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ABSTRACT

The object of this investigatién of molecular diffu-
sion in aqueous polymer solutions was to study the effecct
of solute concentration on the differential diffusion
coefficient and also to study the effect of polymer concen-
tration on the mean integral diffusion coefficient. For
this purpose a microinterferometric method was used. Two
non-ionic, water soluble polymers, Carboxymethylcellulose
(CMC) and Carboxypolymethylene (Carbépol), were used in the
study with D-Glucose as a solute.

The differential diffusion coefficient was found to
increase with increases in solute concentration in all cases.
For CMC, the integral diffusion coefficient at first de-
creased with increasing polymer concentration but became
constant after a certain value of polymer concentration has
been reached. For Carbopol, the integral diffusion coeffi-
cient decreased with increasing polymer concentration.

It appears that the Wilke-Chang correlation may
approximately predict the differential diffusivity of the
solute at very low solute concentrations in the polymeric

solutions with a probable error of = 10%.
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I. INTRODUCTION

A quantitative measurement of the rate at which a
diffusion process occurs is usually expressed in terms of
a diffusien coeffieient. In thise woerk, attentien will be
centered on molecular diffusion. Little attention has pre-
viously been given to diffusion in non-homogeneous media in
which the diffusion coefficients vary with the distances
measured in the difection of diffusion, apart from the
special cases relating to composite sheets, cylinders and
spheres,.

A case of great practical interest is that in which
the diffusion coefficient depends only on the concentra-
tion of the diffusing substances. Such a concentration
dependence exists in most systems, but often (e. €., in
dilute solutions) the dependence is slight, and the diffu-
sion coefficient can be assumed constant for practical
purposes. In other cases, however, such as the diffusion
of solutes in high polymer substances, the concentration
dependence is a very marked characteristic feature.

The purpose of this investigation is to study the
effect of solute concentration on the diffusion coefficient
in polymer solutions and also to determine the effect of
polymer concentration on the diffusion coefficient. The
non-ionic, water-soluble polymers Carboxymethylcellulose
(CMC) and Carboxypolymethylene (Carbopol) were used to

study this effect, with D-Glucose as the solute.



Diffusioﬂ coefficients of the polymeric systems were
determined by a microinterferometric method. The change
in solution refractive index with solute concentration was
used to measure the rate of molecular diffusion. This
technique is very well suited to the low diffusion rates
encountered in high viscosity liquids. According to the
theory of Brownian movement (7, 8) the average of tﬁe
square of the distance over which a particle is randomly
wandering is proportional to the time during which it
travels. In other words, the time varies inversely with
the square of the distance traveled. Therefore, if the
diffusion process is observed over a small distance, it
should be possible to reduce the time required for ob-
servation by the square of the magnification factor.
Thus, if the diffusion measurement is observed under a
microscope (as was done in this work) with a magnification
factor of 10, the time scale is reduced by 100. Distinct
advantages of this method over conventional and other inter-
ferometric methods are that the time required is reduced by
an order of about 100 if a magnification of 10X is used, the
equipment is less expensive, and only microgram amounts of
solution are required., It is estimated that the method
employed has a probable error of from i'5 to f10 per cent
(25), which is comparable to conventional interferometric

methods.



ITI. LITERATURE REVIEW

This chapter reviews briefly the important field of
diffusion in liquids. The first part deals with the theory
of molecular diffusion and the second part discusses various
experimental techniques for the measurement of the molecular
diffusivity.

A. Theory of Diffusion

Mass transfer operations involving polymer solutions
are often controlled by molecular diffusion. A bésic law
for one-dimensional diffusion was proposed by Fick (9).
For diffusion at constant temperature and pressure in two-
component systems which show no change in volume on mixing,
Fick's first law for one-dimensional transport of the

solute is

BciJ
Jix = -D S;— . (2.1)

where the subscript 'i' denotes the solute.

This equation shows that at any time, t, and position
x in the 'x' direction, the flux, Jix’ of the solute is
directly proportion%§ to the first power of the solute con-
centration gradien —Ei] « The flux Jix is positive in the
direction of increasiig i and can be defined as the amount
of solute crossing a unit area perpendicular to the direc-

tion of the flow per unit time.

Fick's first law for one-dimensional transport of the

*
All symbols are also defined in , the Nomenclature section,
Appendix G, page 112. .



solute, considering the solute transfer by bulk flow, can be

written as follows:

n Ci-
Nix =(Nix + j£% ij)E_ + Jix
J#1

The above equation shows that the diffusion flux
of the ith component in the 'x' direction relative to

stationary coordinates is the resultant of two vector
, n i
quantities: the vector (N. + 2 N, ) - sy which is
ix J=1 jx’” C
J#1

ix

the

molar flux of the ith component resulting from the bulk

dC,

motion of the fluid, and the vector Jix = =D ——i] s which
t

ox

is the molar flux of the ith component resulting from

the

(2.2)

diffusion superimposed on the bulk flow. In this study it

is assumed that

Q

n
J._ >> (N, + X N.)
ix ix J=1 Jx
J#i

That is to say, the flux related to bulk flow is very

°l
B

negligible and all the transport of the solute is taking

place by molecular diffusion due to the concentration

gradient.

Fick's second law for three-dimensional systems may be

written for unsteady state mass transfer with no chemical

reaction as follows:

dc 3N, IN, N,
i - _ [ ix 5 iy . 1z]
?t ¥ x dy 3z

In some cases, €. .y diffusion in dilute solutions,

(2.3)

D

can be taken as being reasonably constant., For such cases



Wt

when mass transfer by bulk flow can be neglected, Nix’ Niy
and Niz are given by equation (2.1) for each direction, then

equation (2.3) becomes after letting Nij = J

ij
2 2 2
BCi ?C;  ™C;  IC,
—t.p |—3, 4., 4 (2.4)
)t D x \y Iz

Considering molecular diffusion only in the 'x' direction,
one obtains the following relation
¢, Se,
i i
3t ¥ x

B. Prediction of Diffusion Coefficients

(2.5)

Several empirical methods for estimating the value of
D in dilute Newtonian solutions of non-electrolytes are
presented by Reid and Sherwood (23). One of the most success-
ful empirical correlations has been suggested by Wilke (34)
which later was extended by Thaker gnd Othmer (30) and Wilke
and Chang (35).

The form suggested by Wilke and Chang is

DAB = 7.4 x 10 v 0.6 (2‘6)
M Va
where
DAB = diffusivity of solute A in dilute solutions of

solvent B, sq. cm./second.

M = mol. wt. of solvent.

vs]

temperature OK.

viscosity of solution, centipoise.

e
]

VA = solute molal volume at the normal boiling point,

cc/gm mole.
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Yy =

an association factor for the solvent (2.6 for
‘water).

This equation is surprisingly good for low concentra-
tions of the solute and usually is accurate to within 10
per cent for the low viscosity non-polymer systems (i.e.,
ﬂ-<h centipoise). This correlation fails to handle systems
which are very viscous (31).

While experimental determinations of diffusivities
are recommended whenever high accuracy is desired, methods
of prediction are improving. These developments have been
based primarily upon the extension of the hydrodynamic and
Eyring models rather than on the more general expression
of Enskog (2) and Kirkwood (14). In these models, diffu-
sion coefficients are estimated from more easily measured
properties such as viscosity and heat of vaporization.
Among the recent developments are the analysis of Pyun and
Fixman (21, 22) which allows the extension of the hydro-
dynamic model to concentrated systems and the analyses of
Olander (19) and of Grainer and Metzner (10) which extend
the Eyring model to dilute solutions of high viscosity.
These two methods and their recent modifications are dis-
cussed in greater detail in reference (15).

In many systems, e.g., in high polymer solutions, D
is frequently dependent on the solute concentration. In

such cases, D varies from point to point in the solution,

and equation (2.3) then becomes,



3c o3 [pe],3 [, [,
5 = 3o [D éx] . E) By:’+3z [DBZ] (2.7)

where D is a function of concentration. For one-dimensional
diffusion, the above equation may be written

-2 p

(2.8)
The derivation of such concentration-dependent molecular
diffusivity from equation (2.8) and the experimental con-
centration profile is given in the Appendix (A). In this
development it is assumed that the system is binary, i.e.,

the solvent and the dissolved polymer are treated as one

component and the solute is the second component.

C. Techniques for the Measurement of Diffusivity

Since no completely adequate theory for predicting -the
diffusion coefficients exists, experimental measurements
are generally required. Though Fick's first law equation
(2.1) defines the diffusion coefficient in terms of the
flux of solute and its concentration gradient, it is not
possible to calculate 'D' by direct measurement of these
two quantities. It is possible to measure the concentra-
tion gradient, but the flux of the solute can not usually
be measurea. The steady state method is the closest
approach to a direct determination of the flux. This method
is not useful for the variable, solute concentration de-
pendent molecular differential diffusion coefficient of
a solute in polymer solutions. This has been fully described

in reference (5). All other methods of determining 'D'



utilize integrated forms of Fick's second law, i.e.y equation
(2.5). For systems in which 'D' is very concentration depend-
ent, e.g., in high polymeric systems, integrated forms of
equation (2.8) are generally used to calculate 'D',

A very brief review of the pseudo-steady state method
(the diaphragm cell) and some of the optical methods for
studying infinite or free diffusion is given below. The
microinterferometric method which ﬁas been used for deter-
mining the differential diffusion coefficient of a solute
in polymer solutions is fully described.

1. Pseudo-steady State Diffusion (the diaphragm cell)

In pseudo-steady state diffusion through a diaphragm,
a nearly steady concentration gradient is established across
a porous diaphragm separating two miscible solutions of
different composition. After a knoWn’period of diffusion,
the concentrations of the two solutions are analyzed.to
determine the diffusion coefficient. Because of simple
apparatus and potentially high accuracy the diaphragm cell
technique is an outstanding method of measuring diffusion.
The diaphragm cell may be used for any system where a suitable
method of analyzing the solution concentration is available.
This method is not useful for the variable, solute concen-
tration-dependent, molecular differential diffusion coeffi-

cient of a solute in polymer solutions.

2. Infinite or Free Diffusion

Infinite diffusion by interferometric means is one of

the most accurate current methods of measuring molecular



diffusion coefficients. This consists essentially of the
measurement of the concentration distribution and/or the
concentration gradient distribution at any particular time
during the unsteady state diffusion process. The diffusion
coefficient, 'D', can be calculated as a function of con-
centration from the éhape of either.or both curves (the
concentration distribution and/or the concentration‘gradient
distribution) at a given time. Such a method should be con-
sidered if a serious long-range study of a molecular diffu-
sion process is planned. However, the apparatus is large,
expensive and difficult to construct, and it is only useful
for systems whose species have significantly different fe-
fractive indices.,

3. Refractive Index Profile

The interferometric methods are based on a phase
difference due to different propagation rates of light.
Phase difference is detected by interference of one wave with
another wave, which may be a reference beam or another part
of the same beam. The interference fringes formed in this
way permit a precise determination of the shape of refractive
index gradient curve. So the diffusion in an infinite geometry
is best studied interferometrically.

The binary concentration profile, with constant diffu-
sion coefficient and constant partial specific volume assumed,
is

CA-CAO

Z
= erf (2.9)
5 Vhond V4 V4D, 5t
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This relation applies for "slight solute penetration"
into a semi-infinite medium.
If the refractive index is a linear function of com-

position, that is, n = RoCA + R1, then the refractive index

profile is

n-no yA
—_— = erf (2-10)
n,- no VEDABt .

Binary diffusion, which obeys the three assumptions of
constant diffusion coefficient, constant partial molar
volume and linear concentration dependence of refractive
index, is called "ideal" diffusion.

By differentiating the above equation (2.10) with respect

to Z, an expression for the refractive index gradient is ob-

tained.
2
n _ lheme) R (2.11)
S, VIrDABt e. AB '

This gradient may be measured by a number of optical
systems. Although Svennsson's (28) modification of the
Rayleigh interferometer accomplishes this purpose, the
outstanding system is the Gouy interferometer (15).

4, Gouy Interferometer

This highly developed optical system is capable of
measuring values of the diffusion coefficient to 0.1 per
cent, Although the optical theory is complex, it is highly
developed (12). The interference fringes formed by the
optical systems permits a precise determination of the shape

of the refractive index gradient curve. The curve should
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be symmetrical and have only one maximum, Such symmetrical
curves are not obtained for all the systems under considera-
tion but to the author's knowledge this symmetrical nature
of the curve of refractive index gradient vs. distance,
rather depends upon the time at which the diffusion process
is observed.

5 Rayleigh Interferometer

This method produces fringes which have a shape directly
proportional to n versus x in the cell. Therefore, from a
single experiment on a two-component system, one may obtain
the diffusion coefficient and also obtain information about
its dependence on concentration. All analyses of data from
this method have to be done in terms of n versus x curve,
since thé refractive index gradient can not be calculated
from the integral curve without appreciable loss of accuracy.
However, Svensson (27, 28) and Svensson, Forsberg and Lind-
strom (29) have developed a modification of the optical
system which autoﬁatically performs the equivalent of a
numerical differentiation of the n versus x curve. Its
accuracy is considerably greater than that of the Schliesen
and Lamm scale methods but not quite as great as the Gouy
and Rayleigh methods.

A review of different techniques used in the deter-
mination of diffusion coefficients, which are of potential
interest for the study of mass transfer in solutions, is
given by Muller (16). A number of additional references

are also provided.
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D. The Optical Wedge Technique

The microinterferometric method used in this work was
adapted from the method used for studying concentration pro-
files around growing crystals (1), for measurements of local
viscosities (18), and for the study of diffusion (17). It
has also been used successfully by Secor (25) to study the
effect of concentrations on diffusion coefficients in polymer
solutions.

The diffusion cell consists of a wedge made from two
partially metallized, plate glass microscope slides separated
by a thin spacer at one end. In order to produce sharper
fringes, the slides are partially metallized on one side so
that they become partly transmitting and partly reflecting.
The monochromatic light passes through the wedge, producing
interference fringes that were viewed and photographed
through a microscope.

The principle on which the optical wedge works is
illustrated in Figure 1. A ray of monochromatic light AB,
enters the wedge at point A and is partly transmitted and
partly reflected at point B., The reflected ray travels
along the path BCD. When the difference in the lengths of
the optical paths of the reflected and transmitted rays is
. an integral number of wave lengths, reinforcement occurs,
and a bright fringe is observed. Between the bright fringes
formed by this reinforcement, where the paths of the two rays
differ by an odd number of half wave lengths, destructive

interference occurs and a dark fringe is observed. When a
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A

d = ~—

T 2n®
Distance between adjacent bright fringes,
Refractive Index of medium in wedge.
Wavelength of light.

Wedge angle.

Figure 1. The Optical Wedge
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material of constant refractive index is in the wedge, the
fringes are parallel and are equally spaced at a distance,
d, given by
d = X2 ne (2.12)

The wedge angle shown in Figure 1 is greatly exaggerated.
Actually, it is very small -- about 20 to 40 minutes of an
arc.

The interference pattern has two important character-
istics upon which the experimental technique depend:

1. Along any line drawn parallel to the original
interface, the distance between any two adjacent fringes
is constant; and

2. Along any line drawn perpendicular to the original
interface, the change in refractive index between any two
adjacent fringes is constant.

From the interference pattern photographed at some time,
t, and knowing the refractive index as a function of con-
centration, the curve of C versus x can be obtained. From
this curve, the concentration gradient curve can be obtained
and subsequently the diffusion coefficient, D, can be calcu-

lated as a function of concentration, C, by the relation
C

_([ x e (2.13)

Do = ac
2t |92
Xic

The experimental apparatus, procedure and computation

technique are explained in detail in the next section.

The major advantages of using the micronterferometric



method (as is done in this thesis) rather than the inter-
ferometric method are (1) the former equipment is less ex-
pensive} (2) the time required to obtain the data is much
less; (3) only microgram amounts of solution are required

in this method; (h) the diffusion cell is very thin and so
convection currents are not important and hence good tempera-
ture control as required in macroscopic apparatus ié not
essential here provided the ambient temperature can be

controlled.
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ITT. EXPERIMENTAL

The purpose of this investigation is to study the effect
of solute concentration on the molecular diffusion coeffi-
cient in polymer solutions and also to determine the effect
of polymer concentration on the molecular diffusion coeffi-
cient. For this purpése, water soluble polymers, Carbo-
xymethylcellulose (CMC) and Carboxypolymethylene (Carbopol)
were selected. D-Glucose was selected as a solute for both
the systems as it dissolved rapidly in polymer solutions
and the difference in refractive index between the solute-
free solution and solution with solute was large enough so
that the interferometric method could be used. The micro-
interferometric method was used to measure the diffusion
coefficient as a function of concentration. The difference
in the index of refraction of the solute-free polymer
solution and various solute-polymer solutions was measured
as a function of solute concentration over the range of
solute concentrations encountered.

The Experimental Chapter is essentially divided into
four parts. The first part includes the information about
the materials used and the preparation of CMC and Carbopol
solutions. The second includes the information concerning
the high vacuum system which was used for preparing the
partially metallized glass slides. The third describes

the experimental procedure, and the fourth deals with the

computation technique used.
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The experimental apparatus is essentially the same as
that used by Dalal (5) in a previous study. In general,
only the modifications in technique or equipment which were
developed in this work are described here. The readetr is

referred to the work of Dalal (5) for all other details of
the apparatus.

A. Preparation of Solutions

1. CMC Solutions

The polymeric systems used to conduct the study are
shown in Table 1.
Five different concentrations of CMC in distilled water
were prepared. (Table 1). Initially, CMC in the form of
a powder was slowly added to the distilled water in an
agitated tank in order to prevent the formation of lumps of
polymer. The initial stirring process continued for about
12 to 15 hours. In order to know the relation between the
solute concentration and the refractive index, five to six
solutions of different but known solute concentrations were
pPrepared. (See Figure 8 for the relationship between index
of refraction and solute concentration.) The solutions were
then placed in air-tight glass bottles. The solutions having
no solute and the solution having highest solute concentration
were used for photographing the interference pattern.
CMC used in this investigation was from the batch:
Sodium Carboxymethylcellulose (CMC - 7 HP)
High Viscosity Premium Grade - Lot Number 44077.

Hercules Powder Company.
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TABLE 1. POLYMERIC SYSTEMS USED FOR THE STUDY

System Polymer Solvent Polymer Solute Initial Solute
No. Concent. Conc.

Wt.% gm/IOO cc Soln.
1 CMC Water 2.20% D-Glucose 10.0
2 CMC Water 2.00% D-Glusose 10.0
3 CMC Water 1.70% D-Glucose 10.0
L CMC Water 1.35% D-Glucose 10.0
5 CMC Water 1.20% D-Glucose 10.0
6 Carbopol Water 0.28% D-Glucose 10.0
7 Carbopol Water 0.25% D-Glucose 10.0
8 Carbopol Water 0.22% D-Glucose 10.0
9 Carbopol Water 0.20% D-Glucose 10.0
10 Carbopol Water 0.18% D-Glucose 10.0
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2. Carbopol Solutions

Five different concentrations of Carboxypolymethylene
(Carbopol) in distilled water were prepared. (Table 1).
According to a letter of instruction from the B. F. Goodrich
Chemical Company, it was necessary to add 0.42 parts of
sodium hydroxide per part of Carbopol (oy weight). The
sodium hydroxide was added in the form of 10% aqueoué
solutions. Five solutions of different solute concentrations
were prepared.

Carbopol used in this investigation was from the batch:

‘Carboxypolymethylene (Carbopol 934)
Commercial Grade. Lot Number 125.
B. F. Goodrich Company.

" Additives for preparing the polymer-solute solutions:

1. D-Glucose: Reagent Grade. Molecular weight 198.18
Eastman Organic Chemicals; Distillation products indus-
tries. Rochester, New York.

2. Distilled Water: Distilled water was obtained from the
Materials Research Center, University of Missouri at

Rolla.

B. High Vacuum System for Metallizing the Glass Slides

One of the key items in the experimental apparatus is
the ordinary glass microscope slides which were partially
metallized on one side. The equipment used to vaporize the
metal which coats the glass slides is described here.

The Ultek Model TNB is a compact high vacuum system

capable of a wide variety of tasks in the laboratory, plant
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or classroom, The complete operating procedure for creating
the high vacuum by this Ultek Model TNB is given in reference
(32). Only the main points of interest are discussed here.

1. Rough Pumping

Some three or four pieces of either aluminum or platinum
foil of size 1 mm. x 8 %m. were allowed to hang on the tung-
sten wire of the vaporizer and the whole assembly was then
covered with a bell jar. The tunésten wire of about 1 mm.
to 1.5 mm. diameter was used for aluminum vaporization while
about 2.5 mm. to 3.0 mm. diameter was used for platinum
vaporization. The complete assembly under the bell jar with
other accessories is shown in Figure 2.

In order to start the "ion-getter" pump it was necessary
to reduce the system pressure to less than 10 microns (10_2
Torr*) This was accomplished with a roughing system which
connects to the Ultek Model 40-141 one inch below the sealed
roughing valve. This generally took one to two hours depend-
ing upon the cleanliness of the system. The whole system
was kept at this pressure for at least three to four hours

before the high vacuum pumping was started.

2. High Vacuum Pumping

An "ion getter" pump was used for pumping the work wvolume

9

to a pressure below 5 x 10° Torr, The nominal 50 litres per
second ion pump was used to pump the noble gases in the
system, and the titanium sublimation or "gettering" pump

was used for the "getterable" gases., In long-term operations

after initial wall "out-gassing", the ion pump above was

¥ 1 Torr = 760 mm. of Hg.
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satisfactory for maintaining a test pPressure condition.
Generally a vacuum of 5 x 10-7 Torr is sufficient for
metallizing the glass slides with aluminum, but a higher
vacuum of 10_8 to -10-'9 Torr is required for metallizing the
glass slides with platinum. This will be discussed later

in this work.

3. System Power Unit

An Ultek power unit, model 60-655 was used to power the
ion pump and sublimator. This power unit provides both
high current at low voltage and high voltage at low current
for operation. Th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>