,257)5S
257 FORMAT{//,ISX,'Standard deviation=',G13.4)
WRITE(6,350)D]

350 FORMAT(/,ISX.'Diffusivity at zero concentration=',G12.4," cm2/s’')
WRITE(6,360) '

b

-



360
362

9783
363

302
290

1958
2010

1885
1938
3091

3391
7019

7029
518
520

530
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FORMAT(//,15X,'These abbreviations have been used above',/)
WRITE(6,362)

FORMAT(15X,'% CORREC.= %Correction to be subtracted from (DD*DLTC

*)',7)
WRITE(6,9783)

FORMAT(15X,'Slope =d1n(Sum{DD*DLTC))/dc',/)
WRITE(6,363)

FORMAT(15X,'D** =2nd approximation (Differential Diffusivity

*) in cm2/s')
FORMAT('1"')
IF(K.EQ.1}GOTO 2010
DO 1958 J=1,M
IF(ABS(APl(K J)-AP1(K-1,3)).6T.0.00001)G0T0O 1958
L=L+1.
CONTINUE )
IF{L.EQ.M)GOTO 91
K=K+1
IF{K.GT.2)}GOTO 1938
DO 1895 J=1,M
Y{J)=ALOG (DD(Jd)} .
CONTINUE
GOTO 7019 : - :
WRITE(6,3091) v
FORMAT(' ')
DO 3391 J=1,M
Y(J)}=ALOG (APl(K-2,J))
CONTINUE
WRITE(6,7029)
FORMAT(' ")
IF(N.EQ.4)GO TO 518 '
IF(N.EQ.6)G0 TO 520
IF(N.GE.B8)GO TO 530
CALL ZXSSQ(DV2,M,N,NSIG,EPS,DELTA,MAXFN,IQPT, PARM,X,SSQ,F,
@XJAC, IXJAC, XJTJ,WORK, INFER, IER)
DI=EXP (x(s))
GO TO 519
CALL ZXS$SQ(DV3,M,N,NSIG,EPS,DELTA,MAXFN,IOPT,PARM,X,SSQ,F,
@XJAC,IXJAC,XJTJ,WORK,INFER, IER)
DI=EXP (X(4))
"GO TO 519
CALL ZXSSQ(ASD,M,N,NSIG,EPS,DELTA,MAXFN,IOPT,PARM,X,SSQ,F,
@XJAC, IXJAC,XJTJ,WORK,INFER,IER)
DI=EXP (X(5)}
DI= INITIAL DIFFUSIVITY WHEN CONCENTRATION EQUALS ZEROC.
DI IS FOUND FROM THE INTERCEPT OF A PLOT OF 1nDD .V¥S. ¥
IF(K.LE.2) THEN
I=1
RT(K,I1}=DD(IY/DI .
ELSE '
I=1
RT(K,I)=APLl(K-1,I)/Ul
END IF
IF(K.EQ.2)THEN
DO 1001 I=2,M
RT(K,I)=AP1(K-1,1)/00{I-1)

N
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1001 CONTINUE
c RT= RATIO(DO/Do)
ELSE
DO 1007 I=2,M '
RT(K,I)=APl{K-1,1)/AP1(X-2,I-1)
1007 CONTINUE
END IF
DO 833 J=1,M
A{X,J)=RT(K,J)
833 CONTINUE .
CALL KIM(A,K,M,XZ,YZ, Q)
DO 707 J=1,M
QP (K,J)=Q(K,Jd)/100

707  CONTINUE .
C Q = PERCENTAGE CORRECTION NEEDED

GO TO 960
91 STOP

END

SUBROUTINE ADM(V,K,DD,DLTC,QP,SP1,S8SP1,Y)

DIMENSION X(5}, Y(22) DLTC(lOO 9}, 591(100 9), 509(100 9},
BAP1(100,9), SSPl(lOO 91 RT({100,9),PER{100,9),Q(100, 20) QP(lOO 10
¥}, DCOR(lOO 10), v(22) DO 9), A(lOO 10), x2(15) YZ(15}

INTEGER K

M=5 -

1=1

DLTC(K,I)=V(I)

C DLTC= DIFFERENCE BETWEEN TWO CONSECUTIVE CONCENTRATIONS

D0 3 I=2,M

. DLTC(K, I) Y(I)-¥(I-1)
3 CONTINUE

IF(K.EQ.1)THEN
- DO 9990 I=1,M

SPL(K,I)= DD(I)*DLTC(K 1)

c SPL=ACCUMULATIVE SUMMATION OF DD*DLTC
9990 CONTINUE .

ELSE

DO 7766 1

SP1(K,I)=

7766 CONTINUE

END IF

=1,
(SP (K—l,l)-(QP(K,I)*SPl(K-L,IL))

00 6§ I=1,M
Y(I1)=ALOG(SSP1(K,1))

CONTINUE

Y= LOGARITHM TO THE BASE e OF SSP1
RETURN

END
SUBROUTINE TW
INTEGER M,N,I
REAL X(N),F{M)

O

O{X,M,N,F)
,Y(22),v(22)
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29

25

9229

5229

§229

OO

)= (
*X(4)*V(1)**3
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COMMON/ZSQ/Y, V¥

DO 29 I=1.M

F(I)=(Y(I]}- (x(1)+x(2)*v(1)))/(¥(1))

CONTINUE

RETURN

END

SUBROUTINE THR(X M,N,F)

INTEGER M,N,1I

REAL X(N).F(M),Y(22),v(22)

COMMON/ZSQ/Y ¥

DO 29 I=i,M

F(1)=(Y(I)- (X(1)+X(2)*V (11X (3)*V (1) **2))/ (Y(1))

CONTINUE

RETURN

END

SUBROUTINE FOX(X,M,N,F)

INTEGER M,N,1I

REAL X(N),F(M)

COMMON/ZSQ/Y,Y

DO 29 I=1,M
-«

v{22},v(22)

FII}=(Y(I X{L)+X(2)*V(I)+X(3)*v(I)**2+
Y)/7(Y(1})

CONTINUE

RETURN

END

SUBROUTINE DV2(X,M,N,F)

INTEGER M,N,I

REAL X(N),F(M),v{22),v(22)
COMMON/ZSQ/Y,V

DO 9229 I=1,M '
FOIY={Y(D)=(X{(3)+X(4)*V {1y /(Y (1))
CONTINUE

RETURN

END

SUBROUTINE DV3(X,M,N,F)

INTEGER M,N,I
REAL X(N),F{M

(), v(22),v(22)
COMMON/ZSQ/Y
(

)
Y
M ' )

X(4Y+X{5)*V(I)+X(6)*V{(I)**2))/(Y(I))

DO 9229 I=1
F(IY=(Y(I)-
CONTINUE
RETURN

END
SUBROUTINE ASD{X,M,N,F)
INTEGER M,N,I

REAL X(N),F{M),Y{22),¥(22)
COMMON/ZSQ/Y,Y

DO 9229 I=1,M
FOID)=(Y(I)=-(X
CONTINUE
RETURN

END

THE FOLLOWING IS AN INTERPOLATION SUBROUTINE
DATA ARE READ FROM CRANK'S CORRECTION CURYE
SUBROUTINE KIM{A,K,M,XZ,YZ,Q)

SY+X(B)*V(I)+X(7)*V(I)**2+X(8)*y(I1)**3))/Y(I)
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DIMENSION Q(100,20), A(IOO 10),XZ(15),YZ{15)
INTEGER M,NN,I, N

NN=15
DO 1983 J=1,M

I=1

IF(A(K,J).LE.XZ(I))GO TO 2
IF(A(K,J}.GT.XZ(I).AND.A(K,J).LT. XZ(I+1))GOT0 152
GOTO 1983

152 QIK,J)=((A(K,J)-XZ(I))/(XZ(I+1)-XZ(I1}}*(YZ(I+1)-YZ(1)))+YZ(I)
GOTO 1983
2 Q(K,d)=YZ(I)
1983 CONTINUE
DO 703 J=1,M
DO 704 I=2,NN
IF(A(K,J).EQ.XZ{I))GOTO 222
IF(A(K,J).GT.XZ(I).AND.A(K,J).LT. xz(1+1))so T0 733
GO TO 704
222 Q(K,Jd)=YZ(I)
GO TO 703
733 Q(K,d)=((A(K,J)- XZ(I))/(XZ(I+1)-XZ(I})*(YZ(I+1)-YZ(I}))+YZ(I)
GO TO 703
704  CONTINUE .
703 CONTINUE
RETURN \\\\
END
/* \\\
//GO.SYSIN DD = -
05.63
20.63
45.20
70.24
90.67 A
0.83E-02 2.23E-10
2.20E-02 9.77€-10
3.90€-02 2.86E-09
4.90E-02 4 .98E-09
6.60E-02 1.20E-08
0.0 0.0
1.0 0.0
1.1 2.0
1.2 3.0
1.3 5.0
2.0 11.5
3.0 16.0
4.0 18.0"
5.0 20.5
6.0 21.5
7.0 22.5
8.0 23.0
10.0 24.0
20.0 27.0
30.0 28.0
8



APPENDIX E

Valdes of the Differential Diffusivities for the Systems

Investigated, Calculated Using the Coﬁpuher Program Provided

in Appendix D. .,

16l



YP

5.65
21.08
45.41
70.23
90.14
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System: Cellulose Acetate/Methanol

\

o

0.1460E-01
0.3660E-01
0.5880E-01
0.9160E-01
0.1244

Temparature= 25 C

First Itération

DLTC

0.1460E-01
0.2200E-01
0.2220E-01
0.3280E-01
0.3280£-01

A
DD ) sSSPl
0.2840E- 0.41E-11
0.9120E-09  0.24E-10
0.1910E-08 ~ 0.67E-10
0.3830E-08 0.19E-09
0.40E-09

0.6278E-08

Standard deviation= - 0.2136E-01 cm2 / sec

These abbreviations have been used above

YP
¢

DLTC

00

=0perating vapor pressure(mmHg)

Concentration

SSP1 =Summation{(DD*DLTC)

D*

=First approximation(differential diffusivity

Delta concentration: Cn-Cn-1

Experimental diffusivity in cm>/sec

D‘l’

0.1594E-09
0.9302&-09
0.2558t-08
0.7379E-08
0.1528E-07

. 2
in cm™ /s
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r
System: Cellulose Acetate/Methanol
) Temperature= 25 C
Second Iteratdon )

D* DD/D % CORREC. SLOPE D*=*
.1594E-09 2.02% 11.6 . 38.153137 0.1398E-09
.9302E-09 3.275 16.6 38.153564 0.7786E-09
.2558E-08 2.805 15.1 38.154022 0.2152E-08
.7379E-08 3.863 17.7 38.154678 0.6095E-08.
.1528E-Q7 3.988 18.0 38.}55334 0.1254E-07

Standard deviation= 0.2073E-0C1 cml / sec

Diffusivity at zero concentration= 0-1408E-09 cm /sec -

These abbreviations have been used above

>

7 CORREC.= %Gorrection to be subtracted from (DD*DLTC) .

S

Slope =d1n(Sum(DD*DLTC))/d¢ : -

. . . L . 2
g** =2nd approximation (Differential Diffusivity) in cm /s



YP

5.59
20.55
45.38
70.29
50.08

-

) - .
These abbreviations have been used above

VP
C

DLTC

Do

164

System: Cellulose Acetate/Methanol

c

0.8300€-02
0.2200£-01
0.3900E-01
0.4900E-01
0.6600E-01

Standard deviation=

Temparature= 35 C

First Iteration

DLTC

0.8300E-02
0.1370E-01
0.1700£-01
C.1000E-01
C.1700E-01

Concentration

SSP1 =Summation(DD*DLTC)

D>

=First approximation(differential diffusivity

DD

0.4400E-09
0.9120E-09
0.1760E-08
0.3150E-08
0.5970E-08

=0perating vapor pressure(mmHg)

Delta concentration: Cn-Cn-1

SSP1

0.37e-11

0.16E-10
0.46E-10
0.78E-10
0.18E-09

0.1196E-01 cm® / sec

Experimental diffusivity in cm™/sec

D*

0.2359£-09
0.L043E-08
'0.2976E-08
0.5011E-08
0.1157E-07

2z
in cm /s
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System: Celtlutose Acetate/Methanol

Temperature= 35 C

Second lteration

p* DD/D % CORREC. ., SLOPE" '+ '~ D*=
0.2359€-09 - -1.380 . - 5.74 . . .62.763351 0.2161E-09
0-:1043E-08  2.371 13.2 62.763626 0.8970E-09
0.2976E-08  3.263 16.5 . 62.763977 0.2465E-08
0.5011E-08  2.847° ~ - 15.3 © 62764175 0.4139E-08
0.1157E-07"  3.673 ©17.3 62.764511 0.9404E-08

Standard deviation=  0.1109E-01 cm® / sec

Diffusivity at zero concentration= 0.3189E-09 cm”/sec

These abbrev1at1ons have been used above /
% CORREC.= %Correction to be subtracted from (DD*DLTC) o
Slope  =dIn(Sum{BD*DLTC)})/dc

p** * =2nd approiimation‘(Differentia] Djffusivity} in cml/s

5

-5

Vat)



VP

5.63
20 63
45.20
70.24

" 90.67
Standard deviation=

These abbreviations have been used above

Ye

c

oLTC

DD
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. System: Cellulose Acetate/Methanol

¢

0.5500E-02
0.1450£-01
0.2500E-01
0.3500E-01
0.4140E-01

L

"

Temparature= 45 C

First Iteration

DLTC

0.5500E-02
0.9000E-02
0.9500E-02
0.1100E-01

Concentration

Delta concentration:

$SP1 =Summation(DD*DLTC}

D*

zFirst approximation{differential di ffusivity

DD

0.5900E-09
0.1550E-08
0.2063E-08
0.3170E-08

0.6400E-0.CBO.4690E—08

=Qperating vapor pressure(mmHg)

Cn-Cn-1

SSP1

0.32E-11

0.17E-10

0.37E-10

0.72E-10
0.10£-09

0.1663E-01 cm® / sec

Experimental diffusivity ia cm®/sec

D*

.2864£-09
.1518E-08
.3248E-08
.6326E-C8
.8975E-08

[N oNelole)

AN

in cmz/s
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System: Cellulose Acetate/Methanbl

Temperature=,¢5 c

Second lteration

p* DD/D % CORREC. SLOPE px*x
.
.2864E-09 1.055 1.10 85.044815  0.2729E-09
.1518£-08 2.572 . 14.1 85.044998 0.1292E-08
.3248E-08  2.095 11.9 85.045181 0.2760E-08
.6326E-08 '3.066 - 1.1 --85.045395-- 0.5247E-08
.8975E-08 2.831 15.2 85.045532 0.7411E-08
[ 4
Standard deviation=  0.1522£-01 cm? / sec

Diffusivity at zero contentration= 0.5593E-09 cmilse;

These aereviations have been used above

3 CORREC.= %Correction to be subtracted from (DD*DLTC)
7

Slops =d1n(Sum{DD*DLTC)}/dc

D*=* =2nd approximation (Differentiail Diffusivity} in cmzls

+1



Ny
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System: Cellulose Acetate/Ethanol
(,,r"/; | Temparature= 25 C

. First Iteration

YP C OLTC 0D SSPL D*

6.70 ~0.2900E-01 0.2900E-01 0.1410E-10 0.41E-12 0.1638E-10
1¢.55 0.3500E-01° O B000E-02 O.2510E-10 - 0.56E-12--0.2241E-10
20.53 0.5400E-01 0.1900E-0l 0.7380E-10 0.20E-11 0.7857E-10
30.44 0.8100E-01 0.2700E-01 ©0.1127E-09 0.50E-11 0.2004E-09
40.50 0.1200 0.3900E-01 0.2960£-09 0.17E-10 0.6628E-0Y

Standard deviation= U 1089E-01 cm2 / sec

These abbreviations have been used above

VP =Qperating vapor pressure{mmHg) -
C = Concentration
OLTC = Delta concentration: Cn-Cn-1

~

. : . Lo . 2z
Experimental diffusivity 1n cm /sec

oD

SSp1 =Summation{LU*DLTC)

D* =First approximation(differentia1 diffusivity in cﬁzfs
. \ " .
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p “
System: Cellulose Acetate/Ethanol

Temperature= 25 C - : .

Second Ilteration

or DD/D % CORREC. SLOPE D** -
0.1638£-10  5.029 20.5 39.990005 0.1300E-10
0.2241E-T0 17589  7.89 ° 39990112 ~ 0.1855E-10
0.7857E-10  3.130 16.3 39.990494 0.6551E-10
0.2004E-09  2.716 14.7 39.991043 0.1693E-09
0.6628E-09  5.881 21.4 33.991821 0.5322£-09
Standard deviations= = 0.1172E-01 cm?® / sec

Diffusivity at zero concentration= (0.4014E-1l1 cm /sec

- These abbreviations have been used above
2 CORREC.= %Correction to be subtracted from (DD*DLTC)

Siope =d1n{Sum{DD*DLTC))/dc

D** =2nd approximation (Differential Diffusivity) in cml/s



YP
6.57

10.60..

20.7¢
30.24
40.39
50.27

Standard deviation=

These abbreviations have been used above

¥P
c

oDLTC

oD
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System: Cellulgpse Acetate/ithanoT

c .
0.2000E-01

0.2600E-01

0.3600E-01
0.4400E-01
0.5200E-01
0.7200E-01

Temparature= 35 C

First Iteration

pLYC
0.2000E-01

0.6000E-02

0.1000E-01

0.8000E-02
0.8000E-02
0.2000E-0L

DD

0.2290E-10
0.3900E-10

0.7120E-10""

0.1486E-08
0.1920E-09
0.2938E-09

0.6892E-02 cm®

=Qperating vapor preésure(mmHg)

Concentration

$SP1 =Summation{DD*DLTC)

sFirst approximation(differential diffusivity

Delta concentration: {n-Cn-1

SSP1

0.46E-12
0.69E-12

0.26E-11
0.41E-11
0.10E-10

/ sec

Experimental diffusivity in cmZ/sec

"0.14E-1L"

D*

0.2744£-10
0.4146E-10

0.8412£-10

0.1554E-09
0.2474E-09
0.5995E-09

in cmlls
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System: Cellulose Acetate/Ethanol

L
Temperature= 35 C .
Second I[teration

D* pD/D % CORREC. SLOPE D**
0.2744E-10 1.957 11.1 59.341095 . 0.2416E-10
0.4146E-10 1.811 9.74 59.341217 0.3670E-10
0.8412E-10. 2.157 . _12.2 . .58.341415  0.7379&-10
0.1554E-09 2.182 12.3 59.341568 0.1356E<09
0.2474E-99 1.665 8.39 59.341736 0.2191E-09
0.5995E-09 3.122 16.2 59.342133 0.5112E-09

A

'3

étandard deviation= 0.2188E-02 sz / sec

Diffusivity at zero concentrations 0.1520E-10 cm?/sec

These abbreviations have.been used above
¢ CORREC.= %ZCorrection to be subtracted from (DD*DLTC)
Slope =d1n(Sum(DD*DLTC))/dc

px* =2nd approximation {Differential Diffusivity) in ch/s



YP

6.50
10.59

20.73
'30.53
41.80
50.35
94.91

Standard deviation=

These abbreviations have been used above

yp

c
DLTC
iy

cCoooo0oc o
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System: Cellulogse Acetate/Ethanol

c

.9700E-02
.1500E-01
-2300E-01
-3300£-01
.4100E-01
-4700E-01
-9100E-01

Temparature= 45 (

First Iteration

OLTC

0.9700E-02
0.5300£-02

0.
0.

~L0+.80008-G2-- 0.

0.1000E-01
0.8000E-02
0.6000E-02
0.4400€-01

Q.
0.
0.
a.

DD

6200E-10
6530E-10
8100E-10
1064E-09
1310E-09
1773E-09
9580E-09

=Operating vapor Pressure(mmHg)

[}

Concentration

oDe‘!ta cencentration: Cn-Cn-1

OCOoOO0OO0OOO

SSP1
.60E-12

-95E-12 .

.16E-<11
L27E-11
L37E-11
L48E-11
L47E-10

0.5007£-02 ¢cm? / sec

3

= Experimental diffusivity in cm%/sec

SSP1 =Summation(DD*DLTC)

o =First approximationﬁﬁifferentia] diffusivity

« D*

0.3114E-10
0.4807c-10- -
0.8263E-10
0.1377€-09
0.1920E-09
0.2471£-09
0.2430E-08

in cmi/s
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Cellulose Acetate/Ethancl

Tehperature= 45 C

Seéond Iteration

-]
o

System:

D* pD/D
0.3114E-10 1.664
0.4907E-10 0.7914
0.8263E-10 1.265
0.1377E-~09 1.700
0.1920E-09 1.805
0.2471E-09 1.886
0.2430E-08 13.710

Standard deviation=

Diffusivity at zero concentration=

CORREC.

8.38

- 0.000E+00
4.31
g.72
9.68
10.4
25.1

SLOPE

49.242950
49.243057
49.243225
49.243423
49.243576
49.2643698
49.244583

0.6383E-02 cm® / sec

COoOO00O0O000

D**

.2713E-10
J4418E-10
.7471E-10
.1225€-09
.1691€-09"
.2161E-09
.1771E-08

0.3726E-10 cm®/sec

These abbreviations have been u§ed above

% CCRREC.
Slope
'D**

=2nd approximation (Differential Diffusivity) in cm2/s

“Correction to b

di1n{Sum{DD*DLIC))/dc

ubtracted from (DO*DLTC)



YP

41.13
55.90
70.15
81.10

Standard deviation=
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System: -Cellulose Acetate/Benzene

c

0.1540E-01
0.2700E-01
0.3200€-01

0.6500E-01

Temparature= 25 C

First Iteration

DLTC

0.1540E-01
0.116Q0E-01

0.5000E-02 _

0.3300E-01

DD

0.4470E-11
0.7190E-11

0.8890E-11
0.1626E-10

SSP1

0.69E-13
0.15€-12
0.20€-12

0.73E-12

0.4652E-02 cm2 / sec

These abbreviations have been used above

YP

c

DLTC

o0

=0perafing vapor pressure(mmHg)

1t

Concentration

SSP1 =Summation(DD*DLTC)

D*

=First -approximation(differential

Deltd condentration: Cn-Cn-~1

Experimental dfffusivity in cmz/séc

diffusivity

cooo

D*

.3131E-11
.6924E-11
.8946E-11
.3335E-10

in cm2/s
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System: Cellulose Acetate/Benzene

Temperature= 25 (

Second Iteration

D* Dp/sod % CORREC. ' SLOPE Dx*
~0.3131g-11 1.261 4,22 - 43.174683 0.2847E-11
0.6924E-11 l1.548 Co e F 33— - 4351789 IT PIeT8YE-11
0.8946E-11 1.244 3.88 43.175003 0.8029E-11
0.3335E-10 3.752 17.5 43.175674 0.2714E-10
Standard deviation= 0.4966E-02 sz / sec

Diffusivity at zero concentrations= 0.3545E-11 cm27sec

These abbreviations habe been used above
2 CORREC.= %Correction to be subtracted from (DD*DLTC)
Slope =dIn{Sum(DD*DLTL) ) /dc

Dx* =2nd approximation (Differential Diffusivity) in cml/s



vP

40.55%
55.27
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System: Cellulose Acetate/Benzene

¢

0.7600E-02
0.9400E-02

70.80—0.1270E-01

80.16

Standard deviation=

These abbrgviations have been used above

VP

c

pLIC

0D

0.1480£-01

Temparature= 35 C

First lteration

DLTC

0.7600E-02
0.1800E-02
0.3300E-02

0.2100E-02

DD

0.1340E-10
0.2110€-10
0.2040E-10

=Qperating vapor pressure(mmHg)

[} u /

"Concentration

Delta concentration:

SSPl =Summation(DD*DLTC)

D*

=First approximation(differential diffusivity

Cn-Cn-1

SSP1

0.10E-12
0.l14E-12
0.21E-12

© 0T2090E-T0 0T2SE=12

0.1604E402 cmz'/ sec

Experimenfal diffusivity 1in cmljsec

D*

0.1259E-10
0.1729€-10
0.2561E-10

- 0.3104

10—

in cml/s
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System: Cellulose Acetate/Benzene

Temperature= 35 C

Second. Iteration

-

D* DpD/D. % CORREC. SLOPE D**
0.1259E-10 1.217 3.34 122.59256 0.1207E-10
0.1729E-10 1.290 4.81 122.59261 0.1650E-10

. 0.2561E-10  1.214 .. .. 328 122.59267  _ 0.2448E-10
0.3104E-10 1.522 - 7.06 122.59271 0.2948E-10

Standard deviation=  0.1612E-02 crn2 / sec

Diffusivity at zero concentration= 0.1101E-10 cmz/séc

These abbreviations have been used ;bove
s CORREC.= %Correction to be subtracted from (DD*DLTC)
Slope =d1n{Sum({DD*DLTC})/dc

Dx* =2nd approximation (Differential Diffusivity) in sz/s
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System: Cellulose Acetate/Benzene

Temparature= 45 C
First Iteration
VP c DLTC DD SSP1 - D*

40.68 0.6300£E-02 0.6300E-02 0.3320E-10 0.21E-12 0.2130E-10
55.17 0.7000E-02 0.7000E-03 0.3530E-10 0.23£-12 0.2381E-10

70.20 0.9700E-02 0.2700£-02 0.3020E-10 0.328-12 0.3212E-10, )
79.97 0.1220E-01 0.2500E-02 0.2720&-10 0.38e-12 0.3904E-10

Standard deviation= 0.1056E-02 le / sec

These abbreviations have been used above

VP =0perating vapor pressure{mmHg) .
C = Concentration '
DLTC = Delta concentration: Cn-Cn:l

DD = Experimenfal difquiﬁity in cmz/sec

SSP1 =Summation(DD*DLTC)
o> =First approximation(differential diffusivity in cmz/s

~

—



‘System: Celluiose Acetate/Benzene

Temperature=s 45 C

Second Iteration

o= Do/0 » CORREC. SLOPE px=x
0.2130E-10 0.7471 0.000E+QQ 100.39532 0.2100E-10C
0.2381e-10 0.7173 0.0C60E+00 100.35653¢% 0.2348g-10
"0.3212E-10 0.9098 0.000t+C0O 100.39539 0.3187E£-10
0.3904E-10 1.293 4.858 100.38543 0.3816z-10
Standard deviation= 0.1132E-02 cm2 / sec

"
Diffusivity at zero concentration= C(.3044E-10 cm™/sec

5
These abbreviations have been used above

% CORREC.= %Correction to be subtracted from (DD*DLTC}

Slope din(Sum{DD*DLTC))/dc

. n
Dx* =2nd approximaticn (Differential Diffusivity) in cm™/s
P
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