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INTRODUCTION

One of the most important fields in physical chemistry
that constitutes a major part in the chemical engineering
studies is diffusion. Physics has given much attention and
the physical theories entered the different fields of chemis-
try. Diffusion is one of these fields to which physics has
become very important,.

With the inecreasing number and ecomplexity of physical
methods for the treatment of diffusion, there has resulted a
need for & general survey. 1t is the object of this papsr tg
provide a description of tested methods, the theoretiecal |
backgreund fer handling them, and the information necessary
for a eritical evaluastion of the expsrimental results.

Due te the diversity of the different methods discusssc
and the relations of few of these to others of different
basis, e uniformity of presentation may be noticed in a few
casss,

It is hoped that the material will contribute to the
understanding and effective application of the respsetlve

techniques.



THEORY

Diffusion is a characteristic migratory phenomenon
which causes a soluble substance to disperse itself through
the entire volume of liguid (or gas) in which it is con=
tained or with which it comes in econtact,

The experimental study of diffusion in liquid systems
wag begun by Graham about 1850. A few years later, FickBB,
from the analogy with Fourier's law of thermal conduction,
formed the basic law @f diffusion. The formula that was )
obtained by Fick depsnds on the assuﬁptien that the driving
force @ausiné diffusion iz proportional to the concentration
gradisnt,

Considering a solution of concentration (co) in ceontact
with its solvent, assuming that no external forces other
than osmotic pressure, act on the solute molscules and that
the solute concentration is in the ideal szelution rangég the

rate of diffusion sccording to Fick33 is:
45 _ DA de
dt o x

where = gross gectional area,

= distance from the boundary {of first contact).

G Mo
i

= goheentration,

D = diffusion coefficient.

9L = gquantity of solute diffused in the time (dt).
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or Q = b £

where Q = the amount of material crossing a plane of unit
area per unit time.

When the above equation is combined with the hydro-

dynamic equation of continuity ;E%.:__ 2 Q
2 x

the general equation which is known as Fick's second law is

obtained:
D¢, . ¢
@ ( X )

When the diffusivity is constant as in the case of very
dilute solutions or small concentration ranges, the equation
will be

N dC

'ﬁt - D( }xl

Fick's law was extended to include the effect of the molec~-

103

ular strain by Konobecuskii and the following equation

resulted:

e S e
*act : D(‘b:‘)nD(‘:xZ)

where D = the classical diffusion coefficient.
D4 = the ascending diffusion coefficient.
€ = the strain.
Diffusion may be caused by a gradient of chemical
potential (£) which is a function of concentration, strain
and temperature gradient. The general form of the diffu-

sivity equation after including the effect of temperature



gradient is:

%’D ) D(zxt)“'b( L)

where D° = the thermal diffusion coefficient.
T = the temperature.

Cases of diffusion: To calculate the diffusion coeffi-
cient from the experimental data with the use of Fick's law,
three cases of diffusion must be considered becausze the
integration of Fick's equation depends on the nature of the
diffusion, The following paragraphs discuss briefly the
integration forms of the equation for the three gensral
cases of diffusion when diffusion takes place in a vertical
column of fluid.

(1) Free Diffusion: Linear diffusion from an initisal
sharp boundary which separates two solutions of different
concentrations with no concentration changes at the column

ends, The solution of the equation is:

/i) BF C-J:/j ]

(& C e g T P "C°

where C = concentration at level x,
Cos Co = the initial concentrations of the upper and lower
solutions respectively.
The term in brackets is the probability integral in
whieh (J) is an arbitrary integration variable., If the

upper phase is initially pure solvent, the equation is:
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irn which W{(gﬁﬁfi;—) represents the probability integral.
Solving this egquation for D, the following relation is
obtained:
2 od

L= 4xz€ Z

{
Y- ZC/C.,’)]

The sams equation appliss when the lowsr phass 1s maintained

e
et

at consbant concentration.

Restrieted Diffusion: Diffusion in the same column

3

i
%%
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menbtioned in cage of free diffusion with concenbration
(s ] 8
changes occuring at the column ends, Harnsd et alﬂ simpli-

fied the egquation teo the following form:
b (= C )z = Dt/[?) + Constant

where L = length of diffusion column.
("= &) = difference in concentrations between two lsvels at
equal distances from the ends of the diffusion column,

(3) Steady Stabte Diffusion: Diffusion in an open

e
b

esolunn where the upper snd concentrati

o
==

.‘

consbant and

=
<
]

DXL

gregter than zero snd the lower end concentrae
tion is maeinbained at a consbtant valus larger than the upper
end concentration, In this case, the amount of material

crossing a plane of unit area per unit time is constant, If

the diffusion coefficient is sssumed to be constant, the



concentration gradient will be linear along the column and

given by the following equation:
iz f- _&_ /_ L
Czc- X ( ¢=¢")

Since '3C¢§¢ is equal to zero for steady flow, then
the Fick's second law is reduced to the first law

D= - @& (DC/'QX)—'

Physical Interpretations: The rate of transfer in gases
is a combinsd effect of mass flow because of concentration
gradient and pure diffusion, Pure diffusion is dsfined as
that due to the random motion of non-uniformly distributed
molecules, In liquids and solids, mass flow is not included
in the rate of diffusion relative to surroundings and the
diffusivity is calculated in terms of the molecular jump
frequencies, A molecular mechanism is suggested for the
compensation of mass flow after noticing the distinetion
between molecular jumps and their oscillations,

The change of energy that the molecules undergo may give
an inecrease in the hydrostatic pressure which is relieved by
mass flow,

Yhnng? examined the phenomenon of diffusion in the
light of the theory of Brownian motion., Cecefficients of
self-diffusion, ordinary diffusion, and thsrmal diffusiocn

were expressed by him in terms of the first and second moment
of certain transitional probabilities familiar in Brownian
theory.



Fer self diffusion,
AP =5
Ty = T(Ax)/zﬂ’
where AT = the mean time of flight.

AX = the mean space displacement,

For ordinary diffusion,

:.ﬂ;ﬂz_{(ﬁ_ _)oey = o)+ (L o 2‘(:)]

as explained by Furth;ST. Or

- My Ny [ £ <9
Dot cp -+ 5
a8 explained by Heyer157.

where X = rate of dispersion and
n = density,
Subscripts 1, 2 refer to the first and the second layer
of the fluid.

For Thermal diffusion,

- NNy 2 D Ls e ‘j -
Db = -';L';"l_-;—_ {I-‘- i 2 gk AN, L 2T (e O‘z)

The relation smong coefficients of self, ordinary and
thermal diffusion was studied for gas mixturea5, and ¢orre-
lations were cbtained.

Arnold hss advanced & thoo?etical equation for estima~
tion of liquid diffusion coefficients based on the
application to liquids of a modified kinetic thecory for
gases, This approach is not entirely satisfactory in view
of subsequent work in the liquids theory6.



Wilke'alEu method for determining liquid diffusion co-
efficients was based upon relationships suggested by the
theory of absolute reaction rates and the Stokes-Einstein
equation,

Relations were obtained between diffusion and viscosity
by EyringBl with the aid of the absolute reaction theory and
the concept of hole formation in liquid systems. For selfe
diffusion, the Eyring relation is:

B3 ..
T T TRpiRg

where A= distance between molecules on the three axes,
K = Boltzman constant,
Y = viscosity of the liquid,

The Stokes-Einstein equation is:

Y . |
KT = &£%x»

r = molecular radius of solute.
Combining these two equations gives the following equation
for the diffusion factor (F):

. ¥
F" D-p

The proportionality between D & T/@ shows that temperature
has negligible effect on (F)., Thus the equation is limited
to application to dilute solutions, Limiting factors on

these equations were discussed by TaylorlBa.

For the study of concentration effect, ideal and non-

ideal solutions were discussed separately by Powell et
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3
311“13 and their results are stated in the following eque-
tionss

32_?;_,) :[(2_2) _ ‘_;Qg;w) ¥y (;rm)
T T % T /& T
0
(n (2) (3
where (1) = diffusion of A in B at any concentration,
(2) = diffusion of A in dilube solution of A in B,
(3) = diffusion of B in dilubte solubion of B in A,
For noneldeal solutions, the left side of the eguation must

be dividsd by

X, = concentration of A,

A temperature gradient in a solution or in a mixture
consisting of a single phase producss a ceoncentrabion gradi-
ent. Diffusion dues to such concentration gradient is termed
thermal diffusion. If the material is confined bebtwsen
parallel horizontal plates, with the upper plats heated and
the lower coolsd: the phenomenon is termed the "Soret
sffect.” In the thermegravitational arrangamen@uaged by
Clausius and Dickel, the material is between hot and celd
vertical walls,

wn@r@@thﬂ developed a theory for the case of dilute solu=

tions based on the "Soret effect" and gives a procedure for



deducing the constants of thermal diffusion from stabtistisal
measurements,

Thermal diffusion in the eritiecal regi@nllo was deber=
mined using Xenon as a tracer at i atm. and 200 above the
eritical temperature in a modified method which shows the
inadequaey of the kinetic theory to explain thermal diffu-
sion.

- Mest of the above mentiocned and other methods were
applied to the analysis of binary gas miztures., Direct or
indirect readings were obtalned for different systems of
binary gases. One of the indirect methoeds is the one thatb
meagmfes the thermal diffusion ratic by a bending bala@@@mgl

The theory of thermal diffusion was developed on a
kinetie basis and by the method of non-equilibrium thermo-
dynamies using Onsager“SEB relation, It conesrns ths hesat
of transport in binary regular solutions,

151

Whally and Winter extended the elementary theory of

thermal diffusion and developed equations for binary

mixtures:
- V2 ) ;
- K X - /z, C /2 Y
Dy, = I, me (LiCwm + L &im)

Wwhere m = molecular mass,

L = free path.

v,
. 0~46L( 3m K *T“/)/“
7=t A Z

K is derived from
7~ = gollision diameber.
7

= vizcesiby,



Eyring and Prager32 gave squations applying to thermal
diffusion in gaseous binary systems when the thermal diffu-

sion occurs in econjunction with mass flow:

o=~ [ f e senff T
ﬁ:s,érve,( = x/g-’/z

/ "/dlc” (/ JJC,)JC,

For steady state determinations, the approximation is

B

1l

D, T\Z JC[ . b ‘dr@j -
o R

C, V, dx T, V, dx

V = partisl molal volums,

V :

To account for mass flow Iin thermal diffusions
DDV +DV, ,m(D np + L3, eﬂ)('ztmag)

ba vy Jp 1.

whers ay = activity,

= molal fraction,

= a42;¥ (n,T.n,T)

freguency,.

i

]
DX
J
4 = slice thickness (imaginary).

The thermal diffusion fa@iopug also can be caleculated
as a function of pressure and temperature and concentration
for binary mixtures of real gases., Among other
th@@ries113967 and equationslgé”gé for thermal diffusion,

some depend on the masslugb flow and thermal energyeB



(especially for diffusion of direst interchange) but most of
them depend on Graham'?s law of diffugion@78

Previous Studies.fgr diffusion in gaaesSB’luza

were
extended to give more general mathematiecal expressions for
diffusion in cases involving simulbtaneous concentration,
gravitational and thermal gradient,
A generaiizatiGn in the diffuzsion theory involves the
following points as discussed by Lamm.,?6
1 = Referencs equations of two componsnt systems (gensral
form).
2 = Generalization of Sutherland - Einstein diffusion equa-

tion from Wener - Boltzmann diffuvsion equation,

whers n = Concentration mole/@mBo

He resaches the econclusien that

] Ny N
Dy, = RTEg, : RTB, Liloi .
e @J -+ @1 . /ﬁ \/az
and
Dig 2 2T - RTR M. RTB, N

12 ¢2

as compared to Sutherland « Einstein sguations.

Lima D,, - —B T

V| epg

’%(”;+Wz) ) 3,

The partial generalization

RT
DZ T e,
¢2 sz
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whers 312 = Thermoedynamic factor,
® = rrictional coefficient/mole.
/° = frietional coefficient/amount of substance in

1 ce,

<l

12 = mean molar volume of a binary solution,
N = mole fraction.
The diffusion ecefficient could be predicted for
organie ligquids in solution from the D%Vﬁ‘plat, the dats
for which are obtained from the literature and the

7

Langmuir'! relationship.

The diffuslvity for slectrolybes may be predicted from
Hask@llﬁssé equation:
-9

D= 1.785 x 1o UV _ [ +_1_]T
U+ V U v

i

whers U = sguivalent ionic conductance of cation at infinite
dilution
V = equivalent ionle conductance of anion at infinite
dilution.
v = anion valence,
u = cation valence,
T = ° Kelvin temp@ratur@;
Haskell'!s equation does not econsider convectien, bub
conveetion ié an impeortant facter. The following equa~
138

tien applies to diffusion in electrolytes when cemvection

is considered:

t ' 2
Cons oy [ (D



If x =2 o at the slectrodse?

Cooeyz Cp— 11285 Ny J E0
where C(th) = concentration at any tims.

Gy

Nd = rate of ions removal at the eleedrode,

i)

original concentration,

[
¥

X

i

distance from initial boundary.

For forced convection, other equations had been derived from

D - /(%awﬂz;}ﬁa@z

mﬁDj == TNa DZ
where N = valence discharge.

D = gffective diffusion coefficient.

b

Diffusion of electrolytes diminishes to a signis
extent with inecrease of concentration., The gensralized form
of ths sguation ussd in the theoretical diffusion of elsc-
trolybes was derived from the Nernst-Einstein equations,

The Nernst138 equatlon for dilubte elestrolytes,

2 RT

sz

“/u-@»Vv

where v and uw are the lenle mobilitiss &% infinite dilutien,

@
=2
Py
@0
5
o]
o¢

The Einstein squation for uncharged spherlsal partie:

. RT
P Ty E

where » = moleculs radiug.

Y = viscosiby.

;

The gerneralized squations for diffusion in slectrolyte iss
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) < RT . L RT
“Sum ‘of Resgistances = S (| /uw)

- The problem of diffusion of elestrolytes when the
electrolyte contains a radicactive iS@t@p@ilé had been disge
cussed with the help of Fick's Law, the Nernst caleculation

and Debye-Huckel theory to give the following:

D

')

18.632 x 10° T (&) (1 + c4%)

fi

)% = mean ionic activity coeffisclent.
L = a function of wviscosity, concentration and equiv-
alent conductanece at infinite dilutiecn,

The equation for self-diffusion of an ion is:

D

B3

= M W 3.
2N

where n = moles/cc.

mobility,

il

W
A = chemical ienie potential,
By expressing mobility in terms of squivalent condustauce
and introdueing the activity coefficlent, an eguation is

derived for diffusion of a tracer in sny particular case,



EXPERIMENTAL METHODS

Hﬂchemi@al,rdensimetrigg electrical or optical methods
of analysis are used to accomplish measurement of concen=
tration or concentration gradient in a system as a fumebion .
of distance or time, Boundary conditions determine whether
the precess 1s free, restricted or stesady stabe diffusion,
The Tfollowing methods are limited to the determinmation of

diffusivity.

Diffusion in Liquids
4 = Free Diffusion Cells
(1) Purth cel1°: For use in microsolovimetric method
and is sultable for aqueous systems but net erganic liquids,
It is made of a glass, metal or plastic spacer cemented
between a cover glass and misroscope slide, A partition
divides the cell inte two resbangular chawbers, One

chamber contains ths comparison solution, The other is the

diffusion chamber which is divided by a draw 81ide which is

3

withdrawn by an electromagnet, A layer of greass is neceg=-

£

sary in the slot to prevent leakage and reduce frictien,
(2) Lamm.cell7h: It is made of a glass, metal or
plastie spacer, 1 c¢m. thick, placed between two eireular
optical=glass windows that are held bightly by a threaded
brass ring and a elamp to form a six cm, high, four mm.

wide c¢ell cushioned against the clamp with rubber gaskets,



[

Vaseline or a sultable cement covers the surfaces where
lesakage is sxpected, A small inlet tube reaches above the
level of the water and enters the cell through a tight fit.
ting flange. A metal or plastic draw slide fite Into a
horizemtal slot. A recess with heavy oil or mercury filled
tube is used to lubricate the slide and prevent lsakage. A
vaseline filled chamber encloses the metal walls., A redus-
ing gear mechanism accomplishes a slow uniform removal of
the slide,

The diffusing solution is introduced to & level sbovs

the draw slide, the slide is e¢losed and the other liguid is

&

@

intreduced into the upper compartment., The comnesting lin

b
@

are closed after thermal equilibrium is reached, Leakage
a great problem, especlally if refractometric method ef
analysis is used,

(3) Neurath 11 9%: A S em. high, 0.5 em, wide and
1.7 em, thick ecell with two glass plates, one in the front
and the other in the back. Two glass, metal or plastiec
plates hold the e¢ell in placs. The upper plate is attached
or fixed to a clamp, and the twe plates ars pressed sgeinst
the eell by a spring and & screw,

One liguid is introdused to the upper part through one
tube and the other liquid to the lower part through another
tube, After thermal equilibrium‘is reached, the two halves
of the esll sre aligned together. Troubles alseo arise here

from the grsase lubricant.
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(L) Claesson 0611183 is suitable for organisc liguids

and aqueocus solutions becauss 1t overcomes grsase contami-
nation and leakage., It has two spaces (A, ¢) each 10 .
thiek held by spring (3). The diffusion chamber is split
into two halves (F, G) contained in spaces (4, ¢) respeée
tively. The upper space (A) can be moved laterally by an
sccentric device (B), Liquid is filled through two tubes
(D, B) which reach a level (N) near the spring. It is shown
in Pugure (1).

(5) Cylindrical Cells: In these cells, leakage is
avoided but errors exist in optlical method of analysis dus
te the curved surfacss. The Lamm 75 cylindrical cell has
two chambers (A, B)., Heavy liquid is applied te (A} and
separsted from 1light liquid in (B) by an air 1©@k under the
glass dish, After thermal equilibrium is established, step-
cock {C) is opened and leveling begins while a slight
pressure of alr is applied to (A), Disturbances may exist
from displasement and leveling of the liguids, It is shown
in Figure (2), |

1270,  gireulation of the liquid

Stirred diaphragm cell
in a diffusion eell may not be adequate sinece it depends on
the density changes due to the diffusion in the cell, To
overcome this difficulty a modification was nescessary. This
resulted in a eell with the denser solution en the lower
side and centinueus stirring on beth sides, The cell has

two compartments, each with a glass stirrer. The stirrer

in the upper compartment sinks while the one in the lower



compartment fleats, Each stirrer has sealed in it a piece
of iren wire and is rotated by a pulley-driven permanent
magnet mounted around the cell., It is shown in Figure (3).

Tiselius 6911863 A three-sectioned cell that can be
sl@wly £illed with & eolloidal suspension by two tubes,
First, the lower section is filled with celloid and isclated
from the other sections while the middle sectlon is filled
with the eolleid in cne tube and a buffer in the other., The
upper section is filled separately with the buffer. After
thermal equilibrium 18 reached, the seetions ars attached
together and the boundaries formed between the liguids,

This eell is used for colleids and other dense solutions.
This is shown in Figure (k).

Twin diffusion cell12?: The twin diffusion cell has
three side walls (a, b, ¢}, Wall (&) has two horizontal
grooves with capillaries (d, &) at the middle and the
botbom. Two capillaries go through metal separation wall
(k) and comnect the two cells together. The eapillaries
lead to glass contalners, Solvent is f@réed into the cell
first., OSolution is introduced from the bottom groove., When
the boundary 1s formed and reaches ths middle, mors solvent
is foreed in through the upper groove snd the Intermediate
capillary is used for the escape of both solvent and solu-
tion until a elear boundary is formed. Figure (5) shows a
sketeh of this cell, OSpecial selected methods are discussed
later in whieh new or modified cells of this kind are

illustrated.
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(6) Boundary Sharpening: Te improve boundary sharp-

ness, Kehn and P@lsuné

9 took a twoechambered cell and introw
dueed a fine pipette te the solutieon chamber in ordsr to
draw some solution off end give sharp boundary.

Coex and Ogat@ngo tock a rectanguler cell with two
openings to introduce liguids and ome opening in between to
remove them while aneother eopening was used a8 an sir vent.

A 3liding plate is used teo stop liquid flow simultaneously
in all openings., This is shown in Figure (6).
B = Pree Diffusion Msthods

o

mathod

2]

(1) Method eof layer analysis (Bourdillen’s This
is used to determine the relation bestween linearity and eone
centration at constant temperature., The apparatugs is thire
teen cm, high, The diffusion tube (B) is three om, long,
one and one-tenth ecm, in diametsr and five cec., volume, and
has a capillary at the uppsr end ons mm, in diameter, Tube
(A) and cup (C) are each six ec., capscity, and tube (A) is
connectsd through a rubber tubing to a ten ce, calibrated
glass syringe which 13 operated by a mobor commected to a
rack and pinion device., Tube (A) isg filled with solutien
and (B) with solvent., Displacemsnt of known amount of solu-
tion by the motor brings the beundary teo the center of the
tube and the stopcock is c¢lesed. Analysis is made by zamples
taken through the capilisry by the meotor and syringe. From
the eell's dimension and ratie of displasemsnt, the samples!?
distance from initial boundary is calculated., Ths sell is |

shown in Figure (7).
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(2) Float Method (Gerlach?®): This method is to dster-
mine the layer distance from the boundary ss a funetion of
time at a given concentration which is a good test for the
Boltzman relstion, The diffusion column is six cm. in diam-
ster, seventy cm, high with a thin sheet of cork placed on
the lower liquid surface before the upper liguid is pipetted
in, Thirteen floats were made from one mm, capillaries two
cm. long with sealed ends, Seven of them ascended the column
and six desecended during the experiment, The six are intro-
duced before the boundary formation whils the seven are
introduced after the boundary formation., They &are cali-
brated and thelr positions determined by a cathebemster or a
scale and mirror, A water bath to control the temperature
for the fourbteen day experiment is needed, The apparatus 1is
not adapted for high precision measurements, but readings
can be taken without interrupting the precess,

{(3) Eleetriecal Condustance Method (HQSk@llgé)ﬁ This is
for determination of concentration as a function of time at
fixed distances. It is limited to slectrolytes., It consists
of & one and five=tenths cm, in diameter tube, £ifty cm., long
through which electrode wirss travel, The small tube is
surrounded by a five em. tube (A) for the solutiocn, Elsse
trodes are at distances two, tem, thirteen, sixteen, nine-
teen, twenty-two, twenty=-five, and thirty-two cm. from the
bottom of the tube, The eight pairs of electredss terminate

in a mercury cup (M) placed in a commutator (e). A ten cm,



jacket in the bottom conbains concentrated salt solution and
has four one cm. holes open te tube (A) to allow exeess salb
solution to diffuss., Salt Is placed at the bottom of (A),
water introduced at the top slewly, and excess water drainsd
through an outlet in the jacket (D). Conductance measure-
ments at consbant tempsrature are taken as a functiem of time
agguming they correspond to the conductance of a uniform
solubtion of the same concentration as that at the electrodels
level. ‘ "
(L) Light-Absorption Method !’ {Suedberg): Iz applicaeble
to materials that exhibit suitable light absorption charac-
teristics and to mixtures of components having characteristie
absorption bands et different regions of the spectrum.
Measurements de not interrupt the diffusien process., A csll
(C) is placed between a camera and light source (S) whese
beams are uniformed by two lenses (ng L2) and a diaphragm
(D), The camers has s moveable platcholder (P) enabling
several exposures to be taken on the same plate. The
apparatus 1s sketched in Pigure (9), Plat glass windows
enclose the ecell in a wabtsr bath to pesrmit pagsagse of the
light beams without disbtortion. HMonechromatic 1light is obe
tained by suiltable selection of source and filter, The cone
centration refersncs scale is obtalned by using & solubtion
of known uniform conecentration. Impertant econditions fer
the validity of this method are: (1) light intensibty must

be uniform. (2) pileburss must be baken at idenbicael time
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intervals. (3) procedure of development and sensitivity of
rhotographic plates must be uniferm. () development must
be mads directly affer exposure., (5) photometrie recording
of plate density must be reproducible, This method allows
cbtaining of concentration distribution along the column at
different constant values of time, _

(5) Phobometric Method (Eversole®?930): The eell is
formed from two optical glass plates having Spé@@ﬁ in threse
gldes and & cover glsss for the other side, After intro-
dueing the liguid, the cell 18 Inverted and solutien begins
to pour slowly into ths brough. The conesntration at the
lower end of the cell is kept constant. Vertical movement
of the eell is provided by a holdser and thuwmb screw adjuste
ment while reading of the position is accomplished by a
cathetometer or seale, A type of photeelsctriec cell is
required which has a characteristic response in the region
in which absorption band ocecurs, A constant-intensity lamp
is used to sheeck the photoesll. The oubput of the ecell 1s
amplified by an elsetronis tube direet eurrent amplifisr,
Calibratien is Iimportant, Conecentratlion, distance and time
can be taken as constant, Individuwelly, for readings.

(6} Refractometric Sedls Method (Lammgh)z Suitable for
proteins and ether micromelecules but net for mixtures, It
is an expensive but accurate methods It conslsts of a unle
form light source (M) which emits monochromatiec light by
meens of a filter (@) and a heat absorbing filter (Fl. A

Cell (C) is supp@fted by a vertical sliding device in a



temperature controlled water bath through which the beam of
light ean pass. The camersg (D) is equipped with a slit
slide holder (P} allewing 8 or 10 exposures on an opbical
glass, high speed photographic plate. The cell is fiiled
with ligquids, and placed In the bath in such & way that the
interface coincidses with the system axis, Initial tims is
recorded at the boundary formation and sxpeosures baken at
intervals. When concentration changes occur at the extrems
ends, the measurements srs disconbtimued. This is shewm in
Plgure (10),

Caleulation of diffusion ecoeffiecient (D) is based on

Wi@merﬂg*SB solution of Fickts Laws

2 .
=X
Eﬂma 'ﬂﬂmﬁo e AD&

o % 2w D¢

where (n;) and (n,) are refractive indices of solution and
solvent respectively. This equation is adsquate when (n) is
linear in (C) or they have a known relation., In this cass
the concentraticn funchblon san be determined by integratien

of Xy

de.
o %

X,
Several methods are ussed to caleulate (D) by means of the
above equatlon:

2 ot
%g - 1
(a) Sucecessive snalysis method D= ,
’ : 4t bn (Hi/y)

, 1// )
{(p) Meximum erdinate method, D= X /S2¢
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(¢) Maximum ordinsts area method., D = (Wi‘~n@2/é#7réiim)

: (A
(d) Statistical method, . D= & /(2 ¢)
The points of the first three methods are illustrabted in the
curve (Figure 12); while the statistical method dspends om

many derivations o obbain (¢~) the stenderd deviation

o~ = \//Mg‘

a i 9,
whers M, = the second momsnt of curve about arithmatic mean
in abselute units, This depends en sguabtion of normal

digtribution surve of the fregusney.
(5-5) S/ o

- ()

A medified form of the Lamm method used in a study of
D - B = O
agueous diifugi©n37 over temperature range 19 - 25 €, The

squatlon applied gives diffusion cosflficlent

2
D= (C, — Co)z( gﬂm/QL ZCAE
47 ¢ (dm/g%)wmx,

when rearranged gilves

_(a-cieldb (2, )CA
4Wﬁzmw

vhere {Z max.) = maximum scale line displacement prodused on
phetographie plate in (Cm) = Gab (91/5,) max,
G = optical magnificatlion,

g = thickness of diffusion celumn in light dirsctlon.



b = @pti@a1‘5@ale distance,

In anmy experiment, (Z mex.) is found by messuring displace-
ment of a few lines on a phobographic plate by mears of a
comparator, Figure (11). B .

(7) Sechlieren - Scanning Method (L@nggwwrthélﬂsgg It
is based on the phenomena of the curvabture of light in &
media in which & concentration gradient exists, Ths gystem
consiste of a Schlieren lems (L) located behind the eell (C)
through which light passes from a slit (S) to form an image
at (Yo) in the plane of the Schlieren diaphragm (D) behind
which a camera lens (0} forms an image of the diffusion eell
on a photographic plate or ground glass sereen (G), A
changs in concentratlien will change the refractive index and
this will change the position of the image. The diapbragm
is moved vertiecally until gll the light is obstructed at the
level (Y, ). In the Scanning method, the mechanical move-
ments of the plate and the diaphragm are in g fixsd ratic,

The formula
Y- Yo T a b (jé?u)

is to relate the index gradient with the dlaphwragm pesitien,
where a = gell thicknsss.
b = the optical digtance from the cell’s cenber to ths
diaphragm, |
A plot of the experimental data gives (9%/34) as a function

of (x). PFigure (13),



(8) Cylindrieal Lens method (Svensson): This method ig
useful in that the complete refractive-index gradient
pattern can be seen at any time during the process. The
system consists of an inelined slit (I), loecated between the
camera lens (0) and the cell (C) while a @ylindri@@l lens
(R) is located between the camera lens and the plate. This
lens displaces ths light in the horizental direction (toward
N), the deviation being dependent. upon the level through
which the light passes slip (I). The light beéms from the
cell form a curve on the plate and thse ordinate scale is

related te the refractive index gradient according to:
N Np = Kabgﬂ_. ton @
X

where & = vertical angle of inclination.

K = Jateral magnification of the eylindrical lsnsg,
Refractive index gradient curve is determined from the ex-
periment, Figurs (1h).

(9a) Interferometric Method (Gouy): The principles of
the gystem resemble that of L@ngSWOTthBB described previous=
ly. It depends on the addition or the cancellatlon of the
light rays from the slit (S), This ferms an overall imags
congisting of an interfersnce pstterm of dark and light
horizontal lines, each fringe sorresponding to a pasrtieunlar
conjugate level in the cell, Measurement of the fringe
spacings provides a means of determining the diffusion co-

efficient, The image is projected on the plane of the



Diaphragm, A Schlieren Camera is used to adjust the mask.
This helps in making the exposed position twice the thisck-
ness of the diffused area which gives uniform exposure on
the plate, A rilter is used to help in finding the segment
of the plate with proper exposure, Monochromatic light is
needed as well as a comparator mierosceope to locate the

fringes. The coefficient of diffusion 1s computed from:
xSt 3
DMLJA/QWQf

wh@r@1xhﬁ wave length,

C; = a constant.,

Jﬁ = fringe number,

J;\ =a (ng = n@z/{k

a,b = cell thickness and optical distance,

(Ng) and (N;) are réfra@tiVQ indices of boundary soclutions,
(Cy) is ealeculated from Qﬁm) (assumed) till it corresponds
at different values of (J).

(9b) Antweiller optical apparatus with Jamin interfero-
meterllaz In this mierometric method for determining the
diffusivity, a white light illumination eand a bicameral
diffusion eell in which one chamber is for the solvent and
the other for the process of diffusion, were used to detere
mine diffusivity of organic solutions at low temperatures,
The horizontal interferometric plane was raised and lowered
to detect the height of the diffusion layer and to measurs
the changes in the optical path as a functlion of height and

time. Results are obtained rapidly with small volumss.
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(10) Reflsctometric Secale Method (Littlewood
cell (C) is placed in a water container (B) which has a
nirror at the bottom that can reflect a light beam, coming
from the outside through the cell, back to the cobjective of
the cell, The rotation of the mirror due to the horizontal
change of source position 1s found to bs proportional to the
refractive indiecses of the medium at conjugasted points of
emersion of the light beam, It is found that the angle of
emergence and the mirror position are independent of the
concentration of the layer betwesn the surface and the point
of emergence. Therefors, calibration of the system with a
solution of uniform concentration is required. Littlewgadgg
used a wire illuminsted with sodium end attached close %o
the telescope objective and rotated the mirror by a mechan-
ical deviece.

{(11) Micrecolorimetric Method (FurthBh)s Because of
the brief time involved, this method is advantagecus in the
study of perishable materials, It is baS@d‘on.the Propors=
tionality of the time of travel te the square of the
distance through which a layer of selution of fixed concene
tration travels along the diffusion column. The ma jor
source of error is the boundsry disturbanece, It is based on
matching of the color of the diffusing solution with the
golor of a compsrison solution of knewn concentration, It
is applicable to dye studies., One or twe (as to eliminste

the difficulty of using one standard solution at a time)



microscopes are used, with the diffusion cell located in
front of one, and the compariseon cell in front of the other.
Furth's modification is by having eight compartments of the
sams material and dimensions as the diffusion eell with
solutions in them of different known dilutions of the solu=
tion under investigation. These are placed in the field of
view by one mlerogscopes. Readings are taken after the forma-
tion of the boundary. A uniform light beam is used with
half of & fil&@r and & condenser lens 1s used to focus the
light in the pian@ of a eircular diaphragm placed in front
of the collimator that supplies the parallel beam of light.
The disphragm is to contrel the intensity in the view Iield,
Helations are obtained for distance as a funection of time at
given concentration,

(12) Microreflectometric Method (Zuberi®8): It cone
sists of a ¢ell mounted on side wall ef & prism and having
two spacers (Dy, Do} separated by a slide (S), A beam of
light strikes the hypotenuse of the prism and refracts into
the liquid, With the use of a solution of uniform concen-
tration and rotation of the prism, a vertical boundary
between dark and light areas 1s obtained ascross the view
field, A relatlon betwsen the prism position and the con-
centration is established by salibration. With concentra-
tion gradient, a non vertieal line is obtained, Many
readings of the prism position give relation of concentra-
tion to the time at eonstant values of distesnce, The system

is showm in Pigure (15),



C - Restriected Diffusion Methods:

Diffusion cosfficient is obtained here by Fick's dif-
ferential squation and assumed to be constant mepreéenting a
weight average over the coneentration rangs involved, It
could be obtained even at the later stages of the pr©@eés
when the differentisl of the column and concentrations
approach zero, Most methods are of layer analysis type
though optiecal methods are applicable,

(1) Method of Layer Analysis™3 ( Cohen amd,Bruinsl?)z
The apparatus is formed of a eylindrical cell covered &b
both ends end divided into four compartments by one cm.
thick cirecular glass plates, The dividing plates have small
holes, The solution is placed in the lower chamber and the
solvent in the upper three, Samples ars to be taken for
test during the proecess after the boundary is formed. Some
columns of this type were used with thelr plates rotating on
8 common axis.

(2) Electriecal Conductance Method (Harnsd®8): The cell
is made of lueite and in the form of parallslopiped to oper-
ate on the shearing prineciple, The gliding feature is at
the bottom and grease conbtamination is eliminated., The top
of the cell and 1ts four sides ave serewed and sealed
together while brass posts (H) hold the bottom plate (F)
against the gliding plabe (C) at the ecell’'s bottom. The
sliding plate 1s eperated by a brass capstan, wire and

pulleys. Platinium electredes (E) are placed on the sixth
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solumn from each end, The whole system is rested on a bleck
and maintained in a constant temperaturs bath, The conduc-
tance is measured with a calibrated Jones Bridgs while thse
eolumn height is»msasured with a depth gauge. Conductivity
water is intr@duéeé'tm the cell. Excess of water is sheared
to a cup (B) while the solution is placed in cup (A) befors
the sliding of the plate, The system 18 kept in a censtant
temperature bath for 2l hours. The slide is removed to lét
the desired amount of salt diffuse and then the slide goss
back to its plase, Readings of conductance are taken at
desired intervals, Figure (16) .,

Concentration (determined from its relstion with con-
ductancs )}, time snd height of the eell detérmine the diffu-
sion c@effi@i@mt,‘

D - Steady-State Diffusion Methods:

The end conecentrations of the column are kept constant
(with open ends), The flux snd concentration gradient are
measured experimentally and diffusivity is computed from the

equations
-
D=~ @ ( 29%,)

(1) Porous Disphragm Method (N@rthrap‘and An@@nlae)

)3
The methed is useful for aqueous and non-aqueous solutions
but not for dyss or other materisls that are sbsorbed on the
membrane surface, There are two typss of cells used, single

end cell and double end ce11%7, The latter is most used and



modified as described below., The cell is formed of a glass
cylinder with a membrane at the middle whose porosity is
such that both bulk streaming and semi-permeability are
avoided., The tubes for introduction of liquids and the ends
of the cylinder are connected by stopcocks. Cell (cylinder)
stirring is accomplished by means of two small glaés sphereé
which move through the liquid when the cell is rotated by a
belt and pulley mechanism, The time lapse necessary to
establish steady state in the diaphragm may be estimated bys

P k2 L%

where (L) is the diaphragm thickness, After filling the
cells with liquids to the same level in the connecting tubs,
the system is placed in a constant temperature bath, Time
is given for thermal equilibrium and bubble escape, then the
stopcocks are closed, Sample analysis may be done after the
required period of time has passzed or conductometric method
may be used for analysis during the process, Figure (17)
shows a sketch for the apparatus,

If the diffusivity is constant, two equations apply,
one for the short time in which there is a concentration

difference acrosgss the diaphragm:

D= - L (

|
Cw " )

where q = amount of material passing through the diaphragm,

= concentration of upper and lower liquids.

Q

©

Q
1
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K = 18 e¢oll c¢constant = A/Lo

b

A = average cross sechtlonal area of the pores.
L = the diaphragm thickness.
For changeable concentration, when the volums of the solue-

tion 1s large:
KDé= log (6= Co)m Log (=)

(G’bg cio) refer to initial coneentrations,
- ’ ;"/ . PR
K= Vel L vV, (v, v) are chamber's volumes.

I (D) is not cematant and is linear function of the

concentration:

Then D:D,-D, e (¢ )
2

where

LX)

D: O

o

(leocc)

(2} Reffa@t©metri@ Method (Cla@k1798h): The ¢ell con-
sists of a (5 x Iy x 1 em,) column (C) the lower end of which
extends into a solution container, Light from slit (S) is
¢ollimated by lens (Ll) through the column and focused by
lens (Ls) on the oceulsr plane (E) which has a scale to
measure the position of the light band. A skebeh of the
cell is shown in Pigure (18). Twelve days may be required
to establish steady state. (Q) is measured for the Fiek
equation by snalysis, The refraction index gradient

(dn/dx) is determined from displacement of band position (Z):
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Z = :9&»(7%59
wnere a = cell thickness.

b = focal length of lense (Lz).

_(3) Method of Mutual Precipitation of Two Reagents;egz

Two precipitating agents are allowed to diffuse toward each
other through a gelatin sheet. A lins of pre@ipitgt@ marks
the place where the two liquid fronts meet, The equilibrium
position of the line depends on the ratiec ¢f the diffugivie

ties of the reagents. Three cases rezult and are discussed.
k)
(1) parallel edges EL,/ﬁDZ = (C%/é’)( d}/gz/

where (d) = distance from solutlon edgs.

(2) Edges at angle £ 90° 'I)“/GDz - (CE/EL)(°‘>{;Z)

= angle between preseipltating lines and edgss.

(3) Circular edges D, /Dz‘: C2 ' {lag K- Leg i<s)
C: L log Ky - Leg Ky)

where K, = dl/d2
3 2 ¢
I/KQSL‘:\/(L"? 9/"{@

(1) = the distance between ecenters of the ecirecles and

i

Ky

that selution esdge.

For the unsteady state other methods must be used, A
complete review of the principles and methoas for unsteady
state diffusion were discussed by TaylarlBl,

There are other standard methodg55968»1@59117 Ter
meagaring diffusivity in liquids which eould bs summarized

ag Ffollows:s
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(a) Greham second method>?s The solution of diffusing sube
stance is placed bensath a long water ecolumn and different
layers are examined at different times,

{b) Over-all sbsorption by a plane sheet used to debermine
diffusion rate of direct dyss into eellulose sheet by
placing a plane sheet in the golution vapor,

(¢) For transfer scross a sestilon of fixed composition with
respect to one componsnt, then the rate of transfer (SA) of
component (A) through a wnit area of the membrane is: .

5 "‘aCB
S, = D, ("3;3‘)

wh@nZ(jﬁg ) iz not dependent on (S,) is steady flew,

integration gives:
Co

8 8
SAT“L““ DA dCA

a

where a = unswollen membrane thickness,
(8,) is determined experimentally for different values of
8 .
( Co, D, ) ocbtained from differentiated curve 'O that relates

(5 & G).

Radiocactive Tracers in Diffusivity
Determination Methods

In the last few years, there has besen a tendeney toward
the using of the radieactive itracers for the measurements of
concentration through which the diffusivity of a liquid or a

gas could be obtalned,
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(1) Layers Analysis Method (Walker43): Since aiffu-
sivity depends on concentration as a function of time and
distance from the initial boundary between solution and sol-
vent, then comcentration determines diffusivity from the

following equations:

G 2 (85T
S (- & [T dy)

C, = /
2 1
and g = X
4D ¢

where Y = parameter related to time,
These egquations hold for free diffusion with zerc initial
gconcentration,

If the substance whose diffusivity 1s to be determined
is prépared in radicactive form, the counts per minute
observed in a thin cross sectional sliece in column contain-
ing the substance is proportieonal to the concentration. If
activities of many slices are counted, diffusivities can be
predicted, even feor self diffusion. The apparatus is made
of hollow brass tube to shield/Baradiati@ny with a lusteroid
tube inside it resting on s vertiecally adjustable brass dise
to adjust the right spot of the tube in fromnt of a slit in
the brass wall., Against this s81it an end window Gelger tube
igs placed to measure eocunts., To form a boundary, the radio-
active material is introduced te the bottom with s stainless
steel saucer placed carefully on its surface. Then the

second layer 1s added and the free diffusion tskes place,
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Dissdvantages of this method are: slit width is too
small to get encugh counts; the angle”@f_sight formed through
the slit covers a larger volume of liquid than would the
slit; beta rays may cloud vision; measurement is limited to
beta ray emitters, the resulting curve is not isochronal
because of time intervals in any series of counts,

A curve is obtained for distance as & funetion of con-
centration from which values are obtained., Figure (19)

(2) Porous Cell Method (Myseles and Siighter??): The
diffusion eell is formed from twe fritted glass eylinders of
medium porosity, sach covered by lucite plates, Eaeh is
filled by gradual displacement, one with tracer seolution and
the other with s@luti@n @@ntainimg_ﬁ@ tracer, AThe @gll_is
submerged in mercary to prevent evapuration after separa-
tion. The amount of tracer in each disc is determimed. The
diffusién coefficient is computed from the measured trans-
port by comparison with the bshavior of a substanece of known
diffusivity., The ealculations are presented by assuming
equal ratlos (R) of transport scrozs the plane of separaticn

of the dises at time (tq, tp) for two substances, Hencs,
t1 D‘l = ‘@2 DQ

(5, Dy) are known, and (tq) obbtalned when the same (R) is
cbbtained in beth casss, 7
(3) Interface Bomb (Tung and Dri@kmanluo)z A bomb of

constant dimensions In a constant temperature bath is used.
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The bomb has two cavities, one for each component, and an
édjustablg interface, The diffusion coefficient of a radio-
active material must be determined in all layers and across’
the interface in order to get the interfacial transfer co-
efficient, A Scintillation counter was used to ceunt the
radicactivity from the time the bomb piston was pushed to
d1te diffusien pesition uwntil ﬁhe chenge of counts becams
negligible,

From the radiocactive theery, the following relations

are derived bte fit the experimental caleculations:

@)]

= @Q’{C (@at)mmc (O“ﬂ"{

where J = flux of the diffusing molseule at the interfacs,
o = transfer coefficient at interface,

distribution coeffisient of diffuslon component

=
i

between phases at egquilibrium,

=D, 2
I=Ip-Be +°1°°
where I = intensity of radiation
Ig = Pinal radiatien's Intensity

B constant

i

D; = diffusion-coefficient in phase 1
91_2fﬁ/éa when (a) = half length of the diffusion cell,
A simpler bubt similar cell with thres compartments wes

used to determine the diffusion through interfaces in a



ternary system. The seme theoretical basis was adopted.

(L) Diffusivity measured by radioactive tracers in
liquidsSS: The diffusion cell comsists of a beaker (B) con-
taining a solution (8)., On top of the beaker, the porous
plate (P) is bounded by a fiberglass mat or agar gel pre-
pared inside a metal ring (R) on top of which is the Gsiger-
Muller counter tube (G) to record the process of diffusion
within one er two hours through the thin porous plate, The
solvent i1s confined within the perous plate., Figurs (20)

To evaluate the rate of Inecrease of ceunte in term of

)

diffusivity, the following must be considersd:

{a) The coneentration of solute at esach depth from surface
and at any time must be evaluated., This depends on condie
tions of solution below the solvent. If solution is st
rest, and has greater depth than that of seolvent layer when

a fiber glass mat is used,

o =1 - .5[erf Gax) Jalke)y e?f(iw%)L/Z{Kt)z_]
L )

when system 1s kept at rest.

In case of sgar gel and stirring of the solubion:



I

The data are plotted as concentration as a funetion of X/L
for various values of the parameber kt/LE9 when

L = solvent layer depth

k = diffusion constant
(b) Effect of sbsorption of B-radiatlon upon sctivity reache
ing counter., This rmust be eobtained by ealibration., For
vranium,

I =1, exp (~6.50x),

Iy = initial intensity,
I = intensity after sbsorptlon,

/= density.
{Approximated for Ursnium - UX2<= while measuring
beta=radiation which has a maximum energy of 2.32 Mev.
and its meximum rangs is 1.1 &/0,2),
{c) The geometric fastor variation with wvarying depth is
also obtailned by ecalibration,

By multiplying the above three mentioned factors,
numerical integration over the entire depth gives the rela=
tive increase of counts per minute with time, Numericsl
integration is to proceed teo a few times the solvent laysy
depth because of the limited diffusion layer depth. Further

o

layers conbribute g time independent amount to the aectivity

=
&
=
[

h inereasss the background counts, Curves are obtained
for counts/min., in fra@ﬁi@ng of the final value asg a funs-
tion of time,

(5) Ionization Currents Method (Amdur et“QIB)z Uses the

saturation ionizatlion currents as g measure of the sxbent
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of diffwvsion, The apparatus eonsists of a diffusion esell
mounted horizontally in & thermostat, Ths cell has a brass
tube separated by a slide into two sections, one of which is
fixed an& the other capable of s limited motion, A shaft is
used to rotate the slide and bring a hole of the same dilam-
eter as the tube into axial alignment with the sectioms ef
the cell, The cell sections contain collseting slesctrodes
insulated from the tube. Radioactive tracers are ussd
because mubtual diffusion coefficients cam be measured with
the tracer concentrations of one of the components of the -
diffusing mixture, This avolds unesrtaintiss e¢f interpretse
tion which arise frem the variation of the mutual diffusion
coeffTicient with compositioen, After the cell is evacuated,
the radicsetive mixbture is Intredused to one section and
normal gas into the other (both gases are dried and puri-
fied), After squalizing the pressure in both sections, the
ionizetion current is measured in the radicactive section
and diffusion allieowed to start by opening the separating
slide. Decrease in ionizatlion eurrent is measured as a
function of time,

Two squationsg are glven to evaluate the data obbtained,

Q

The sasgier one to use isgs

2
J

xg/ ? z
>-S (D¢t )2 [ﬂw(%}}exp(w)')’ exp Z d=



16

i

where s = constant displacement of the timg origln,

th 2§ - 0789}4 7“
t = @riginal tims.

y = t5/y ¢ /2
g

= time when slide fully opened,
Rg = offective (d.c) resistance of the ionization
chamber,
C = sum of the capacities of the interelated (electrom-

eter) jonization chamber,

Diffusion in Gases

Some of the liguid diffusion msthods are spplicable to
gases. The practical methods that have been used ars the
sorption-deserption method and the tracer method., Most of
the different metheds will be discussed separately for sach
selected system,.

1
106 ethod: Readings of the weight of

(1) Sorption data
vapor absorbed by a £film of the material being considered
are taken, The film ig suspended on & gpring at differsnt
pressures to caleulate diffusiviby by:

e . 2
BE T aR [Dc “cx]

No analytieal solution to this equation exists, Therefore,

the following is used:

d bad o
Dr (¢) = /g, (CD) =D + cdby
5



C
i
D i3 D(ec) average = %.] D e) de = %2 D;
y o
L=

(2) Interferometric method: An interfercmetric method

for determining diffusivity in gaseous syﬁtemglo

.employs a
cell comprissd of two halves with tubes fitting in the
respsctive 8liding plates of each. The bobbtom half has
optical glass windows in the opposite walls of the cell for
measuring the refractive index of the £illing gas. The cell
is mounted @ﬁ g thermestat and the refractive index is
measursd by a Machzchnder type optical inbterferometer, Ths
equation St&ﬁ@d t@ convert the daba @btg;@@d from the esxpserie

ment to the data required to cbtain diffusivity iss

X, = (N,-LNz )g { 23”{"3 “+ N, ;H RT—#Bm]-Nz%

where N = molar reactivity,
= 1ight wave length,

L = optical path length,

B = Vietual cosfflcient.,

S

il

Pringe shifting (number of shifted fringes)

The data obtained from this sguatien is to be used in a

ao

gimplified squation of a Fourier series

De (k) w [ LA )]

™ SRS
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where (Xl) = goncentration,
L = gell length,

Monometrie Instrument232 The cell consists of a
chamber containing saturabted vapor which is separated by a
porous membrane from another chamber Iin which the vapor
pressure (P) is kept very low by cooling. In steady state,
the presgure difference betwsen the two chambersg at a first

approximation is
2D (R-P) AP

where (k) = the apparatus constani,
9 = yiscosity,

P = saturated vapor pressurse.

_I,Diffusion in Gels
The impedance to diffusion in gels93 may be due to
mechanical bloeking, resistance to motien, ineresse in vise
cosity of liguid and other variables such as conecenbtratien,
age, pH, iseslsctric point, rate and temperature of gsl
setting and presence of slectrelyte.

(1} Methods of layer analy@i@7lz This is based on
having the gelatine and the liguld in sontact, Analysis of
the gelatine is done after diffusion takes place, Plot is
made of the fraction eof total diffusate aeross the interface

2
. stion of :
as a functien of D E/L -(an)zﬂ” DtSqL?

V= -%";;E (zn-iqj‘Tri(ej




where V = fraction of total diffusate across the interface.
. L = gelatine ecolumn height. o

(2) Electrical Method: Conductance method similar to
Ha@kellSé method is ampléyed. Diffusion of celloidal elece
trolytes was studied,

(3) Optical Method: Only Eversale ph@t@metri@eg method
used though refreactometric and absorption methods are applie-
cable, 7 .

() Steady State Method (Patrick and Allant®7):
Involves assumptlion of linear concentratlem gradient along
the column, The apparatus is Lllustrated in Figure (21).
The dilubte solubtion of diffused salt is collected in ths
over=flow beaker while a 8low flow of distilled water flows
inte the beaker,

(5) Cylindrisal Diffusion through & gel  ’: A drop of
solation 1s plasced on a thin £iim of gel which, after diffu-
sion time, is immersed in a selution of a materiasl capable
of forming a precipitate with the diffusiang salt. The
diffusien ecoeffieient is caleculated from the resulting spot
dimension,

In another method, detsetion depends on the presence of
& preéipi@a%ing agent in the gel,

Caleulationg are earried out as follews:

ce G |1 wiw)]
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originel concentration at radius (Tq),
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C = concentration at radius (r) when t = tims reached
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K is diffusion ecoefficient
(6) Radioactive indleators have been ussed to measure
diffusivity in g@l@ldg, Thiszs is accomplished by placing an

slectrolyte of (C,) concentration in a vertical tube com-

aining a gel layer. At time (%), the concentration of the
slectrolyte at distance (x) iss

C= C, [ﬂ—w ¥ (M)]

where W{uU}is cbtained from tables and @%%%yratio is measured
by dissolving & slice at distance(x)of the gel in water and
taking a radiation count of the resultant solution.

{(7) Steady stabe diffusiocn in gel caused by mutual
ilrlzl

Q Do

precipitation of two reagents, Salvin » Two reagents

were plaeced on a gel Tilmg precipate wasz formed between them

]

and ratlio of diffusion consbant ealculated from the ceoncen

tration and the disbtanee travelled.

Diffusion of Ions

93b

The experimental procedure employed the Northrop's

method to determine the diffusion of electrolytes and
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@@ll@idSS. It consists of homogeneous bodiss of solution
separated by an imdifferent‘membrane with pores of visible-
or microscopic size, the diffusion gradient being confined
within this membrane., Fieck's equation was employed for ths
caleulation of diffusion from the expérimental data, |
Diffusivity ealeulation from experimental dabta of cone
eentration, distance and timet: True or Boltzman soeffi-
cient can be calculated by determining (K) (Fick coefficient)

as a funcbion of {€) and making use of relatiom

D:Do ("Ac) Cﬁ Do‘:K

Diffusion of ions in solution was studled with the use
of radieactive iS@t@pesh, To supress conveebtion currents,
narrow capillaries were used as cells for this methed, The
eells were filled with a solution whiech has the same proper-
tlies as the solution in the beaker that contains the e¢slls
except for the radiosctive isobtopes that had been incerpo-
rated in the e¢ell, The cell rests on a holder that carries
the eell in a position where the top of the eell is just:
belew the beaker's solutien level until equilibrium was
satablished, Afﬁ@r eguilibrium the holder was lowered down
to allow diffusion of the two solutions for a peried of 3=k
days., At the end of the given peried, the cell @@ntentsi,
were btransferred te a tray to be esvaperated leaving the u
radicactive conbtent feor measurements in standard o< or B

counting sgquipment., Correction for the decrease in the
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radioactivity due to the natural decay was eonsidered with
the use of a known reference tray subjected to the sams

Process,

Measurements were made with sodium tungstate selutions

of different coneentrasbion,



SPECIAL METHODS FOR DIFFUSIVITY DETERMINATION
OF SELECTED LIQUIDS AND GASES

Among the meny different methods that have been used
for the determination of diffusion ecoefficients, certain
procedurses are selected here with the results.

Some of the important facters that affect the diffusien
coefficients are the pressure and tempesrature. The follow=
ing few methods deal with the effect of these two factors.

Self diffusion in (COo) at mederate pr@ssur@13égaf«

The Lemmarde-Jdones model was employed in evaluating diffusion
data for €0, - Cilto,
apparatus consisted of twe celils filled with eapillary glass

system., The low pressure diffusion

rods connected horizontally by a valve., Radicactive gas is
introduced to one of the cells, non-radicactive gas to the
other c¢ell, One end of the e¢ell containing the none
radi@&@tivelgas was fitted with & luecite rod whith led to
the photomultiplier tube. Considering only beba-radiation

(short wave length), the count for a long period of time is:

1= If" —4‘-2%:‘“ exp ..(nL‘M‘) Dt

where I, = Co/% = final number of counts,

A plot of Iy - I as a function of time gives a line of slope

2
G%;) D . The theoretical results on table (1) were calcu-

lated from
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3 (k T)
=TT )%y, 1y X

where = reduced Mass,

i

k = Boltzmann's congbtant,

| .

Wy = function of € and T.,
T = absolute temperaturse.

n = molecules! number/unit volums,
. 5 d 2 .
X, I+ Tzn(iT'n r ) - P, and € both

are evaluated from P. V. T, data,

The expesrimental and bthe theoretieal results eare tabu-
lated in %table (1), The agreement of the experimental and
theoretical results indicates that even for a nonsymmstrical
molecule such ag CO, the denss gas theory applises at modsre-
ate temperatiure, N

Diffusion in system CIMOZ}QACOQI 135 under a pressure
range 100-1000 atm., and temperature rengs: The lowsr range
results show little temperature coefficient for diffusion at
constant density., At higher demsitles, temperabure cesffi-
elents increase rapidly, The Enskog thesory is not applicable

but the results are sorrelsted in the forms

D= ; exp [_,mmn

RT
when E is asctivation energy at constant density,
The diffusion cell is & modified form of the ene used

abovelS®, Tt consisted of a diffusion bemb with turning
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mechanism by means of which two eslls eentalning different
geses were brought in contaet with each other, a scintilla-
tion counter which measures the amount of radicactive gas
diffused through one of the ecells, and squipment for £illing
and refilling the cells., The results obtained are in table
(11).

. Diffusion cosfficients For (Cop = Cluog)lluuum@@r a
pressure range (up to 150) with variation in temperature
were determined, The theory of Enskog-Chapmen (Chapman and
Coulins=Mathematical Theory of Non~Uniform Gases) velidstes
the results of this experiment up to a density of 0,067 b/eec.
Above this valus, the coefficisnts are higher than those pre=
ducted by the theory, The equation employed for self diffu-
sion coefficients is

6(KT)"
3umt 2t n W, X

W

D =

3 2
where x = 4~ TN A 04275(Tn fPl 4 omn

D = diffesivity.
k = Bolbzmann's eonstant,

= molecular number/unit veolume.,

B
)

collesion dismoeter for Lemnard Jonss model which

a3
i

was employed.

reduced massS,

i

S .

]
WNg)B integral depending on interaction emergy and (t)
the absolube temperaburs,

J° = collision diameter for solid elastic spheres,
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The apparatus employed econsists of a diffusion bomb end
a meehanism for bringing two diffusional cells Inte contact,
éig@iﬂtillatinn counter to measure radicactive gas diffused
into one of the cells and equipment fer filling the cells
and measuring the pressure. The bomb itself consisted of a
steel block with a large hole in the tep, a flat metal disk
pinned to the bottom above the hole and a rotation cylinder
fitted in the hole held by a nut against the insert. The
cells were placed in the eylinder and the insert filled with
various media whose path length had been msasured before,
The diffusion for the wvariecus media waried with density as
the path length did, Radiation was eounted continuously and
table (9) shows ths results, |

The same method was employed to determine diffusivities
in the CH& - TCH3 system65 wnder a pressure up to 300 atm,
The equation employed here is a corrected form of the Eunskog

equation and results ars in table (10),

3 KT |
D= =K1\, '
T3 vr/w) £ W, nx

The effect of pressure on self diffusion in carbon-
disulfide 285720, 4 system of (C3, - BSSBS) was used upder
pressure {to 10,000 atm.) over known temperaturss (0, 20, LO
degrees C,) %o mea@ﬁre diffusion cosefficients, The apparatus
used in this method consists of an intensifler connected to a
lower bomb whose bottom has a plug with a synthetic sapphire

window, The bomb was loecated in a tempsrature bath
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controlled te ¥ 0,1° €, The cell is placed on the sapphire
window and consists of a lower cylinder whose bottom is-
vccupled by a quartz window, & sleeve sealed with a fritted
glass (te be filled with the radioactive liquid) and a piston
inserted sarefully in the sleeve after it was fﬁll, The
slesve was fitted in the eylinder and pressure was ap@lied
fifvy seconds later, Another frittsd glass was used to cover
the nonactive liquid before the run started in the cellls
eylinder, Aftesr the sbart of the run, m@le@ul@srdiffuﬁé
from the upper to the lower fritted glass at a rate indica~
tive of the diffusion eosfficient. As the concentration of
the radicactive tracer bullds up at ths surface of the
orystal, the frequency of light pulses given off by the
erystal inersases proportionatsly, The light pulses pass
out of the cell through the quartz window and then through
the sapﬁhir@ Wimd@WﬂGUt of the bomb and down the Lucite red
to the photomultiplier tubs, Water white petroleum ether
was used &8 a pressure transmitting fluld to allow fer the
passage of the maximum amount of light betwsen the quartz
and sapphire window, The results of the experiment are.
tabulated in tables (2) and (3}, The results of the expsr-
 iment were not in agresment with amswers cbtained for the‘k
same data by eilther Stockes-Einstein or Arnold's equatiQﬁs.
Other systems used the abeve method feor é@terminati©n

of pressure effect on diffusivities.

{(a) Self diffusion in water and sulfate Soluti0n21ag

table (L),
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(b) Diffusion in agqueous and alecholic and salt solue-

203 45 203
tions using (Hg  ,Ca = Tl ) as tracers to determins

the diffusivities @f'HN@Bg CaCL,, Ca (N03)2 and
TIN03 at different temperatures andg Pre@sureszlbg
table (5).

Diffusion of Iodine in Carbon Tetrachloride under
Pregsmreg7g Two methods were used to study the ilodine
diffusion in carbon tetrachlorids over a temperature rangé'
of 10-55° €, and pressure rangs 1=200 atm, In the first
method, the capillary sell technigue was empl@yed, using the
capillary cells econbtaining the diffusate and s@bmemged in s
largs volume of the diffusent. Msasurement of total
diffusate transferred in & given time wers accomplished by
chemical micreoanalysis methods, The accurately @alibrated
cells ranged in length from 6-7 cm, . Each had a capacity of
approximately (0.25) ecec. and were supported in a liter
reservoir of CP carbon tetrachloride which was thermostated
to ¥ 0,02% ¢, Temperature squilibrium was reached while the
caplllary ends were gtill above the liquid surface, The
cells were next filled with 10 mg/ce iodine solution in
carbon tetrachloride which was at the same temperature as
the reservoir and carefully lowsred bensath the surface of
ths carben tetrachloride, Diffusion proceeded for Ehree
daye, then Lodine concentration was determined on the

removal of the cells,
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The integral diffusion coefficients wers calculated

using the relationship:

Cov o B 2+ T DT
& o? (2n+w)z XFQ\ 41
M=zd .

where Cav. = aversage concentration of iodine in capillary
after time (t).
Co = initial concentration of iocdine in the capillary
after zero time,
L = eell's length, A
| D= integral diffusion cosfficient.,

The values of (D) expressed im @ma/day are tabulated in
table (6).

The second method 1s a direct optical comparison methed,
Two capillary tubes (gpproximately LO em. in length and of
equal internal diameter 0,2 cm, were used at one end and
supported side by side in a water bath thermostated to
0,01° €, One tube was left open to the atmosphere and the
other was connected, by a means of a metal to glass pressurs
seal, to a pressurizing device. An interface was set upru ﬂ
simultaneocusly in both tubes between an iodine solution at
the bottom of the tubss and pure carbon tebrachloride at
the top. A sharp interface was achiseved by lowering a glass
halr capillary wntil its end was below the diffuse interface
initially formed, and slowly withdrawing liquid, Diffusioun

progseded for T-10 days, then a series of photographs wers
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taken, and the density gradients obtainsed on the photo=
graphic negatives were analyzed, Equal densities on the
negatives correspond to equal concentrations in the capil-
lary tubes, The depression of the diffusivity is ealculated

by the following expression:

© 4 = (b A,)

where hy and h, are distences from original interface &%
which squal densitles are measured, The results of the
experiment at & tempersture of 29,37 C, ars tebulated im
table (7).

Variation of [349//%‘ (QM{ Fas‘i/ébsjwith variation
of pressure and temperature is given in table (8).

Glyecin Diffusien in HCL and H,0 was studisd®he, Using
Northrup and Ansonloz techniqus, the results were obtained
and are tabulated im table (12),

The differentisl diffusion eoeffislemss of HC1OW and
HQSOuég wers studied, Using Nerthreop-MeBain type ce11 9

the values were obtained with the use of the equations
. C o)/ 2
D=D (1+ = )(-39-»)

whers (ld— C bhxf//%c)is obtained from Ehler”sghb data and
from the internatlional eritical tables, D, {at
infinite dilution) = (Nernst value). Experimental values

are in bable (13),



‘ - Some measurement of gelf-diffusion @@effi@i@nts of
11qu1as15%:19%;  Two Northrop-MeBain cells?h were used for
18 hour runs for sach compound at each temperature,
Deuterium was used as a tracer in all cases, The concentra-
tion was chosen so that the maximum deuterium @@ntent
encountered was less then 1 atem #. Density measurements
were furnished by combustion of the samples cbtaining com-
bustien water to be analyzed after purification. Results
are in tables (1) and (15).

. Diffusion of Hydrocarbeons in P@lyi@@b@tyl@n@lQSbo
Diffusion coefficients are caleulated from gorptieon and de=
sorptlon date with a £ilm of pelyisobutylens suspendsd from
a sensglitlve spring in an evacuated weighing chamber, AL
certain pressure, vapor of the consgidered hydreocarbon was
introduced and the inereasing welght of the spring Is
measursd as a function of time., The experiment depends on
Eyrings th@@ryBs which explains diffusion as taking place by
a molecules lsaving its ecurrsnt position and jumping into one
of the holes that are in ths liguid bedy. The data is om
table (16).

With the same procedure the diffusien of scetone into
polyvinyl a@@tat@73 abovs and below second order transition
was studied, The results were caloculated using a reduced

form of Crank and co-worker's empirical sguation
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2
D - ET-;;[ K; (0 )+ K, (C,o)]

‘ ‘ [
where K is desecribed as (& Q tA Q‘oot)_: K(Ci;;cfv)t/z |

L = fiim thickness, K (c;,cg) represents an effective diffu-
sion eoefficient for constant initial and final equilibrium
@@n@éntrati@msg with Ath welght of vapor sorbed (or
desorbed) at time (t). The integral form of the above

squatbtions

D= -—C-'-—/CODdc

The results ars in table (17).

Diffusion studiss on dilute agueous sucrose solublons
at 1° €, and 259 €, with Gouy interference method wers
carried out, Sueross solubion diffusivities were measured
as a function of concentration, In this method, the cell
(with initial sharp boundary between solwvent and solute) was
placed in the path of light from a lens that was illuminsted
with monochromatic light from e horizental slit, and the
interference fringes formed inm the focal plane of the lens
were photeographed at intervals, In evaluating (D), the
image formed when a homeogeneous solubtien £i11sd the cell and
the total number of fringes were considered before the space
ing of fringes fer (D) caleculations were taken, Other data
required for obtaining (D) by this method were given, and
the results are tabulated (table 21) with the theoretical
resulbs that wers obtainsd by Gorden390,6lb;
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where D is limiting values as concentration approaches zer©;
V/9, 1s the relative viscosity of the solution.

f = activity coefficient,
With Gouy interference meth@duly the following diffusivitus
were caleulated:
{(a) Urea in watertt3® - Table (20)
(b) Dilubte agueous glycine solution®? at 1° and 25°

- Table (19)
{¢) KC1 in water at 25° €, using Tiselius celllt?

- Table (30)

The diffusion coeffiecient of potassium chloride in

dilute aqueous solution”Bﬂhgb: Using the conductance
mgﬁh@dg the diffusivity of this electrolyte was determined
for restricted diffusion., The apparatus has been explained
previously, The diffusion coefficients were computed by the

following equation:

2
_a l
D- _"_2‘—;

where %? is the slope of the line of In (Kg_Ka) as a

function of &t or -

7é; - A [ b (}<3_.KQ)],/<;'T

considering r(B $ k% the conductances at the bottom and
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the top of the cell (ecorrected for the eell comstant rabies)
and (a) the distance from the boundary. 7

The conditions eof the apparatus furnish boundary condi-
tions in a way to meke possible integration of the differen-
tial equation of diffusion., The theoretical values wsre

computed by Onsager and Guosslouequatione
16.6288 x 16 T (M )¢ 2l 2
Dz 1662809 « ('fc:)("'"-’CLM )

whers
Mo 2% 10748 (A2)(AZ) 32148
) (fy + £0) % (DT)"

.[ﬁ J(o j v 2.304 % 507 A
- . A — __+_ = 4 C' A C
(A$+uﬂ?i+ﬂf? 2 (DT)" ¢< )

Wherej( = equivalent conductanece at infinite dilution.
D

2
AJ“&:Ké

a = distance,

i

dielectric constnat,

it

viscosity,

K = Debye Heuckel reciprocal disbtanes,

The theoretical and sxperimental values of diffusivi-
ties of KC1l st different concentrations are tabulated iﬁ
Table (22), |

Using the @@nductag@e msthed, the following systems

were shudied:
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(a) caleium chloridel? - Results do not agree with theorsi-

ical predictions, - Table (23),

(b) LiCl, NaCL °1 in dilute aqueous solutions at 25° C,

« Table {25),

(¢) KNO3 in water>Z at 25° C, - Table (25),
{d) Silver nitrate in various dilute solutions®t - Table

(26)@ . PR '
{e) Zinc sulphate (as a 2=-2 valence type electrolytggg) in

which the conductance indicetes considerable ion«pair

formation which sffects the identbity of the theoretical

(Onsager-Fuoss egquation). Table (27).

(£) KC1 in waterlt® at 4° €. - Tabls (28),

Self diffusion of water (deuterium as a tra@erluu):
Apparatus: Fine flat bottom scaled sapillaries with their
upper ends open, to be filled with deuterium oxide (as
tracer) and held vertically in.aongtanﬁ temperature”bath,
The solution (of original known concentration) is to be
taken out to determine the deuterium concentrstion (by
gradient tube method). This gives a determination of the
density from a standard curve of the density as a Ifunction
of the height of sgual position im gradient tube-curve.

Results are in Table (2h). PFollowing the sams proce=
dure, the following systems have been studied:

(a) Pobassium chloride (aguecus aoluti@n1u6) - Table (31).
{(b) (Cl) ion in agueous sodium chloeride at 25% C.lh?

= Table (33).
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{c) ca® and €1~ in aqueous calcium chloride at 25° Gelus
- Table (37).

(d) Na¥ in agueous NaClth

» using a diffusion tube modifi-
cation®® of the diaphragm cell to avoid the difficul-
ties encountered such as cell consbtant changes due to
dengity gradient if no stirring is applied and the con-

vection srror. Results cbbtalned at 250 C. are in Tabls

(3h).
Self diffusion equation for sodium Na¥t {by means of
radi©ag©diuml> is

D - ) Waf “.'QE “/M
? n

where W = molality potentisl of the ien,

il

n = moles/ce,
-0
Introducing aetivity coefficient: D = 8,97 x 10 /ﬁjT@ﬂ%j%%g

uging the limiting law expression
Y,
L = 0. :
eg %‘0508@

0
Then D= 0,0231}% £1m0w583 (CC) 7

This method doss not relate the net movement of Ltracer
ion to that of charged ion by the reqmiremant of electro=
neubrality necesssry when bulk concentration gradient exists,
It 18 the differential diffusivity of the lon rather than

the mean diffusivity of salt obbtained and for smaller cone

centrations, McBain«N@rthP@plhg gintered glass diasplragm
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cell is calibrated with HC1 diffusing in H,0. (Na®2) wag
nused as tracer in the upper compartment and (Nal) sclution
in both compartments., Tracer measurements were taken in the
lower part to caleulate diffusivity. A curve of diffusivity
as a function of the square root of the concentration Is
obtained, For a concentration of tracer at a given time is

represented by:
Vz
D=D (I1-+4C7)

where Do = 1,2l Gm?‘_/da'yo _

Radio chemical analyses were made by evaporation of aliquots

on watech glass and counting by msans of mica window tube and

sealing eirecult. (Y) was evaluated for the sbove equation,
The limiting law equation for self-diffusion of(Na*)1

used hers 1is

D= 7.75 x| '3 ,{mﬂ, T(_,,_,g[ "Bwn])

(Na*) diffusion in NaClL was @btainedg as follows:

)

At 25° ¢, D = 1,15 {1 = 1.4l ¢
359 ¢, D= 147 (1 - 143 %)

The diffusion coeffiecients of highly concentrated
su@r©5@28 in supersaturated seolubtlons has been measured at
25° ¢, and 35° C, by two optical methods., Schlieren methodot
of observing refraction index and hence covncentration gradi-
ent was applied te diffusion measurements in dilute solutions

and G@uyBB interference fringe method., Thes latter gave mure
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accurate values from the standpoint of internsl consistency,
The valuss of the first method are plotted on Figure (22)
while the values of the second method afe tabulated in Table
(18), Two figures (23) were furnished, one of which shows
comparison of the results with the calculated results from

Gordon's equation
D~ B G (g

A new cell was developed for this study. It is a modi-
fisd Neurath type. Its optically flat glass wihdows were
rigidly attached to the cell and sealed with a rubber gasket
to prevent water leakage., A sliding partition between upper
and lower liquids was used instead of the entire lower block
sliding to remocve the boundary. The interference fringe
method modification consists of varying the exposure of the
photographic plate by moving an opaque shield over the light
source at a speed controlled by an electric motor (instead
of the step filter im front of the camera plate) to obtain
a gradual change in the blackening of the photographic
plate,

Diffusion in 1liguid Sulfur2>3, The diffusion of (835)
into two varieties of ordinary sulfur was studied and the
diffusion coefficients obtained in the following manner:

Cylinders of coarse fritted glass were pumped full of
sulfur and placed in a c¢lose fitting stainless steel cell,

and the edges were filled with sulfur. The cell was



inserted into a furnace and heated with s small amount of
(835) inje@ted on thé surface. Chromel-alumel thermocouples
were used for temperature measurements. Samples of the frit
were sanded off after a 20-90 minute period and placed on an
emery cleth to count the slices under a Gelger counter. The
frit was measured before and after each sample was removed
to glve the slice thickness and the ssmple pousition on the
frite The equatlon fer diffusion from an instantaneous

source is

. e ‘
¢ = wmm o (- D4y

where Q

o

intensity of source,

X

il

the distance.

%

it

time,
¢ = conecentration,
The results are in Table (36).

Meaguremsnt of the diffusion coeffisient of hydrogen
peroxide veapor in te airgs and the diffusien in a water-
hydrogen system at different temperaturss: The diffusion
takes place through a stagnant gas in a glass tubs with
1iguid at the bottom te provide wvaper of know concenbration
while the top of the tube is fixed at zero concentration
affected by eonducting a stream of the second gas acress the
end of the tubs, The rate of diffusion is determined from
the rate of liguid levss with time., This is a ease of steady

unidirectional diffusion of one gas through a gscond stagnant



gag under & fixed concentraticn gradient. The results are

in Table (35),

Diffusion of commen electrolytes in aquecus solutions:

(a) The diaphragm method has been used in many cases and

speciel modifications were introduced in the specifie

methods, The following are selected systems.

le

e
o

Ca C121159 at 25° with the porous diaphragm csll,
Table (32).

NaCl and Nap 50,10, at 25° ¢, Using isotopie
labelling of the Anien, (Na 2l Naeﬁ - as
tracers). Counts were measured by msans of a glass
jacketed Gelger counber sonnected to a standard high
volbage supply, emplifier and scaling e¢lrcuilt,
Results are in Table (38).

Univalent electrolytes at 259127 Dotermination of
concentrations in the upper and lower parts of the
modified diaphragm cell by potentiometric titration
of welghed samples against silver nitrate using
caplllary reference electrode with valve volitmeter

ag null indicater., Table (39).

{(b) MeBain procedurs has been employed for:

le

K Clgug A simple cell was employed with a sintered
glass membrane placed in a bsaker of the solutien

and spalysis was asccomplished by gravimetric method
when erystals of KCl were weighed sfter the svapora-

tion of the solvent, .Table (10} gives the results,
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2., Ag NOB and Ag+ i@n152
(Ag+) ion diffusion betwesn Ag N03 solutions of
identical soncentrations (self-diffusion) was
‘followed with a radicasctive isotope (Agllog half
life 225 days) and all counting was dene on aliquots
with an end window Gelger-Muller tube., Regquired
stirred wag furnishsd by density differences,
Results plotted in Figure (2h).

3. €a ciy 81, mavie (41).

(e¢) Longswerth method®3 (which has been deseribed befors),
Diffusion coefficient of (0.6) N into (6.4) N KCl a% . ,.5°
T, was obtained = 9,287 Cmg/se@o with average deviation

= 0,15%. Table (42) gives results for different concen-
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trations of the system,

NaCl diffusion coefficient was obtained for different
temperatures and concentrations by BurragelB method
(deseribed before), Table (43) shows the results, With the
sams method, the diffusivitiss of (Ou seu)30 were obtained
for different coneentrations at 25°, The results are shown
in Table (hl). |

Diffusion in some common systemss Table (29) gives
results obtained for hydrogen, nitrogenmbrgani@ cémp@und
systems obtalined by B@yle et al,

Diffusivity of butyl alechol in agueovus sol@ti®n527z

Using a monometric cappillarimeter, the solute particles
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were diffused through a column of liquid contained in the

calibrated capillary., An approximate equation is:

D= (' x ) 2(c-¢y)

(Co and Cj) are concentrations at the end of the capillary
and the hypothetical plane, (m) is the distance of the
hypothetical plane from the end of the capillary in direc=
tion of diffusion (cmd. At average of 0.,0082 34.} concen~
tration, the butyl alecochol values are tabulated against
other values obtained theoretically by the Stokes<Einatein
equation with viscosity = 1.4482 weight 5{ and the given
radii, Results are in Table (45),

Using Gouy interference methodho, diffusivities of
butyl aleochol were obtained for different concentrations,
Tisellius cell was employed. Table (46) shows the results.
Diffusion in COp — CO5 , GO, — N,03 systems:

Using saturation ionization currents as a measure of diffu-
sion, the results are in Table (48).

Diffusion of 2-naphthol in H2098. A double end diaphragm
diffusion cell was used and was capable of rotation in a
congtant temperature bath, Two glass spheres were intro-
duced in each chamber of the cell, After calibration (KCl
in upper chamber and H20 in the lower), 2-naphthol solution
was introduced in the upper chamber of diffusivity measure-
ment and water in the lower. After period of time, analysis

(by titration) was made of the liquid in each chamber., Many



readings for differsnt temperatures were obtained and the
following equation employed:
KDt = Log 2= Ce
C'—C

where K = cell constant,

Co = initial concentrations,

(c)
Results are in Table (L7).

final econcentration,

i

Diffusion of suerose in air-saturated wat@rhgx With a
single lens convergent light apparatus, diffusion in liguids
(sucroge) was studied using a Tiselius @@1113?98§ with a
mask to prevent superposition of suecessive Irings system
rhotographs. P@1$©n69 technique was employed for sharpening
the boundary. The results, obtained for swerese in air-
saturated water at an average concentration of 2,252 g./100
ml of solution and temperaturs of 1° ﬂ.‘(whenwxm valuevﬂ
33.41), are tabulated giving a mean result of 2,33 x 156

©m2/se@o
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CONCLUSIONS

All the problems of diffusion depend on the diffusivity
of the material being considered., Graham's law was the
earliest definition for diffusion which eﬁables the later
workers to form their theories, All the derivations and
equations that were applied in determining diffusivity were
based on Fick's laws,

Among the different procedures that have been discussed,
there are very few of them which agree with the theoretical
results very closely. Most of them depend on the study of
concentration of the system, For that reason, the basic
difference among these methods is the method of determining
the concentration of the solution under study at a particu-
lar region. Using most of the factors that are related to
concentration 1like surface tension, refractive index, vapor
pressure equivalent conductance, etc., the workers obtained
methods for computing the concentration from the data of the
employed factor.

One of the most important methods that bas besn devele~
oped in the recent years is the one that employs radiosctive
tracers to determine the concentration, This method gave
accurate results with reasonable deviation from the theoret=
ical estimations, The radiocactive tracers were used in

gases, ligquids and solids, The errors that were encountered
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in the other methods dus to the envirommental effect on a
system were eliminated since the measuring devices employed
are attached closely to the systems. Organic and inorganic
systems were dissussed and studied by usiﬁg the tracers
while changable conditions as temperature and pressure
applied, Other methods may fail to apply in such condi-
tions,

For gases, the sorptlon-desorption method is used very
widely and considered to be very important for its simpliece
it§ and also for the scecurate data cbtained,

The mosh important optical method is the interferometric
method which has been modified to the sbtudy of different
liguids, This method 1s like the other optical methods in
depending on thé refractive index of the liquid being cen-
sidered,

The conductanee metheds are speclfied to the study of
electrolytes, Special conductance methods were modified to
be applied to the study of diffusion of particular ions,

Among the different cells that have been used in debter-
mination of diffusivity, some of them are of particular
importance. FPew Iimportant factors have te be determined
before selscting the e¢ell, The system under study is the
me jor faetor, Some cells are provided with different
devices to prevent leakage or disturbance of the fluid's

boundary.



(i

The study of diffusion of fluids is very wide. For the
different methods, the related subjects have to be con-

sidered with the theory behind that particular methed,
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TABLE 1

SELF DIFFUSION OF CARBON DIOXIDE AT MODERATE PRESSURE

== :
Cell Length __ atm oK em2/sec cm2/sec
33,75 cm 1.243 296.2 .08L7 +8L7
2,17 296.1 .032 .038
6.38 296,6 .015 .016l
9.33 296,10 .010) «0111
18.49 296.5 .0071 .0055
21,35 em 6.34 295.7 .0163 .0165
9.2l 296,.2 .0101 .0112
18,59 296,.5 -00L9L 00546
21, 296 . 004476 .004
28, 296 .0038L .00328
60,05 cm .506 297.1 «206 0212

8 7 .091 .091
2 295.2 .05 20U 9

L
L
5
.98 296 .103 «109
) |
1
L 0437 .0435




TABLE 2
SELF DIFFUSION OF CARBON DISULFIDE

T ) 2 fective : Obs. D g Density
oK atm Cell Length em _ cm2/sec x 10 g/ce
293 3500 557 2.36 1.483
293 6500 661 1,57 1,58
293 1500 50l 3,00 1,389
293 5000 o611 2,07 1.5&2
293 9100 «665 .70 1.6
293 7500 .665 1.45 1.606
293 200 <504 3+29 Lol %
273 7000 611 o175 1,61
273 5000 611 1.25 1.562
273 3500 «557 1.5 1.51
293 2000 .50l 2.4 1,417
273 2500 557 a7 1,467
273 1500 « 50l 2,46 1.4
273 800 «50l 2,18 1.36
273 200 <50l 2.%& 1,312
273 2000 «50 h 1.4l2
273 10000 .66 .16l 1,691
313 7000 611 2.76 1,569
313 3500 557 5.6 1.461
313 5000 611 3,58 1,513
313 1000 .50k e 1.323
313 2000 557 .05 1.389
313 200 .50l .67 1.250
313 10000 665 1,72 1,642
313 2900 557 3.52 1.435
293 2500 557 2.78 1olily
293 1000 <504 3.49 1.356




TABLE 3

89

DIFFUSIVITY OF CSp, IN SEVERAL HYDROCARBONS

B R, S P AR, SIS I e Toh
Organic Mixture oK atm 2;5/120
50% CS» in n-CoH 293 150 2.88

: T 293 5000 .515

293 7000 375
293 600 2.75
293 1200 2.53
293 2800 1.18
273 100 2'u6
273 . 1200 1,
273 3050 U455
313 100 li.36
313 1200 Io17
313 3500 1.92
313 5200 1,01
313 7000 .526
313 10000 43

50% CS» in n-CgH 293 200 2.82

. i 293 600 2.59

293 1200 2,62
293 2000 1.45
293 000 .628
293 100 .282

50% CS> in 2, dimethylpentane 293 200 3,15
293 1200 1.78
293 3500 1,28
293 6700 479
313 200 .6
313 900 3.52
313 2000 2.37
313 3500 1.8
313 44900 1.26
313 7000 .8
313 7000 . 763
313 10200 .657

50% CS, in Toluene 293 1 1.93
293 50 1.93
293 300 1.49
293 900 .Th2
293 3300 «S5T5
293 7150 «53
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TABLE 3 (continued)

T P Dx 10E

Organic Mixture °K atm cm?(sec
313 200 .03
313 900 1.97
313 1500 1.49
313 3500 .85
333" 5H{50 ol
313 9100 .669
50% CS, in methylcyclohexane 273 50 2.37
273 1200 .621
273 3000 0236
293 50 2.65
293 900 1.83
293 3000 .585
293 T000 «192
313 200 3.0
313 300 1,97
313 2000 1.3
313 4000 +965
313 5000 .69
313 6300 o5
313 1750 1485
313 10000 0351
50% €S, in chlorobenzene 293 218 2.6
293 1530 o9l 3
293 3500 .87
293 7000 «33
313 200 1163
313 900 2.59
313 2000 1.8 (2.02)
313 3000 2,3
313 - 3500 1,66
313 L1850 1,05
313 8200 22
313 10000 250
20% CS, in chlorobenzene 313 200 3.52
313 900 2.2 (1.78)
313 2000 1.29
313 ﬁﬁoo S
313 00 0912
33 7000 .565
50% €S, in n-butanol 293 200 3.06
293 1500 1:2%

293 3500 S71h



TABLE 3 (continued)
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' T P D x 10°

Organic Mixture oK atm cme/ses
293 7000 .192
313 210 le29
313 950 2,1
313 2000 ,ua
313 3500 1,21
313 5450 .963
313 7000 53l
313 9000 »315

50% €3, in iso=butanol 293 200 2.1
293 2000 1.03
293 3500 876
293 5000 45l
293 5650 .235
313 200 2,95
313 1500 2.3k
313 2500 1.8k
313 3500 L9l (.565)
313 5000 .36
313 5700 2333
313 8000 232
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TABLE L

SELF DIFFUSION OF WATER AND SULFATE SOLUTIONS

Compound oK atm cml/sec
H,0 273 136 1.65
. 273 252 2.37
273 600 1.05
273 900 1.84
273 1240 1.45
273 2040 1,08
273 3500 . 787
273 3900 .58
298 2,6l
298 2@5 2.9
298 1300 3.2l
298 2050 3,06
298 2500 3.0
298 3000 2,62 (2,36)
298 3975 1,71
298 5000 1.15 |
298 7000 «753  (,843)
298 9175 .515 . .
323 235 5.15
323 735 LoLl7
323 1300 3.48
323 2300 2033
323 2500 1.86 {1.89)
323 3500 1,82
323 L4150 2,07
323 7000 2,25
323 10050 1,38
0.1N HpS0) 273 238 .678
273 338 . 265
273 500 ,506
273 666 «836
273 800 . 956
273 1340 N
27% 1850 .786
273 2500 656
273 L4050 .65
273 5500 Jl15
278 100 1,05
278 250 « 9l
278 303 oThil
278 355 2956

278 515 1.38
278 1000 .982
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TABLE L (continued)

Compound o atm em2/sec

298 1000 2.47
298 3000 1.76

298 5000 1.13
298 6850 <721
298 850 .502
323 52k 3.2

323 1500 3,11

323 2050 2,67
323 3400 2.47

223 5100 1.66
323 6900 1,13
323 8900 .806
323 10150 .631
0.1N NayS0) 273 100 099
ggg 238 @21
73 37T «59
273 510 1,08
273 652 .8l
273 803 .69
273 1304 o {2
273 1650 .65
273 2050 o5l
273 1,000 o119
273 60600 17
298 1 1.hi1

298 252 1.58
298 610 1,92

298 1200 2,18
298 1900 2,89
298 2500 1.92

298 L4550 1.16
298 6525 1.27

298 9000 .96
323 120 lie32
323 510 2,90
323 1025 z,ﬁﬁ
323 1950 Tolyl
323 2500 1.43
323 3500 2.93
323 11500 1.75
323 7000 1.57
323 10500 1e3



TABLE L (continued)

AUy

T P
Compound OK atm cm?/se6
1 N NapSO) 273 20 .28
273 210 033
273 100 .29
273 600 .39
273 1000 <56
273 1800 .91
273 3050 .55
298 3 o@ '
298 23 1,01 (.86)
298 608 .76
298 1000 1,07
298 2000 1.6
298 3225 .78
298 L1500 1,03
298 6050 .8
323 22 408§
323 2 1e2
323 6140 1e1l
3823 1000 1.3kL
323 2200 1.88
323 3000 2.2l (2.27)
323  hoe50 1.46
323 5100 1,26
323 6550 1,81
323 6950 1,54
323 10000 1,25
001 N KZSOH‘ 27}3 10 og%
273 100 .
273 265 .71
273 390 o5
273 415 ol
273 600 «9
273 775 .86
273 1060 .83
273 1800 .82
273 3075 .66
298 100 1oy
298 252 «98
298 258 1.0k
298 610 1.3 {(1l.hh)
298 1000 09
298 1210 .8
298 1900 1.17
298 2850 1.59
298 3800 282
298  [}650 .87



TABLE l (continued)
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- T P D x 105

Compound OK atm Gm?é/ sec
323 100 3,92
323 230 2,48
323 1000 .87
323 1500 o T5
323 1970 1.46
323 3000 2,06
323 141050 2637
323 14950 Lolphy
323 6550 1.%
323 10250 o5




TABLE 5
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SELF DIFFUSION OF SOME ELECTROLYTES

me

R N T . P A AP HE 105
Comp ound oK atm m2/sec
0.1 N H_(N0O,) 273 20 .5l

gr32 273 250 .33
273 600 il
273 1200 48
273 2000
273 3000 o75
273 11250 olt
273 5000 257
298 20 .86
298 50 1.2l
298 250 2,05
298 600 1,26
298 1000 .92
298 2000 1,02
298 3000 1,17
298 L1000 BT
298 5000 1,16
298 7000 1.45
298 9000 « 79
323 20 1.17
323 250 2013
323 600 1,32
323 1200 1,17
323 2000 1.5k
323 3000 1,87
323 L00o «9
323 5500 1,85
323 7000 1,95
323 8500 1,29
348 20 2,56
348 250 3028
318 600 5.17
348 1000 3e56
348 2000 3,87
348 3000 1,81
348 LO00 2o 3l
348 5500 2,98
348 7000 2.5l

0.1 N CaCl, 298 100 1,08
' 298 250 .83

298 600 .82

298 1000 ~Ol

298 2000 =



TABLE 5 (continued)

7 P D ;-1@§ a
Compound oK atm eme/see
298 3000 1.16
298 250 19
298 5500 olilt
298 7000 .33
298 9000 119
323 160 1.25
323 250 1,37
323 600 1.1l
323 1600 1.22
323 2000 1.5
323 3000 1¢%1
323 L1250 1,82
323 5500 1,%8
323 7700 003
0,1 N Ca(N03)5 298 100 .72
298 250 1.9 (1.6)
298 600 1e32 (1.5)
298 1000 1.L3
298 2000 1,13
298 3000 1,17
298 1000 1.47
298 5000 .75
298 7100 1,0k
298 9000 1.2l
0,1 N TINO3 298 20 2,07
298 250 135
298 600 1,8 (1.69)
298 1000 .95
298 2000 2,00
298 3000 1,67
298 1000 1,03
298 5700 .38
298 7000 1,48
298 9000 1e73
0,1 N H Cl, in C) H,OH 268 200 1.61
g2 b9 298 1000 "68
268 2000 ol
298 3500 .18
298 5000 .08l
298 7000 20Ol
323 200 3,75

323 1000 2629
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TABLE 5 (continued)

Compound ' oK stm cmg/seé._
323 2000 1.26
323 3500 o7
323 5000 «35

323 8500 ,088




TABLE 6

DIFFUSION OF IODINE IN CARBON TETRACHELORIDE

99

P =1 atm __P=65atm ' _ P =200 atm
T D S T ) T D
°C om=/day og Gm2/day - 9¢ eme/day
10.2 .95 1 .91 18.6 .88
17.0 1,12 22 1.09 31,5 1.19
25s1 1.25 27 1.19 50,7 1.65
31,0 1.45 35,2 1.2u

37.8 1,59 2,6 1.6l

h3.3 1,79 50,1 1,84

TABLE 7

DIFFUSION OF I,IN C Glu AT 29,3° ¢,

_Tuggg,”Wmﬁi““_Txndrw

(arbitrary units) (em) (cm) Dy5/D
3 6,78 6,36 88
7 5.28 u,98 .89
10 3.78 3 59 o9
1h 2,59 2,51 29k
Average .9
TABLE 8

VARIATIONS OF D b /T WITH VARIATION OF PRESSURE AND
TEMPERATURE FOR THE DIFFUSION OF I, IN C €l

Volume = 1 atm
in ce T OS¢ _102(Dv/T)
9503 10 3,82
96,5 20 3,86

9T 7 30 3.89
98.9 Lo 3.96




SELF DIFFUSION OF CARBON DIOXIDE

TABLE 9

100

T P
oC atm g/cc cm?/sec
23 16,05 .0313 . 0065
hh.7 97 ,016 L0111
21“-0’9 905 0017)-!- 0011
Ll .6 9,2 L0157 ,0131
2l .9 16,7 .0346 ,00577
Wl o8 16,3 .0295 »00529
15,2 16,3 .0291 ,00519
Ll .8 2762 ,0522 . 00415
2503 34e2 0756 .00325
u5°3 3&03 . 068 ,OOBA
2502 3.3 0757 ,00271
25,1 47,6 .1235 .00179
03 3he3 .0956 ,00131
ol 3l63 .0955 ,00183
13.6 7.8 o 1h7 ,00119
21 36,k ,088 .0026
22 38,4 092 .00197
30,2 LT7e.2 ,1155 .00166
.7 U7.7 .10%5 .00197
30,2 W7.7 .11 .00158
23,8 16,7 .0328 .00 1
.75 3.3 »095 .0013
13.1 L47.5 «1h5 ,0011)
13,8 61,2 .152 .0018
lily o6 68,1 .18 ,00105
W, 68,1 .18 .00130
25 61,2 021 ,001.06
22,8 36,0 ,0855 .00228
22,5 36.l 0855 .00250
22,4 30,6 . 0675 .00306
2363 UTe7 .128 .0015
30,2 59,5 . 173 ,00126
30,63 61,2 .1835 .00105
3063 65.5 . 217 .000822
uo.g 80,8 0297 .000638
23, 7066 .058 . 00269
30,8 L5 .6 .1093 .00192
10,6 57.6 01115 +0015)
10,6 68,00 .189 ,00113
41,5 75 023 . 0009201
}0.5 79.5 275 »00080
eIy 85,6 . 3602 ,00053
32,06 Tho3 .3898 .000563



TABLE 9 (continued)
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TN,

T P Density D
°c _ atm glee eme/sec
32,06 7L.65 1535 .000538
410,25 86,05 ol .000507
410,08 96°3 .608 .000293
5.3 12,9 .852 ,000105
e L2105 72 o003t
10,26 108.5 .68 .000182
40,26 129.9 - 745 . 000119
25,1 65.1 . 722 .000216
25,1 90,2 .802 .00010l
25,1 90,2 ,822 .0000822
02 71.07 09 0000456
63 38.0 .922 0000%99
. 137.9 »998 - 000010l
%g il 1%% 85 o TTh ’888%8%
2502 149.9 .878 -0000702
25 2 65.1 .72 .0001.33
0.1 107.9 .68 .000166
40,2 119,8 o 72 .000130
25.4 65,1 s T16 -000111




SELF DIFFUSION OF CARBON TETRACHLCRIDE

TABLE 10

’D it

‘ eSi‘b Obs ° C LCo-
atm, o¢ g/cc em?/sec x 103 cm2/seec x 103
0 50 .026 3.65 3.5
0 - 50 .0392 2,16 2,36
80,3 50 ,0532 1.6 1.6l
100 50 g0686 1013 - 1022
12l.8 50 .085 09% .93
180 50 .103 .66l . 7T15
46,5 25 .03 2,9 2.91
60 - 25 0l 1.98 1.9
80 25 .0596 1,38 1,36
100 25 .0828 .98 (.87) .91
125 25 099 «69 (.71) .T15
150 25 .1192 5T 56
200 25 .1585 .368 o 37k
300 .25 .21k .21 .231
20 0 ,0156 5.3 5.5
40,2 0 .0322 2.h8 2,55
60 0 .051 1.51 1,52
81 0 .0716 1.0 1,02
100 0 .0916 075 T3k
125 0 »118l 575 «535
150 0 o 1l Iy o413
200 0 .188 248 027
300 0 .22 .15 177
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TABLE 11

SELF DIFFUSION OF CARBON DIOXIDE

T Density s
°K atm " g/ec cm?/sec x 10°
298 113,2 - L.862 9,05
302,1 103.1 . 782 13.7
3006 178.9 .883 7.02
208,1 103.1 .822 9.3k
297.9 130,3 - .858 7.6l
298,1 . B62 1,05l ! 5,12
323,2 232,3 .824 9,16
323,2 250 8110 8,8
323 1 27’005 1, 025 700“-
298,0 02,5 1,003 11,09
298,2 402.5 1,003 lte 3l
298 562 1,05l 3.54
298,2 752 1,106 3,18
298,2 1023 1,159 2,53
27249 137.1 « 999 . Ol
"273.2 307.1 1,06 3,2
27362 512 1,103 2,46
273.1 802 1,157 1,98
323 470.5 .955 h.98
322,.9 596,5 .993 4,53
322,9 837 1,056 3.92
322,9 1029 1,102 3,48
298,2 561 1,057 3.51
298,1 1030,5 1,16 2,45
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TABLE 12
DIFFUSION OF 0,1 GLYCINE INTO HC1 AND HC1 INTO GLYCINE

c Bt in ¢ Diffusivity cm2/day
HCY after Diffusion G ci__

, 001l ,000005 1.0l T3
.006 . 00009 1.02 6.9
012 -, 00009 1,06 6.5
« 021 . 0002 , 1,17 5.7
.02 . 0002 1.23 5,75
,0526 0005 1,18 1,08
ol .008 1,18 3,59
252 .002 T 1,61 3645
52 L0 1.82 3619

1,03 Ol 2.2k 3.1l
2,06 o 2ly 1,92 2,82
TABLE 13

SELF DIFFUSION OF HC1 AND Hgsoh

15 N 3
HCL 0 _ 2,16 2.48 3e1ly 3,87
.02 2,05 2,35 2,97 3,66
.05 2,02 2,33 2,93 3,61
ol 2,03 2.33 2,92 3.6
) 2,05 2,35 2,98 3.65
.35 2,11 2.k 3,06 3,77
o 2.5 3,18
o 75 2,56 3,37
1.0 2,68 3,58
Hy80;, 015 - 1.28 1.9 1.9 2.35
) 1,25 1.45 1.88 2.31
o3 1.21 1.h 1,83 2.26
ol 1,19 1.38 1,81 2.25
.6 1.21 1.kl 1,86 2.29
o8 1.27 147 1.94 2039
1 1,36 1.57 2,05




DIFFUSION OF SOME ORGANIC LIQUIDS

TABLE 1l

S Dl

105

System og (cm?/sec) x 10°
D0-Ho0 15 1,62
erre 28 2.0l
35 2.73
45 3034
518 01,0 o5 2,09
45 3,2
C,Hy D-C.H 15 1,88
675 6%6 25 2,15
35 20l1
L5 2.67
€.H D Br-C.H.Br 15 3.6
Cat 22,5 3.8
30 3.96
CoHr 0D-CoH-OH 15 .8
2°5 2%5 25 1,05
35 1,31
45 1.7
€ Cl)-C.H 20 1,77
& u6 6 20 1.7k
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TABLE 15

SELF DIFFUSION OF SOME HYDROCARBONS :

Hyd;’@@arbon ~ og¢ ‘ ‘(cmg/sc) x I}.O9
neButane 25 | 1,17 o |

35 3.29

b6.5 Te5l
iscbutane ’ 25 .53

35 1.46

16,5 3.75
n-Pentane 25 1,08

35 2.59

h6.5 6.55
isopentane 25 o7

35 1.3h

L'I-éos :3’«’6
Neopentane 25 62

35 o6

)..!.605 1a2
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TABLE 16

DIFFUSION OF SOME HYDROCARBONS IN POEYISOBUTYLENE

Film Equillbrlum T
P Thickness Concentration lefusivity
Hydrocarbon  {(mm) (ecm) of Vapor (em@/sec) 107
Propane o6 0234 .0061 5.6
o9h1  .023k .0116 6.l
6 0272 .0185 8.0
52 023k .0183 Taly
n=Butane 242 ,0309 0126 %,5
503  .0309 .0288 .8
662  .0355 .0392 9.1
763 0309 .0lib6b 10.9
99k .0309 .0653 18,6
1243 .0309 »0905 33.0
18 0309 .1162 56,8
iscbutane. 210 .0218 . 0069 1.7
488  ,0218 0171 2.2
712 ,0218 ,0260 2.5
767 .025) .0281 2.8
980 ,0218 .0373 3.6
1246 0218 .0509 b7
160  .0218 . 0622 Ooly
n-pentane 32 .0269 0061 3.1
10  .0269 ,0213 %,u
207  .0269 LOUT o2
212  .02hh o OL7 703
306 . 0269 .0787 18,1
388 0269 o1132 3367
isopentane 106 .02l .0156 1.9
222 020k .0353 209
32,0269 . 057 3.9
333 .02Lk .0587 Lo7
333 0271 . 0596 5.1
22 .02l .0808 Te3
666 .02hh 01795 39
neopentane 189 .0082 .0373 1.1
703 ,0309 .0595 1.4
1052  ,0082 .110L 3
1240 ,0082 +1515 Sek
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TABLE 17
DIFFUSION OF ACETONE INTO POLYVINYL ACETATE AT 20° c,

Concentration B _. o
g.salvent/g,polymer . Log D + 12
2,113 3.76
.095 3.2
073 2.1
0055 1@6
TABLE 18

SUCROSE DIFFUSIVITIES IN SUPER SATURATED LIQUIDS

= SO :' - Coneentra .b .': ::: :'.":,,.f'":. = :. i '.'.. j.'. _'l."“:".' L..L:‘...".‘.:, T ey f . ' v ‘ ;b.s.
°C see Welight % (av ) Moles HpO/M@lG sucrose (cmz/sec 107

25 231 \729 - 2s87. 51,7k
251 61,05 . 12,1 0 J10.71
0 66,22 , 9.69 o 7.8
90 70.Ul , | 7.97 ' 5.42
68 72.21 7.31 1,51
398 7h.5 6.5 , 3.1l
35 1k 61,08 12,1 15,88
12 65,95 9.81 12
213  70.L4 7.99 8.61
39 2.2 Te32 Te33
11y 72.77 To11
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TABLE 19

DIFFUSION OF DILUTE AQUEOUS GLYCINE SOLUTION
AT 19 ¢, AND 25° ¢,

o Concentration ' lefu51v1by
Temp,. | 2/100 ml., N (em?/sec) x 106
1° ¢. .2501 5,169

.6001 5.107
.6002 5.097
1.8008 L9l
1,8012 1,942
3,0015 4.793
h.2003 665
25° ¢, .2503 10,575
. 7203 10,443
1.99 N 10,327
1.7997 = ‘ ' - 10,175
209999 90885
li,2017 9.547

TABLE 20

DIFFUSION OF UREA IN HZO v :

i Concentrathn R

moles/liter. t ) cmg/see X 105
.12501 . o P ) 1.,3725, .
2475 . . . ,1 3628
oD , . © 1.3433
75001 | . . 1.326l
.9782 ' 1.3086

1,00003 1,307k

1,50009 1.274

2,00005 T.2Lhl8

3,00016 1.189

3099994 1.1425
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TABLE 21
DIFFUSION OF DILUTE SUCROSE SOLUTION

RO

Obgo..D.

T “Talc. D

\ - awp
°c AC i ﬁgz& 10® cm2/sec_x 10°  om?/sec x 10°

2695 1.5019  .7507  1430.7 5.170 5.227
1.5016 1,0011  1430.8 5,148 5,22l
1,5016 2.2521  1429.8 5,049 5.221
1,5018 3,7537  1h29.h L4.93L4 5.222
1.5025 5.2546  1429.3 L

1. 5002 ,2502 1468,
.50096 1,2513  1468,8 2,378 2.1129
,5008 2,2512  1466.5 2,303 2.422

3 . 0821 5»22)_;_

9

g
5012 33,2539  1467.5 2,292 2.1432

1

5

I

L

2,918 ‘ 2.1.28

5011 [1,2551  1b5.1 2,251 2,11.28
1,017 .7009  1468.5 2,3920 2.,1120

1.5009 ,7505  1h68.4 2,3928 2,4232
1,502 »7510  1468.4 2,3937 2.4241
1.5018 1.5018 1466,8 2,362 2.11231

3.0037 3.7593 1h66.3 2,370L 2.14262

Co = Concentration of above initial boundary.

@
i

Concentration of below initial boundary.
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TABLE 22

DIFFUSION OF KC1 IN DILUTE AQUEOUS SOLUTION

S—— S = p—
T - C _cn /sec X 105 cmg/sec x 105
25° ¢, 0 © 7 1.9958
, - ,00125 _ ~ 1,9605 1@612
.0019h S 1,9531 1.9545
.00325 1.91430 1.9433
» 00565 1.9293 1.9308
. 0070k 1.92L6 | 1,92h1
.00980 1.9155 . 1.9180
01261 1,907 1,908
.0265h 1.883 1.879
003992 10870 10877
.0l 620 1.866 1,872
-05L5 1,861 1.860
20607k 1,858 1.856
+1298 1.8L0 1.838
.3323 1,839 1,842
5276 1,853 1.852
20° ¢, 0 1,7652
- .00125 1,734 1,736
.002448 1.7235 1,725
, 00367 1,716 1.719
.00k 51 1.712 1.709
,01121 "1.69 01,6885
30° ¢, 0 2,233l
.00326 2,173 2.172
. 0065 2,155 2,154
.00896 2,145 2,146

.01236 2,133 2.139
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TABLE 25

DIFFUSION OF SOME ELECTROLYTES
IN AQUEOUS SOLUTIONS AT 250 ¢,

T Obs, D ] Calo. D
Electrolyte C cme/sec x 105 cmz/se@ x 102 105
LiCL 0 \ 1,368

.00063l 1.348 1,349
.00179 16331 1.339
.00229 1,335 1335
.00235 1335 1335
,00263 1,33k 1,334
.00302 1.331 1.331
.00339 1,327 1.329
» 001196 1,326 1,323
00568 1.319 1,321
,00732 1,320 1,317
000792 1,315 1.316
. 0083}k 1,313 . 16315
.00935 1.312 1.313
.11 1,313 1.31
Na Gl 0 1,612
. 000T7h6 1,586 1,589
00161 1.576 1,58
»0033 1,576 1,568
. 0045 1.562 1.563
»0052 1,559 : 1.56
»0065 1,557 1,556
.0077 1.555 1,552
.009 1.54h 1,549
.0093 1o5hl 1,548
.01 10547 1,546
201L73 1,542 1,537
KNOB in water 0 1.9308
»00090L 1.9 1,933
.00121 1,895 1,928
.00163 1,891 1,927
. 00221 1,885 1.937
.00259 1,882 1.921
.00268 1,882 16927
. 00403 1,872 1,929
00452 1.869 1,93
. 00503 1,866 1,942
.00515 1,865 1,923
.00538 1,86l 1.939
,006 1,861 1,938
.00728 1.855 1,932

.00868 1.849 1,929
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TABLE 26

DIFFUSION OF SILVER NITRATE

ot ‘ A W T R R A .',,'-.:'.n:;'."-«.—:“"-'.’-‘-' ]

Concentration 'cmz/se@ x 105 cmz/sec x 105
O« ' | 1o7675 |
" .00285 1.718 1,721
n000322 ' 1,719 1,718

.00L27 1.711 1,712

o00u96 1,708 1.708

. 00628 1.701 1,702

TABLE 27

DIFFUSION OF ZINC SULFATE AT 250 C.

i ',.li :'.L ;.'-'v«“’,, :.‘—L‘.-:.»' Sl Tl ...‘.~.2<-\'.. oo "‘ ’2:"'. PR AT

Concentration ome/se@ x lO5 emg/sec X 105
0 81,86

,00108 o TLT .721

000139 0739' ' 0708

100192 2733 69

-00256 728 673

.0026 | .731 .672

s00263 0732 NYal

.00308 721 - 66];

.00l 39 o Tl 6L7

200471 » 707 o Blily




DIFFUSION OF KC1 AT 4° ¢,

TABLE 28

115

s
=

Concentration

Obs. D Cale. D
(mole) emé/sec x 105 eme/sec x lO5
0166 1,08 1,082
.168 1,038 1,039
« 307 1,036 1.036
0379 1,037 1,036
.558 1.0k2 1.0k
‘TABLE 29

DIFFUSION OF H, AND N, IN DIFFERENT SOLUTIONS

T Obs. D \ Galc. D

System Og on®/see_x 105 em?/sec x 10°
Hp-C0; 20 629

=R T

2=th) °

Hy-CoHe 25 0537

Hp=-CO0p 25 696 .631
NouCO5 25 .165 152
HE'-SFé 25 au18 014.6)'_].
N2302H6 25 91);]'8 0139
szCQHh 25 0163 . 156
No=0)Hq g 25 2096 0986
Ngmis@ChﬂlO 25 .0908 . 0961
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TABLE 30
DIFFUSION OF KC1 IN WATER AT 259 ¢,

6%5. D, Calc. D
Concentration AT cem</sec x 105 'cma/sec x 105
J1 o2 - 1.8512 1,8469
. 225 2 . 1.8382 1.8396
033196 + 19965 1.8k 1.8kh3
«50001 02 11,8497 1.8588
1,00005 2 1.8923 1.9206
1.50021 .2001h 1.9h27 2,002
2,0003lL .20017 1 9994 2,10l
2.,50003 . 70008 2,0569 2,2271
3,000 : 2001l a 112 2.3727
3,50087 .20022 2.1603 2.5416
3,9008 . 1996 2.,1956 2.,6941
TABLE 31

SELF DIFFUSICN OF KC1

Concentration Diffusiviby
g/litsr eme/see x 105
- 00LSl 1313
20125 1.32
00375 103
. 055 1.29
.09375 1,28
»1035 1.3
.15 1,32
.25 1,31
2375 1.33
o 56l 1,36
o8 1.l
1 1ok
1.5 1el13
2 Loy
3 1.3k
Loil 1026




TABLE 32
DIFFUSION OF CaClz IN AQUEOUS SOLUTION AT 250

. ”'Obs D 5 CalcaTD::'

Concentration /sec x 10 mz/seg x 1@5

.05 1,129 1 172

.1 1,120 1.189

o2 1,117 1,247

.3 1,119 H 1,316

oli : l.12h 10382

o5 1,132 1,158

o6 1,148 1,532

o7 1,167 1.621

e 1,189 1,706

09 1.215 1,78
1.0 1,243 1,89

TABLE 33

€1~ DIFFUSION IN AQUEOUS NaCl

cL o dlffusiV%ty o
Normality of NaCl cme/sec x 10

203 1,975
.05 1.96
ol 1.94
025 1,91
1,85
.77
1.61
ohh
1.2l
1,06

U Mo =2
°
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TABLE 3k
SELF DIFFUSION OF Na¥ IN AQUEOUS NaCl

Diffusivity of Na+

Normality of NaCl em?/sec x 105
.005 1.32
+01 1,31
.05 1.3
ol 1.31
- 175 1s313
2 1.32
o3 1,35
035 1.34
35 132
. 625 1.31

1 1.25

2 1,13

3 1»021;

L «90

5 <796

TABLE 35(a)
DIFFUSION OF HYDROGEN PEROXIDE VAPOR INTO AIR

‘:Lf"...‘,,'..' ...’.'_'.,.Z..‘fi-;',:'. .:'.'l.'...;'." R :2._’:.“'.1".' S e e e e S e

{ce/min) (% in 1iquid) sm®/sec at 60° ¢,
1200 99 « 98.4% .191
1000 9G4 = 98,6% .189

1050 99 = 96.8% .183
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TABLE 35(Db)

WATER-HYDROGEN DIFFUSION

i1 -

T

OC ec/min o/cme seec x 106 e’ /sec

30 2200 1,55 .382
2150 1,53 .87
2050 1,57 - 2897

55 2100 ~ 6 .45 »996
3300 6.3l 2979

60 3000 8,75 1,059
2050 8.8 1,067

TABLE 36

DIFFUSION OF LIQUID SULFUR

N R A R s T S A 2oy

Temperaturs Diffusivity
e cmZ/sec x 106
s 2
2 . 0
139 - 2,52 (2.47)
148 3.85
153 2.145
154.5 2.9
158,5 1.45
163 1.31
167.5 1,17
170 1,53
180 1,03
183 9
185 .863
192 o Tdly
199 0140
206 . 871
?i% oggé
Egé :82%
273 1,52
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TABLE 37
SELF DIFFUSION OF Ca*¥ AND €1™ IN AQUEOUS CaCl,

»Ng;maiﬁE&Y;w:::,ﬁww”w.::Diffué¥;zggréﬁﬁﬁ_w.mx"“mWMurn.-

CaCly Catt D i A
.01 .778 ‘
.0705 782 1.89
.282 . 767 1.72
803 .66 1.6

1.41 .56 1.42

2.68 1105 . 907

1,02 225 Sl T

5.36 ol 0159

TABLE 38

SELF DIFFUSION OF Na¥ AND €1~ IN AQUEOUS NaCl AND
SELF DIFFUSION OF Nat+ AND SOMUU IN AQUEOUS Nagbﬁh

D (Na)~ (Cl“) D (Na)* D (SOh)
Normality eme/day em?/day eme/day em?/day
.005 1,135 1,705
201 1,125 .33
.02 1.13 1.66 1,12
003 « 75
o0l 1.12
.05 1,095 o (2
ol 163 65
olb 1.09
0l 1,62 - 1,05 b1
.3 1,087
N | 1,00 .57
o5 1,58
.55 . 057
o6 1,05
o7 1.5 «935 «555
o8 1,05
1 1001‘. 10&6
1.2 +8L5 .53
1.0 1.035 1.h3
1.5 1.03 .3 o5
2,0 1,015 1ol 17 525
3.0 o T3 059
3.5 1 1ol
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TABLE 39
SELF DIFFUSION OF SOME UNIVALENT ELECTROLYTES

Mole =~ ’ : , '
Titer KBr HCL HBr LiCL LiBr NaCl NaBr KC1
.00 : :
05 1,892 3,073 3,156 1,28 1,300 1,506 1.533 1,863
ol 187 3,050 3,146 1,269 1,279 1.&8% 1,517 1.848
02 187 3,06l 3,190 1.267 1,285 1.478 1,507 1.835
o3 1.872 3,093 3,249 1,269 1,296 1,477 1.515 1,826
.5 1,885 3,184 3,388 1,278 1,328 1,474 1.Bh2 1,835
o7  1.917 3,286 3,552 1,288 1,360 1,475 1.569 1.8)6
1.0 1.975 3,436 3,869 1,302 1.40h4 1.483 1,596 1.876
1.5 2,062 3,743 1.331 1.473 1,495 1,629 1.951 -
2,0 2,132 l.0lb © 1.363 1,542 1,51 1.668 2,011
2.5  2.199 1,337 S 10397 1,597 1,529 1,707 2,06l
3.0 20,28  L.658 » 1430 1,65  1.5hh 2,110
3.5 2,354 L.92 146l 1,693 1,559 2,152
ho.0  2,43L 5.17 1,587
TABLE L0
DIFFUSION OF KC1 IN AQUEOUS SOLUTION
‘ , Diffusivity-
Normality | , ems/davy
.01 1,71k
.02 1,687
ol 1.631
o2 1,62
»5 \ 1,585
1.0 1,653
1.5
2 1,698




DIFFUSION OF CaCl, IN AQUEOUS SOLUTION

TABIE k1
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" Quter

T Trner IfTusivity
°g Molality Molality em®/sec x 105
15 .00565 0 .90
15 .01025 0 ‘ . 905
i5 .05 0 .885
15 . 1522 .0515 .87
15 »3001 «2023 .37k
15 .05023 <401 0901
25 .00513 0 1.201
25 »0102h 0 1174
25 .0206 0 1,161
25 .0l183 0 1.154
25 #1517 »051 1,129
2% .%Oﬁ ,%98§ 191%2
2L o 5043 o103k 1,15¢
35 .00559 0 1.538
35 .0104L5 0 1.488
35 .01188 o 149
35 o 11491 »0368 1o423
35 2999 2002 1.431
35 | 11962 o 11156
TABLE L2

SELF DIFFUSION OF KC1 AT 5% ¢,

' ' Solvent Diffusivity
Normality of KC1 Normaliby em/sese x 10
e Water G,016

5% 02 9,056

o o)-l- 90111

.8 6 94259
1 o8 9.4l




123

TABLE 43
SELF DIFFUSION OF NaCl

Molality . 'Temperature D&ffusiv1ty

NaCl ' o¢ cm /see X 105
.1012 1.7 . .9864
.198 13.6,1l.k ,9h19°968v
1198 13,6 2936

1,005 13,6,13,0 - «927,.912

10501 1307 - 093

. 2,072 15,12,8 0973, 0905

2+936 13.5,13.8 0918, .95

L.259 13.3 e93

5 503 16,17,13.3 1.026,1.075, .94
5,81 13,5 0952

,l®0h 16,2,16.6 2, iSBDa 166




TABLE L

SELF DIFFUSION OF €S0, AT 25° ,

Molarity Diffusivity
em?/see x 106

.0028 ToliTh
.00}2 To31ly
0056 7,159
. 007 T«049
.008L 6,922
.0098 6,805
L0112 6,726
.0126 6.6l6
.01l 6,579
L0150 6.1497
.0196 6,375
.0258 6.27
.028 6,208
,0308 6,159
.0336 6,113
.036h 6.079
.02 6,012
007 50786
£ i
168 5,418
021 5.349
0 252 5,312
028 5,238
o35 5,231

ey

SELF DIFFUSION OF BUTYL ALCQOHOL

TABLE L5

~ Obs, D N Cale, D |
Alechol c@?/se@ x 10° em?/sec x 100 -
n=-butyl .81 oS1
isobubyl o8 o8
8.butyl o 76 .8
t o butyl .73 .78




TABLE L6(a)
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DIFFUSION OF n-CuH9OH IN H50

Temperaturs | "~ Molarity DIffusivity .
: : om?/sec x4106
1° ¢, .0501 Iy, 348

ol h02ﬂ3

22199 ;. Ol

» 3001 3,941

’3 30927

.5002 3,657

- 700k 314135
25° ¢, ,0502 9.557

olﬁOé Qogha

. 142l 33

0200' 20758

.5001 S1L7

7001 7,555

TABLE L6(b)

DIFFUSIVITY MEASUREMENT OF BUTYL ALCOHOL BY SURFACE
TENSION METHOD AT 25° €, AND 8.2 g/l., CONCENTRATION

Alcohol Diffusivity .. . B
enZ/ses x 10° B

n-butyl 8.1 |

izobutyl 8,0

8.butyl To6




TABLE 147

DIFFUSION OF 2-NAPHTHOL IN H,0

og eme/dav
7 679
1l .6 o TTh
31,6 1.12
39.75 1.37
10,05 1,39
60,02 2603
T1le6 2.58
TABLE 1,8

DIFFUSION OF COp IN €Oy AND N»0

System iy i ’Wx%:ff«w
: oK ™, . cms/sec
C05-C05 194.8 157 .0516
273.2 307.2 0097
312.8 1190, L 01248
362,6 L68oly o 16l
C02-N50 191.8 203.7 0531
27302 319,.7 - .099
312.8 510 0128
312,8 32303 128

362,6 507k . 1683




F;ij 2.3

20, L5
A6\
3
L\‘\\ \3.5 [«
§ b\
r
= NN
X AN \ ]
AN \ \ ‘
AN A {
25 \
¢ AN ]
4 \ bi !l
\
N |
\ i
A X i 3 ﬂ i o
To go q0 lo0 ] 2 v |
wWT. % cucrose (C) ke Aﬂ+ at25°
Fiﬁa 22 Fﬁa 24
14
\\ %
\
H \\'\ \§
"140' ARY — 12
AN AN G
$ AN pY4
~ VD i
[\ N\ \ éJt
- \ 16
X \\ N Ly
'Q 20— \ \\ q
\
\\ \
\ .
N 8 dufp.
N
N N
N\ \
~ ~
6 A \\_ AN 6 A L " I3 [y
® o 8o 6z ¢1 ¢Z £8 70
wT. Z Sucrose wt X svcrose

B
=3



VITA

Tarigq Al-Khudayri
candidate for the degree of
Master of Sclence

Thesiss A SURVEY OF DIFFUSICN IN FLUID SYSTEM
Ma jor: Chemical Engineering
Biographical and Other Items:

Born: December 29, 1929 at Amarah, Iraqg

Undergraduate Study: American University of Beruilt,
Lebanon, 1947-19503 0. A. M. C., 1952-1954

Graduate Study: 0. A. M. C., 1954-1955



=
AV}
\\e)

THESIS TITLE: A SURVEY OF DIFFUSION IN FLUID SYSTEM
AUTHOR: Tariq Al-Khudayri

THESIS ADVISER: Dr, Robert N, Maddox

The content and form have been checked and approved by
the suthor and thesis adviser, The Graduate School
Office assumes no responsibility for errors elither in
form or content, The copiss are sent to the bindery
just as they are approved by the author and faculty
adviger,

TYPIST: Eiizabeth J. Kerby
KERBY TYPING SERVICE





