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ABSTRACT

. Diffusion coefficients of four binary electrolyte
systems wvere measured using the capillary-reservoir
method. The four systcms are: 1.0 molar KCl in aqueous
solution diffusing into H,0 ; 0,01 molar ZnO in 40% KOH
solution diffdsing into 40Z KOH ; 0,05 molar aqucous Cus0y,

‘diffusing into HL0 ; and a series of 0.005 - 0,10 molar

Cus0,, in 0.5 molar HESOﬁ-diffusing into 0,5M Hisoﬁ; The

Zn0/%04 and Cusog/Hgsou systems are of current interest

to clectrochemical engineers, and demonstrate the use of

thié technique for binary electrolytes.

The diffusion cosfficient of the ZnC/KOH en
at 250C vas measured as 7.22 * 1.90 x 10-6 cm2/sec. \
Across the range of coﬁcentrations of CuSOu in HE,50),
described above, the average diffusion coefficient was
measured as 5.43 * 0,59 x 10-6 cn2/sec at 259C, and
6.675 + 0,97 x 10=6 cm?/sec at 35.5°C. A slight effect

of diffusant concentration on the diffusion coefficient

was found,

The CuSO,/H,0 system was studied in two

-differenq versions of the capillary technique: one




in which the reservoir was stirred, and the other under
‘no-stir conditions. Results of these experiments
indicate that the hydrodynamic effect caused by stirring
leads to an apparent diffusion coefficient higher than
would be exfected, unless sufficient diffusion tine

is allowed, ‘Present data lead to the conclusion that
the no-stir model is the mest practical choice for
obtaining the diffusion coefficient of this and

similar binary electrolyte systems.,
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INTRODUCTION

Electrochemical systems, such as electric batteries
and electroplating tanks, cannot be vell-designed without
knowledge of the transport properties of the system, such
as the diffusion coefficient, viscosity, and the electrical
conductivity. For cxample, the relation which gives the
limiting current density at an electrode in a given electrolyte
is a function of the diffusion coefficient of the migratin

jonic species in supporting electrolyte.

For many btinary liquid pairs, fluid properties such
as density and viscosity are tabulated as functions of
composition, temperature, and pressure, Where not
tabulated, these properties may often be very closely
esfimated with well-developed approximations found in
sclentific literature. Unfortunately, though, the
diffusion coefficients of many electrolytes are not
found in the literature., It is the inténtion of
this study to explore some aspects of a method of

measuring diffusion coefficients of aqueous electrolytes.

If this method can be shown to be reliable and accurate,
it will te possible to accurately determine the diffusion
coefficients of electrolyte systems not yet discussed

in the literature,




Most analytical techniques for measuring a property

of a system are based on a theoretical model of the

system under consideration. If the model is an accurate

representation of the system, then the value of the
measured property is believable, For example, a
thermometer, which is thought of as a device for
measuring temperature, represents a model of the
relationship between the expansion of mercury and
a change in temperature, By calibrating the .
thermometer at two standard (reference) points,
such as the melting and boiling points of water

at one atn.' pressure, it becomes a standardized,

reproducible measurement device,'

Similarly, the techniques used for measurement
of liquid-liquid diffusion in a binary system are
based on a model of Fick's First Law of Diffusion.’
The capillary method of diffusivity neasurcment
represents one such model,’ In the development of
the model used in the capillary mecthed, boundary
conditions must be chosen for the solution of the
diffusion equation.' In order to obtain a simple
analytical solution of the equation, it is
necessary to maintain a constant zcro-concentration

of diffusant at the capillary mouth, Unfortunately,




doing so causes unwanted side effects due to fluid

. flowirng past the capillary,” And if concentration of
diffusant at the capillary is not kept at zero, the
solution of the diffusion equation becomes very
complicated and must be approximated by numerical
methods,’ In this study, experiments based on both
models were done, and compared, with the intention
of being able'to make a recommendation for future

experinentation with the capillary method.

The electrolyte systems studied in this series
of experiments include: 1,0 molar potassium chloride
in water diffusing into water at 250C. : 0.01 molar
zinc oxide in 407 (wt.) potassium hydroxide diffusing
into 407 KOH at 250C, ; 0.05 molar cupric sulfate
in water diffusing into‘26° water ; and a series
of low-concentration (less than or equal to 0.1 molar)

solutions of cupric sulfate.in half-molar sulfuric

-3-

acid, diffusing into 0.5M HpSOy at both 250C and 35°C.




IX. Historical BRackeround
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A, Historv of Diffusivity Neasurement

1, Hethods of Diffusivity Measurement

There exist many techniques for measurement of
the diffusivity in a binary system, all of which have
the same basic pattern: Initially species "A" is in
one container, isolated from another container holding

species "B", For a measured time period, the two

species contact ecach other, then the two are separated.

The contents of each container afe analyzed in order
to determine how much "A" is in the container which

originally held only "B", and likewise, how much "B"
is in the "A" container. The textbook Technigues of

Organic Chemistry (1) contains a chapter called "Diffusivity”

in which many of these measuremént techniques are
discussed, For example, it is sometimes useful to

have the two diffusion cells cylindrical in shape

and allow cqntact through one open end, This technique

is often used in measuring the diffusivity (the diffusion

coefficient) of binary gas mixtures. A variation of
this method, in which the two cylinders are separated
by semi-permeable membrane, allows measurement of

the transport of gases or liquids through such a

membrane,




In measuring the diffusion coefficients of electrolytes,
it is useful to measure the conductance of the electrolyte

before and after diffusion, In The Phvszical Chemistry

of Electrolytes (2) , this technique is developed in

detail, and diffusion coefficients for many aqueous
electrolyteq are tabulated., Experimental data based
on Harned's conductometricfﬁgy be found in contemporary
literaturg describing diffusivities of very dilute

aqueous salt solutions (3) .

Other established diffusion measurement techniques
uged with aqueous electrolytes include measuring the
weight chanee of a diffusant-filled porous disc (4) .,
and measuring the conductance of a diffusing system

with a rotating disc electrodz (5) .

2, The Capillary-Reservoir Fethed

Introduced in the late 1940's, the capillary
method of diffusivity measurement remains one of the
most versatile and reliable techniques inuse, As
originally described by Anderson and Saddinton (6) ,
a capillary tube with small diametcr-to-length ratio
is filled with & known amount of diffusant ("A") and
is placed into a container (rescrvoir) filled with
"B", for a measured time period, After the diffusion

time has elapsed, the capillary. is removed and its




contents are analyzed in order to determine how much "A"
rema2ins, Anderson and Saddington used radiotracers
to'study the self-diffusion of some ionic species in

solution,

Many applications of this techniquc have been
reported.,’ Radiotracers were used in studying diffusion
in liquid metals (7),(8) , and with molten salts (9), (10),
The radiotracer method of anz2lysis has been used with the
capillary method in studying the diffusion coefficients
of some organic liquids (11) , and of liquificd inert
gases (12) ., Because of the intrinsic simolicity of
the capillary-reservoir technique, it could conceivably
be used to evaluate diffusion coefficients in any binary
liguid system, as long as some method exists with
which to determine the contents of the capillary vefore

and after the allotted diffusion time has elapsed.

There are many features of the czpillary-reservoir
technique which make it desirable for use in measuring
diffusivities of a large variety of liquid pairs.

The apparatus need not be large; the size of the capillary
is limited only by the amount of diffusant necessary

for accurate determination of cepillary contents,

Because the system may be kept quite small, it is feasible

to conduct diffusion experiments at extrcme temperatures




and pressures (13),(1%),

It is advantageous to minimize capillary length for
another reason: the experimentally-dctermined diffusion
coefficient is a function of the ratio of finzl-to-initial
concentration of diffusant in the capillary., Thus, for
a given diffusion time period, greater accuracy is

possible with shorter capillaries. (See Appendix "B"),.

Despite these positive features, the capillary
téchnique is not used commonly tecause of disagreement
among users of the technique with regard to the
choice of boundary coniitions feor the diffusion equation,
There are two mathematical models being discussed by
researchers: one is called the "stirring" model, and

the other, "no-stirring",.

(a), The Stirrine Mcdel

During diffusion, the capillary sits in a liquid
filled reservoir, In order to achieve a compléte analytioal
solution of'the diffusion equation, it_is necessary to
maintain the capillary-reservoir interface (the mouth of
the capillary) at zero-concentration of diffusent. This
has been accomplished in the past by stirring (flowing)

the reservoir fluid rapidly enough to remove diffusant
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from the interface as soon as it leaves the capillary.
Unfortunately, this stirring causes a "sweeping out"
of diffusant from below the capillary mouth (15).

The region in which this "sweeping out" occurs has
been termed the "Ahf-region", since mass transport

due to diffusion only occurs through a rcduced length

~of capillary. The existence of thls region has been

confirmed in the laboratery (16) , and the magnitude

of Af has been measured by photographic methods (15).

A recent paper (17) describes computer modeling
of the streamlines associated with flow past the
capillary mouth, so as to allow estiration of the
magnitude of A f This model is based on work
describing flow of a viscous liquid pzst a sharp
corner (18). A pictorial representation of this
phenomenon is shoim in Figure 1a, In Figure 1b, the
effect of viscous forces acting on the liquid is
seen, as the strcamlines become horizontal, leading
out of the capillary. Figure 1c shows the overaill
A f-effect near the capillary mouth, Using potassium
permanganate (dcep purple in color) as the diffusant,
and water in the reservoir, Nanis, Bockris, and
Richards photorraphed the A J-effect in a stirred

capillary-reservoir system, One of their photographs,

P LTI
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: Figuré 1. Schematic representation

of the flow patterns in the capillary
leading to the development of the

‘Al-region. (18).




showing diffusant streaming out of the capillary

from below the capillary mouth, is shown in Figure 2,

Nanis et al. (15) give the magnitude of the
Z}E-region as a function of stirring rate., Calculation
of a Reynold's Number (Npe) was based on the rotation
rate of the capillary (W), the radius of the rotating
arm (r), the kinematic viscosity (¥), and the inside
diameter qf the capillary (d), leading to the

following cxpression:

Npo = 2T rwa /Y (2.1)

Against the Reynold's Number they plotted a dimensionless
i.wf; el is, A+ Giviéed by the 1nternal alameter oOr
the capillary (d). This plot, shcim in Figure 3,
indicates that AZ/a snereases with stirring rate,
approaching a value of unity at iarge NRe: The

solid curve. of Figure 3 is an apprﬁkimation which

fits the data at low Reynold's Numbers (less than 10),

This approximation may be expressed as:
ALR/a = 0,170, - 6 013N, 2 + 0.00055N, 3 (2.2)
* Re 5 Re . “Re g

Experiments at high Reynold's Numbers (Re 2 100)
were done with liquid metals (19) and, when combined
with the data in Figure 3, suggest a value of AC/d

approaching zero at low Reynold's Numbers., Because of
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Fipure 3. Plot of Reynolds Number
against Af/d for various sizes of
- capillaries, (15) '




the small number of data points for very high Reynold's
Numbers, no significant statement can be made about the
A.Z-effect in that region, In that study, however, a
relationship was suggested between Al and NRe that
could be used as a guide in estimatipg the expected

error in diffusivity calculations due to the AZ-effect:

| | Ngo = 12 (&) | (2.3)
Previous experimentation with the Af-effect (20)

has implied that the magnitude of the Aﬁ-region m2y be

time-~dependent, Experiments were done for long times

t (several days) and for short times (a few hours), all

al‘-\aau eomanl AathhT am lMaT1d anvvadawnd e LVa i cmmmea T LULAl
Veswa VRA LW Vvt Siva VViiD UWILV g MHaAavis Viiaw A CVOWUALV Vilwy

! the apprarent diffusivity for short-time expesriments
; was consistently higher than the apparent diffusivity

for long-time experiments., This is probably due to

the effect of the A -region growing with time until
it reaches a constant value, after which the diffusion ;
- effect becomes dominant and the apparent A,l? ~effect less 51
significant; The implication of this is that by increasing

! , diffusion time in a stirred-reservoir experiment,
the error due to the A f-effect is minimized., This 5

follows an earlier suggestion made by Richards (21).

If, in the analysis of capillary experiments |




with stirring of the reservoir, the AfQ-cffect is

neglected, the actual length of capillary in which
diffusion-only occurs will be shorter than the
actual length of the capillary, and therefore, the
calculated diffusion coefficient will appear larger

than should be expected.'

{b), The No-Stirrins Model

In order for there not to be a "A,Z-effect“,
there can be no stirring of the reservoir solution
outside the capillary. If the reservoir material
is not stirred, however, the capillary-reservoir
interiace cannot be maintained at zerov ailiiusaui
concentration,’ Because of the complexities of
solution of the diffusion equation with a changing
boundary condition, experimental results based on
the no-stirring model were not reported until a
computer-simulated mathematical model was
developed (22), The experiments described above,
all done in the 1950's and 1960's, were based on
the stirring model of capillary diffusion,'

B, Existing Diffusivity Data

1, Potassium Chloride (KC1)
The limiting value of the diffusivity of KC1




(that is, infinite dilution) is given as 1.99x10~5 cm?/sec
at 25°C (23), The minimum value is given as 1.835x10-5

at 0.2 molar concentration; the diffusivity then increases
with increasing concentration, At 1,0 molar KCl, the
diffusion coefficient is 1.893x10-5 cn?/sec. C.Y. Luk
integrated the data described above to obtain an average
(1htegra1) diffusion coefficient for 1.0 molar KCl

diffusing into purec water at 25°C of 1.866x10=° cm?/sec, (20)

As this value is generally accepted as valid, it

was considered to be a good starting point to do

no-stirring diffusion experirents with 1,0 molar KC1l

- s L~ ) Vo JEDSOUU E . e i T s R T R T
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sy, we
Luil vuce

value listed above.

2. Zinc Oxide (Zn0)

The system under consideration is 0,01 molar

zinc oxide in 40% (wt.) potassium hydroxide, diffusing !
into 407 KOH at 250C. Tnis electrolyte mixture |
is of particuler interest to electrochemical engineers,

as it is commonly used in battery systems, Data have

been published (24) for the diffusion coefficient of

0.01 molar ZnO in 23.4%5 KOH as 7.10x10-6 cmz/sec,

elong with values for other concentrcotions of zincate

jon.




3. Cupric Sulfate (CuSOn)

There has been one gencrally accepted “"standard"
set of values for diffusion coefficients for cupric
sulfate/sulfuric acid aqueous solutions (25). These
data, have been around for about forty years, and
have formed the basis of most experiments done
in that time for which these diffusivities are
required, The values obtained from these experiments

by Cole and Gordon, shown ‘n Table 2,1, were obtained

by a diaphragm cell technique, end were run at 18°C,

A more recent study by Eversole (26) gives

Aden Oaca Taie Adavaccmlaa b - o
Ver a4 wva A&Vl LVILIVCALIVLI U v 1

diffusing in water at 25°C (see Table 2.2), Both
these data and that of Cole and Gordon (Table 2.1)
indicate a concentration-dependence of the diffusion
coefficient., Yet, as discussed later in section III-A,
the solution of Fick's 2™ Lay of Diffusion (the
*diffusion equation") is btased on the assumptioa of
constant diffusivity. It may be argued, though,

that the change in diffusivity with respcet to
concentration change is small enough to make that assumption
reasonable at low conqentratioﬁs. This paradox will
be discussed at the end of this report, in the light
of the data in Tables 2.1 and 2.2, as wcll as the
present study.

| e J
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Table 2,1 - Data of Cole and Gordon (25)
for Cu30;/HpS0), solutions diffusing
into HpSO4 at 18°¢C,

Molarity Molarity
of CusQy of HpSOy M x 106 em?/sec
0.05 0.00 6.05 -
0.10 0,00 5.‘85
0.15 0,00 5.50
994 0.50 . . 5095
0.10 0.50 5.90
f 0.15 0.'50 ' 5,75
?
! 0.05 : 1.80 5,00
' 0010 1.80 4.95




Iable 2.2 - Data of Eversole et al. (26) for

CuS0/Hp0 solutions diffusing into

water at 250C,

Molarity of CuSOy

0.0028
0.0056
0.0084
0,0112
0.'0308
0.0980
0,2100

2 x 106 cr2/c00

7.474
7.159
6.922
6.726
6.159
5.644
5.349




- e —— - v . —~ 4y -

III: Theorectical Backsround

A, Solutions of the Diffusion Favation

1, The Diffusion Ejuation

We are concerncd with diffusion of electrolyte

out of a capillary into a bulk solution. In the capillary

is the elec%rolyte under study in a solution of
! ~ supporting electrolyte (water, acid, or base solution).
The bulk liquid (surrounding the capillary) is the

supporting electrolyte only. Temperature is assumed

constant in and around the capillery; therefdre, %

thermal effects are assumed non-existent. Diffusion

within the capillary is assumed $o be one-dimensional., }
The governing diffucion equation is knowm as Fick's

Secondlaw of Diffusion:

g . 92¢ ,
where,’ o =

concentration of diffusant in capillary
t = time :

x = distance from closed end of capillary

L = diffusion coefficient

For convenience in later discussion, the

following dimensionless parameters are intrcduced:




-dU-f

¢ = c/co (co = initial conc. in capillary)

A=3x/L (L = length of capillary)
T= t/12
1 Equation 3,1 may now be rewritten in dimensionless form:
4
3 Q0 9 20
= o2
S (3.2)

The initial condition is defined as:

=1 at 0<Ag<L , T=0 (3.3)

Boundary conditions will be determined by whatever is
occurring at the interface of the bulk solution and the

capillary mouth,

2, Stirring of the Bulk Solution

It has been demonstrated by Luk (20) that a fluid

velocity of 2x10-% ém}/sec across the capillary mouth is ,
sufficient to maintain a zero-concentration of diffusant |
at the interface, if the concentration in the capillary

is low (i.e., less than one molar for CuSOy). The method

of calculating the bulk fluid velocity (and corresponding

Reynold's Number) will be discussed in a later chapter
of this report, It may be assumed that this minimum !
velocity requirement is met, and that there is no

diffusing electrolyte outside the capillary mouth,
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Thus, the boundary conditions for equation 3.2 are:

B0 -0 at A= o0,T>0 (3.8
¢ =0 at = 1, T>0 (3.5)

Using the method of "separation of variables",
equation 3.2, with conditions 3.3, 3.4, and 3.5

may be solved as:

L I T 2n#1)2 712 72
h = ﬁ;g—mnﬂ mxp (A2l ):"(3.6)

Note that as dimensionless time (T) increases, the 4

exponential value in parenthesis decreases, For
sufficiently long time, all but the first term
(n=0) may be dropped. At [ = 0.10, for example,

neglecting the n=1 and higher terms gives a value

of § which is 0,017 less than if several terms
were included. At T= 0.06, however, the error due ' ﬁ
to neglecting higher order terms is -3.4%, and is é
not considered negligible. It can be shown that

for dimensionless time of 0.10 or greater, a

single term'equation may be used with no

appreciable loss of accuracy. It is possible,

hoﬁever, to solve equation 3.2 by other methods,

with the goal of finding a solhtion suitable for

use with small dimensionless time. Cne such solution




is obtained by the method of Iaplace Transfornms, as

éhown in equation 3.7:

Y 5 ,=n2 /T
b= "l:;'f' l:1 +2‘§ (-1)nC°—TTZ—L- -

T ¢
In this case, it can be showm that the entire summation

term m2y be dropped for small dimersionless time (£ 0,06).

Thus, for capillary diffusion with stirring at the
capillary mouth, the following two equations are

valid in the specified ranges of dimensionless time:

For 10.10 , & = 2 . EXP(TRT/4) (3.8)
For 1<0,06 , 0 = 1 - (4T /M3 (3.9)

For 0.06< T < 0.10, several terms of either equation

(3.6 or 3.7) may be used. These equations may be
rearranged to givé f as a function of @, the dimensionless
concentration,’ Thus, if ¢, is knovm, capillery length (L)
is measured, and diffusion time (t) is specified, it

is possible to compute a diffusion coefficient from
measurements of average concentration of diffusant
remaining in the capillary (c¢) after the specified
diffusion time period.'

3, Calculation of Al

As it is the purpose of these experiments to




determine the so-called "a f-effcet" in stirred-rcservo%r
experimént:s, as described previously, it will be useful
to have a way of calculating the magnitude of als 3%
the equations of the previous section (3.6 through 3.9)
are used to calculate a dimensionless time from a
measurement of concentration, and if a diffusion
coefficient is known (from tabulated values, or

from other experiments), then an effective diffusion
length (L') may be calculated.; L' should be considered
to be the length of capillary in which diffusion alone
occurs.’ Since the real length of the capillary is
nown (L), and the effective length may be calculated
(L'), the section of capillary in which non-diffusive

mass transport occurs may be calculated as:
A =L .1 (3.10)

The results of no-stirring experiments, from which
& diffusivity may also be calculated, may be used

to calculate A,{) in the stirred-reservoir experiments.,

4, No-Stirrine of the Bulk Solution

The "Af -effect" discussed above may be avoided
by not stirring the bulk fluid around the ceapillary.
If there is no stirring, however, the zero-concentration

boundary condition (equation 3.5) is not valid. In this




case, it is necessary to consider diffusion outside
; the capillary in three dimensiong, and the solution
of equation 3.2 is very complicated, A papef

entitled "An Improved lModel for Capillary Diffusion
with No External Stirring" (22) discusses computer
modeling of this situation, and resultznt numerical
solutions, Figure 4 is a reproduction of the

plot of Q vs, T from the paper described above,

It shows both the analytic solution for the

stirring boundary condition (equation 3.6 or 3.7),

- e —— - - —— A p— AW W - .-

and the numerical solution for no-stirring, (A

third curve shows an anz2lytic solution based on

the assumption of one-dimensional diffusion with
no stirring, but this appears to differ greatly

from the numerical solution for 2ll but very sma2ll

values of T).

It may be inferred from Figure 4 that, in the

- —————— ——— . D™ S e b

1imit of decreasing dimensionless time, the no-stir

numerical solution approaches the short-time

R -

solution for stirring (equation 3.9), By assuming

.-

that the short-time no-stirring approximation will

have the same fornm &s equation 3,9, and plotting

the data of Figure 4 on & log-log scele, the following

oo
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Figure 4.
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Average capillary concentration (bave)
vs. dimensionless time (T).

TR C— —

- No stir, three dim., computéd
Stirring, cne dim., analytic
No stir, one dim, , analytic




empirical expression is obtained:

0= 1- ALt L oocT<cos  (an)

This equation coincides with the no-stirring numerical
solution to less than 17 deviation for the range of
dimensionless time listed ebove., Thus, short-time |
experiments may be run with no stirring of the bulk
solution, and diffusion coefficicents may be calculated.
(It should be noted that a similar procedurc to the
above could be uced to obtuin a long~time approxiration
for no-stirring experiments, also.’ All experiments
described in this report, hovwever, were run in

g . . LY - ~e .. . oy o\
the shucri=tive lraupe UL Lueu avlve, s
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IV. Experimental A

e - ew— &

aratus and Procedures

A, Carillaries

Tw6 sets of luclite capillaries were used; one
set for the no-stirring experiments, and the other for
those experiments during which the reservoir was
stirred. For the no-stirring mode, the capillaries used
were the same as describe& by C. Y. Luk in his reséarch
thesis (26). Each of the four capillaries looked like

the one shovm in Figure 5, except for differences in

;nternal length (shaded area in figure, notation "L"),
Two of the no-stir capillaries had internal length

of one inch (2.54 cm.) and the other two were of .
1.375 inch (3.49 cm.) internal length, The internal
diameter of each capillary was 1/16 inch (0.158 cm.).
The flat plate and collar at the mouth of the capiliary | 3

(shown in the figure) act to.minimize convection caused

by diffusant which would fall down the side of the
capillary if no collar was present. : |

The need for the collar is demonstrated in
Figures 6a and 6b.(w)In Figure 6a, a capillary is
initially filled with concentrated KMnOy and is
placed in a water-filled reservoir. Even without

‘external stirring, the denser-than-water KMnOy,
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solution falls over the side of the capillary,
creating an undesirable stirring effect. In
Figure 6b, the same capillary is shown, this time

with a collar-and-barrier arrangement, held in

‘place with black wax, Note that now the diffusing
KNan solution remains in the vicinity of the
capillary mouth, as described by the no-stirring
boundary conditions. (In the figure, a small
amount of KMnO4 seems to be falling away from the
capillary. This is due to a poor seal with the

wax. New capillaries were made with the collar

an integral part of the whole capillary, and
these new capillaries, as shovm in Figure 5, were

the ones used in the no-stirring experiments,)

For the stirred-reservoir experiments, four

new capillaries were made, each 1,0 cm, in internal *
E | length and 0,1 cm., internal diameter, These
capillaries look 1like the one shown in Figure 6a,
There is no collar on the capillary in this series

of experiments, because forced convection is the
desired result of stirring the reservoir, unlike

the no-stirring model,_in which all convection should

be eliminated.
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Figure 6a - KMnOy-filled capillary

in water reservoir, Note that
KMnOy, falls due to convection,
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Figure 6b - Same capillary as
at left except that anti-
convection bvarrier is in place,
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B. Flow-Channecl / Reservoir

A.rectangular-shaped lucite box was used to
hold the capillaries and surrounding reservoir
material, The box was designed so that it could be
used as a flow~-channel for stirred-reservoir

h experiments or as a static reservoir for the
no;stirring experiments, Holes were made in the
base of the reservoir box so that up to six
capillaries at one time could sit in the reservoir.
The outside dimensions of the capillaries and

the locations of the six holes were made so as

to ta insure that the top of each ecapillary would

be at the same height and distance from sidewalls
as all of the others., This arrangement ass'.res

that in the stirred-reservoir experiments, the

fluld velocity passing the capillaries would bes equal

at each capillary-recservoir interface. As shown in

the figure, the flow pattern is defined by the geometry
of the box, with incoming reservoir fluid entering

at the opening labelled "A" and leaving at "B" (sce
Figure 7). A thermal regulator maintains constant
temperature, and a constant-head tank maintains
oonstant flow rate., The overall flow chart is

shown in Figure 7 on the ncxt page,
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The no-stirring experiments do not require such
an elaborate flow system as described above. All that
is required is a box which holds the capillaries in a

static reservoir, all at uniform temperature,.

In order to insure a uniform, non-convective
start-up of the no-stirring experiments, nylon screws
were installed in the top of the reservoir box, located
above each capillary, When an experiment was to begin,
the diffusant-filled capillary was placed in the
partially-filled reservoir box, (The level of the
reservoir had to be below the capillary mouth,'so that
no splashing of the reservoir fluid would remove
capillary material,) The top was firmly placed atop
the reservoir box, and the nylon screws were tightencd,
forming a seal at-tﬁe capillary-reservoir interface.

At this time, the reservoir could be filled to the

top, and the experiment would begin when the nylon
screws vere removed, thus exposing the capillaries to

the reservoir.

Temperature Control

1, Stirrine Experinents

As shown in Figure 7 (p. 32), the temperature of

the reservoir water is maintained at a predetermined




LS L

constant value by a feedback control system,, In a
thirty-liter holding tank, a temperature regulator
maintains constant temperature, with a2 stirring

blade in the tank keeping the vater moving, A
circulating pump sends the hcated water to a two-liter
beaker which acts as a constant-head tank, sending
water at constant pressure (i.,e., constant flow

rate) into the reservoir box, Out of the reservoir "

box, the water is returned to the heating tank,

Temperature is monitored with a copper and
constantan (in thin glass tubing) thermocouple,
Inserted into the reservoir. connected to a

millivoltmeter and chart recorder., Two therno-

r couples were connccted in series, with another
pair of thermocouples at an ice-and-water (00C)
reference, all read on a Hewlett-Packard digital

voltmeter, allowing readings accurate to 0,5°C,

2, No-Stirrin~ Exneriments

During those diffusion experiments in which fluid
does not flow through the reservoir chamber (that is,
no stirring), the temperature of the static reservoir
is kept corstant by holding the entire reservoir

box in a pool of constant temperature water. Thus
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the circulating system which maintains constant
temperature in the reservoir bath for stirred-reservoir
experiments is also used for the no-stirring series,
except that the heated water surrounds the box,

rather than flowing through it." Agzin, temperature

is monitored throughout the diffusion experiments.’

Analytical Teckniaue

When a diffusion experiment is finished, each
capillary must be removed from the reservoir arnd its

contents analyzed to determine the average concentfation

- of diffusant reraining after the allotted diffusion time.

The enalytical device used in this determinztion was

& Techtron model AA-120 Atomic Absorption'Spectro-
photometer (A:A.S.), which utilizes the principle of
optical absorption of a specific wavelength corresponding
to a specific dement, giving a measurement of ionic
concentration read on the A.A.S. in the form of "absorbance
wnits" (on an arbitrary zero-to-hundred scale), The
recommended range of concentrations to be used with

the A.A.S. , for the elements of interest in these
experiments, was on the order of 105 molar ion
concentration. In order to calibrate the A.A.S., a

series of standard solutions, across a concentration




| ; range of 107 to 10~" molar, was made up for each of

the elecments to te analyzed (Zn, Cu, K),.

In order to analyze the capillary contents after

! '; diffusion, it is necessary to rcduce the ion concentration
l : to the working range of the A,A.S. This is accomplished

: by diluting the capillary contents into a known

i volume of distilled water. When converting from the

' Yabsorbance units" readout on the A.A.S. to a molar

concentration, this diluticn factor is accounted for.

E., Calculation of Cavnillary Volumes

Capillary volumes were determined by running a
*zero-time" experiment; that is, by filling each
capillary with diffusant of known ion concentration
and immediately emptying and anzlyzing the contents,
If no diffusion was allowed to occur, then the

apparent concentration measured on the A.A.S. should

agree with the kmown concentration of diffusant
initially in the capillary: Thus the only unknown

value is the capillary volume, which mdy then be |

calculated dircctly.

F, Calculation of Reynold's Number (Stirring Experiments)

Fluid velocities were calculated by assuming




laminar flow in the flow channecl, with known geometry.’
The velocity profile in the horizontal direction is
given by equation 4.1 below, with V., the centerline
§elocity,'described by equation 4,2 .

V(y,z) = V, [:1 - (2y/w)3 (4.1)
Ve =Vg[1-(z2/D)3 (4.2)
where,’ Ve = centerline velocity, cm/sec

V¢ = surface velocity above centerline

= channel wicch, cm

W
D = water depth in channel, cm
y horizontal distance from centerline, cm

. :
= yertical dictance from centarlinae om

-

3]

The average velocity in the flow chamnel, ¥, is

based on Vi and the assumption of laminar flow, as
given by equation 4,3, This a#erage velocity may also
be expressed as the ratio of volumetric flow through

the channel (Q) to the cross-sectional arca of flow (A):
Vg = 9/4Y = 9/4°Q/A (%.3)

The following values have been measured in the
flow channel: The capillaries are located at
y =10.7 ,,z = 0.5,/ The dimensions of the channel

are such that: w =4,6 , D = 1.8 ,, Insertion of
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these values into cquations 4,1, 4,2, &nd 4.3 gives
rise to the following expression for V(y,z) as a

function of flow rate (Q) for this knowm geometry:

V(y,z) = 0.2275 Q (4.4)

Thus, the Reynold's Number at the capillary mouth
may be calculated from a measured flow rate, according

to the following formula:

. 0,2275 4,9
| Moo _ % (4.5)
in which: , _ capillary inside diamcter, cm

P = density of reservoir fluid, gn/cm3

Q = wmArAveAIw 1 A, -»-nl-c e W
® v wA v aa - eIl A ’ Wik ¢ W

M = reservoir fluid viscosity, poise

Experinental Procedure

1,' No=Stirrins Exreriment

e e

a.' Fill reservoir partly (about 757 full)

b, Place reservoir box in constant-temperature
bath; wait until internal temperature reaches
éteady-statei

¢. Fill the capillaries with diffusant, using

& sterile hypodermic needle for cach,

4. Insert capillaries into reservoir box

and close box, Seal tops with nylon screus.




e.' Fill reservoir complctely; wait again for

f.:

g

h}

1.

temperature to stabilize,

To initiate diffusion, slowly turn the
nylon screws until eacn is as high as it can
go without coming out of the box. The
capillary-reservoir interface is now free
of obstruction and diffusion will proceed
until the screws are tightened down,

After diffusion is stopped (nylon screus
back in place) and time is noted, empty
the reservoir pox of fluid, by removing
thé box from the constant-temperaturs

bath, and opening one of the holes in the
silde of the box, allowing reservoir fluid
to drain out.

VWhen the level of the reservoir material is
well below that 6? the capillary tops,
remove the top of the reservoir box and
then remove cach of the capillaries from
the reservoir,

Using a fresh, sterile hypodermic needle
(use a fresh one for each capillary), remove

the capillary's contents and place in a

volumetric flask. Fill the volumetric

— 4n=mw=w=ninnﬁﬁnl---"""'““"““""H‘

- J7 =
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flask up to the mark, first with the washings
of the capillary (wash several times with

water) and then with water for the remainder.

The capillary contents have now been removed
and diluted to a knovm volume, as described
earlier in this section (see p. 36).

AB 3 Proceed with analysis on the A.A.S., to

! obtain a measured value of average concen-
tration of ion remaining in the capillary
after diffusion, This value, divided by
the initjal ion concentration, is ), and
mdy be used in the appropriate equation

found on pp. 21-22 to find & diffusion

coefficient.

2, Stirred-Ressrvair Erperiment . ;

&, Fill reservoir and start flow system. 1

Allow temperature to stabilize,
b, Periodically check flow rate both before
; and during experiment,
: ¢. Fill capillaries with diffusant, using a
sterilce hypodermic needle.

d. Insert capillaries in reservoir, noting time,

e.' After desired diffusion time is possed, renove
capillaries from flow channel,

f.' Continue steps "i" and "j" from above,
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A, No-Stirring Exveriments

1, Potassium Chloride in Vater

The initial no-stirring diffusion experiment
involved 1,0M KC1l in HZO diffusing into H20 in a

AR static reservoir at a temperature of 25°C, Using

P S S S

four capillaries with the anti-convection collars,
the results listed in Table 5.1 were obtained, As
shown, the average diffusion coefficient of the four
data points is: 1.843 x 10~5 cm2/sec. The
standard deviation is 0,183.x 10=5 .

¢ 2, Zinc Oxide in Potassjum Hvdroxide

A series of diffusion experiments were run in which

0,01 molar ZnO in 40%Z (by weight) KOH diffused into

L4oZ XOH at 259C, in a non-stirred rescrvoir. The
results of these experiments, two series of four

capillaries, are listed in Table 5.2, showing an

average diffusivity of 6.45 x 10-6 cm2/sec, and

a standard deviation of 2.42 x 10-6, The tabulated

data is listed in two groups, according to the
length of the capillary,




3. Cupric Sulfate in YWater

Table 5.3 shows the results of experiments
in which 0,05 molar CuSOu in aqueous solution
diffusing into static Hzo at 250C. Again, the
data are divided into two groups according to
capillary length, As indicated, the average
diffusion coefficient for the eight tabulated
vaiues is 5.560 x 10-6 cmz/éec, with a standard
deviation of 2,066 x 10~6,

I Cuvric Sulfate in Sulfuric Acid

The Cusou/stou system was studied over a
range of cupric ion concentrations and at two
temperatures. Cupric sulfate, in a solution
of half-molar sulfuric acid, diffused for
24 hours in a static reservoir of 0,51 H,S0y, .

At 25°C, cupric corcentrations of 0.005M, 0,02H,
0.05M, and 0,10l were stuéied. At 35.5°C, the
Cusou concentraticns were 0,0054, 0,05M, and 0,10i.
For each tempcrature and concentration, Table 5.4
1lists the number of experimental data points ("N"),
the concentration, temperature, average diffusion

coefficient, and standard deviation,
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é, Stirred-Reservoir Exveriments

In the experiments in which the reservoir was
stirred, an squeous solutiocn of 0,05 molar CuSO,
at 26°C initially filled the capillaries, which
sat in a reservoir of flowing Hzo. Two sets of
experiments were run: one at a flow rate of
0.817 ml/sec (NRe = 2,03) and the other at
2,915 ml/sec (Np, = 7.55). 1In each series,
several diffusion runs were made, with the
diffusion times varying from two to twenty-four

hours,

Tqblc £ '8 Y a crnmmaner AP ,lhhama Avrnantmanda
- ¥ S W e S = emtcecemcam g - - veev v v Cisrwa minvesve g

showing for each flow rate and diffusion time, the
avenége diffusion coefficient, the standard déviation,

and the number of data points;
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TABLE 5.1 - Experimental Results for 1.0 Molar KCl
in H20 diffusing into Hy0.

eSS e e L SR e

; L.em, &, . hrs, 9%%2 T Bx 105 cmz/nec
i
|
| 2.5 24,0 0.481 0.2546 1.901
" : 2,54 24,0 0.484 0.2515 1.878
: 3.49 24,0 0. 64 0.1122 1.582

' 3.49 . 24,0 0.605 0.1427 2,011

Reservoir not stirred.
Capillary internal diameter: 0.158 am.

Reservoir temperature: 25,0 + 0.5 ©C,

= = 2
ﬁavg.‘ = 1,843 x 10~5 cmd/sec
Standard Deviation = 0,183 x 105 em?/sec

95% confidence limits: 1.73¢ & <1.95 (x 10'5)

’




; L, cm, t, hrs. cﬂge
; 2,54 23.0 0.6764
f : 2,5 23,0 0.7089
f : 2,54 24,5 0.8877
f 2,54 24,5 0.7089
3.49 23.0 0. 7361
3.49 23,0 0.7475
3.49 24,5 0.7655
3.49 24,5 0.8373

Reservoir not stirred.

Reservoir temperature:

2iavg. = 6,45 x 10~6 cm?/sec

Capillary internal diameter:

: TABLE 5.2 - Experimental Results for 0,01 Molar ZnO
E in 40% (wt.) KOH diffusing into KOH,

g By 106 cmg/scc
0.0986 7.68
0,0811 6.32
0.0141 1,04
0.0811 5.93
0.0677 9.95 °
0.0624 0.17
0.0545 7.68
0.0278 3.84
0.158 cm.,

25.0 & 0,5 ©C,

Standard devization = 2.90 x 10~6 em2/scc
95% confidence limits: 4,03 <& 8.87 (x 10"6)4

il Cm i g camahaniid L Lt e L ee i ibongsiend o
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TABLE 5.3 - Experimental Results for 0.05 Molar CuSOy
in Ho0 Diffusing into H20,

k. em,

2.54
2,54
2,54
2,54

3.49
3.49
3.49

- 3.49

£, brs,

22,5
22,5
24,0
24,0

22,5
22.5
24,0
24,0

Reservoir not stirred.

Capillary internal dizmeter:

Reservoir temperature:

e zrx 106 en?/sec
0.0420 3,344
0.1258 10,020
0.0844 6.303
0.0846 6.321
0.0292 4,396
0.0293 4,398
0.0368 5.191
0,0319 4,510

0.158 cm,
25,0 + 0.5 ©c,

Bave, 5,560 x 10-6  cn?/sec
Standard deviation = 2,066 x 10-6 em?/sec

95% confidence 1limits: L, o8 sﬁg?.oh (x 10

-6y
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TABLE 5.4 - Experimental Results for Cus0,, in 0,5H H,50,,
: Diffusing into 0.5 Holar H,SO, .

N Co_(molar) Y .Zzavg x 106 em2/sec std., dev.

10 0.005 25.0 7.24 0.29
3 : 0.02 25.0 6.12 0.29
ii ‘ ' 9 0.05 25,0 6.04 0.13
é 12 0,10 25,0 4,32 ~0.10
f - 6  0.005 35.5 7.63 1.13
0.05 35.5 6.92 " 0.36
8 0.02 35.5 6.92 0.13
Reservoir not stirred.
Capillary internal diameter: 0,158 cﬁ.
Capillary lengths: 2;5& cn., 3.49 cm, (mixed)

Reservoir temperature: as above, # 0,5°cC.,

N = number of data points represented

Co = initial concentration of CuSO,, in capillary
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TABLE 5.5 - Experimental Results for 0,05 lolar Cusou
in Vater Diffusing into Flowin~ Vater.

=

F & &S & & No &N o

Npe

2.0
2,0
2,0
2.0
2,0
7.6
7.6
7.6
7.6
7.6

Reservoir
Capillary
Capillary

Reservoir

N =

Time, hrs

10
18
24

18
24

ézévg,x 106 cn2/see

sti. dev,

7.877
6.317
6.453
5.763
6.088

6.699
7.866
s, 746
5,488
5.520

0.47
1.07
0.13
0.62
0.07

0.67
0.31
0.47
0.05
0.03

stirred , Reynold's Number given above,

internal diameter: 0.100 cm.

length: 1,0 cm,

temperature: 26.0 + 1.0 °cC.

number of data points represented




VI. Discussion of Data

A. No-Stirrins Experiments

1, Potassium Chloride in Yater

The qata in Table 5.1 represent one diffusion
experiment in which four capillaries, each filled
with a one-molar solution of KC1l in distilled
water, sat in a 25° water reservoir for 24 hours,
with no external stirring of the reservoir., The mean
diffusion coefficient of the four capillaries,
found by summing the four individual values and
dividing by the number of datza points (4) is:

B .=1,8:3 x 10~5 cm?/sec. The standard deviation
of the data is 0.183. According to a double-tailed
t-test of significance at the 0.95 confidence level,
for four data points (see Appendix C for examples
of this type of calculation), any value of & such
that 1.73 < < 1.95 is considered in good agreement
with the experimental data of Table 5.1. ;

As discussed in section II-B, the accepted value
for the integral diffusivity of 1M KCl in water at
25°C, is 1.866 x 10™7 cm>/sec, which is in excellent
agreement with the above., In addition, C.Y. Luk (20)
found values of 1.86 << 1,89 in his experiments with

IR CEPAILy ST 73




the same system, The 9595 confidence interval of
qu's data appears narrower than that given in the
paragraph above for this study, because Luk had
36 experimental data points to cvaluate, whereas

only four data points are included in this study.

The potassium chloride experiment was intended
aé.an evaluation of this technique, to insure that
all equipment was‘in working order, and that the revised
analytical technique (see pp. 23-26) was valigd,
As the results of this experiment were in such
good agreement with previous experirmental work
as well as the generallv "acceoted" value. it was
decided to continue with this method for zincate

and cupric ion diffusivities.

2, Zinc Oxide in Potassiunm Hvdroride

The data in Table 512 represent two diffusion
experiments (%4 capillaries in each run) in which a
solution of 0,01l Zn0 in K407 KOH diffused into a
static reservoir of 403 KOH. The mean diffusion
coefficient and the 957 confidence limits of the

data ére;
zyavg. = 6,45 + 2,42 x 10~6 cm?/sec

Note that one point in Table 5.2 lies outside of




this 1imit (at & = 1.0% x 10~6), Further, as this
point is even outside the 99% confidence interval
of the data, it may be necglectedd, and a new mean
value calculated. The new mean (of the seven
remaining points) and corresponding 959 confidence

limits are:

7

avg, = 7+22 +1,90 x 106 cm?/sec
As the rangc of the scatter is narrower when the
extraneous point is not irncluded, the standard

deviation is lower and the limits of confidence

are reduced,

This diffgsion‘coefficient of 0,01K Zn0 in
L4oZ XoH may be compared with the data of Lu (24)
(as described in section II-B-2), He studied the
system of 0,01H Zno in 23.,4% KOH end found a
diffusion coefficient of 7.10 x 10-6 cu2/sec (no
range of error reported). According to a double-
tailed t-tqst of significance, within 95% confidence
1imits, there is no difference between Lu's value
and the average diffusion coefficient found in this
sfudy. The Stokes-Einstein Equation (below), however,
implies that the two diffusivities should be different:




g

RT 1
Y= " Tres (6.1)
where, ¥ = diffusion coefficeint, ¢m2/sec
R = gas constant, cal/gm.mole-CK

]

absolute temperature, °K

ionic radius, R

viscosity, of medium, cp.

R £ 8 B
]

6.02 x 10°3 (Avogadro's Number)

The textﬁook "Alkaline Storage Batteries" (28) gives
the viscosity of 407 KOH solutions as 3.5 centipoise
and of 23.4% solutions as 1.8 centipoise. If this

is so, and all other factors in equation 6.1 are.
constant, then the expected diffusivity of zincate

in 407 XOH should be roughly half of that of the

same zincate concentration in 23,49 KOH, As it turns
out, there is no siénificant difference between the
two experimentally~determined values within 95%
confidence limits, Possible explanations of this

are: lonic effects (caused by increase in pH corresponding
to higher concentration of KOH, possibiy affecting the
value of "r" in equation 6.1); and temperature
differences (Lu states in his recport only that the
experiments were run at "room temperature®, which

- could mean anything in the range of 20-25°C.).




C.Y. Luk (20) also studied the 0,011 2n0 in
40% KOH system and found a diffusion cocfficient,
expressend in terms of his 959 confidence interval
as 6.00 x 10-6<. %< 6.68 x 1076, which (a2ccording
to the double-~tailed t-test a2t P = 0,05) is not
different from the data obtained in this study.

The data for the ZnO/KOH system were also
studied in order to evaluate any relationship
between capillary length ¢nd apparent daiffusion
coefficient.in the no-étirring éxpariment. A
double-tailed t-test of significance at P = 0,05
gshowed na differenne hetween the twn gvanne af
data (at L = 3,49 and L = 2.54% cm.), indicating
no variation in & of this series of experiments

due to capillary length,

3, Cunric Sulfate in Water

The data in Table 5.3 were evaluated in the
same manner as described above for KCl and ZnC/XO0H.

The mean diffusion coefficient was found to be:

o

= - 2
avg. 5.56 + 1,48 x 10~6 cm2/sec
(expressed with 957 confidence limits)., One point
in the table (at £ =10.02 x 10~6) is outside the

99% confidence interval, and may be discarded. This




lowers the mean value of 2 and reduces the scatter:

Zj;vg = 4,923 * 0.968 x 10~0 cn®/sec

As explained in section II-5-3, the data of
Eversole et al. (26) represent point values of
diffusivities acrecss a large range of concentrations
(0 to 0.35 molar). These values, often called the
"differential diffucion céefficients" must be
integrated as a function of concentration to obtain
the integral diffusivity, which is the type of
diffusion coefficient obtained by the capillary
method., Eversole et al. suggest a relationship of
the Toru: T = a + bcéf y TOY less ihmn (3350 Cudly 'lu
water. In the range of concentrations of iniercst in
this study (Co 0.054), the diffusivity may be
approximated as a linecar fundtion of concentration
with no worse then 27% deviation from Eversole's
data. The data of Eversole et al. was graphiczlly

integrated according to the following formula:
) : a 27
B, = & > Tyrcy (6.2

where zj;nt = integral diffusivity at C = Cp
Cy = concentration of CusOy (Cp = 0,05 M)

A

point-value ofl5'from tabulated values

by Eversole ¢t al,, range Cj to Ci+1.




This graphical integration of the data from C; = 0
to Cy = Cp = 0,05 molar gives a value for the
1ntegfal diffusivity of cupric sulfate in water
at 250 of 5.85 x 10~6 cm2/sec. According to a
double-tailed t-test of significance at P = 0,05,
this value is in good agreement with the experi-

mentally-obtained data shown in Table 5.3.

4, Cuoric Sulfate in Sulfuric Acid

Each value of £ lioted in Table 5.4 is an

' average of a number of individuzl data points,
There are two groups of numbers; four values
reprosenting o Hobal of 38 sxperiments of 25,200,
and three average values representing a total of
23 data points taken at 35.5°C. Each mean value
in the table is listed with the standard deviation.
Each group of values at one temperature vere
evaluated to determine the effect of concentration

on the diffusion coefficient.: A linear regression

of the 38 points at 25°C, with X = concentration

and Y = diffusivity x 106, produced the following
linear equation: Y = -12,812X + 6,017, However,
an F-test of significance at the 0,95 confidence

level with 36 degrees af freedom indicates no

correlation of the data, Within the 95¥ limits as




@escribed, slope of the linear regression could be
anything from -28,504 to +2,880. As that range
1ﬁcludes the slope of zero, which corresponds to

no concentration effect, no statement may be made
to the effect that diffusivity is a linear function

‘ of concentration, based on these experiments.

' ' Similarly, for the 23 points at 35,50C,

. a'linear regression gives a line of the form:
Y = ~4,157X + 7,205, Again, within the limits
of the 957 confidence level, the upper and lover
bounds of the slopes of the regression line are,
respectively, 16.732 and -25.046, crossing the

X-axis.

Following the suggestion of Everscle et al. (26)

(olb}

: that the diffusion cozfficient may be a function of
the square root of molar concentration, the

linear recgressions were repeated, this time with

X = (CQ)% and Y as before, Now, the F-test of

the data shows corrclation between X and Y at the

0.95 confidence level., The upper and lower bounds

on the slope of the regression line do not cross
the axis, thus indicating a real concentration
effect. The best line through the data is:

Y = <7,191X + 6,944, with the upper and lower




bounds on the slopc at: -1,839 and -12,544, respectively.
(The square-root relationship could not be dcmonstrated
with fhc 35.50 data; this is probably due to greater
scatter of data and a smaller number of points to
evaluate), As showm in Figure 8, the diffusion
coefficient of low-concentrations of CuSOy in
HoO is a weak function of concentration., This
' means that, for lecw concentrations, it may be
‘ Justifiable to neglect concentration effects when
approximaeting the diffusion coefficient. As stated
earlier, in the discussion of the diffusion eguation,
it is assumed in Fick's First Iéw of Diffusion,
L as treated in this study (see section III), thzt the
k diffusion coefficient is constant with respsct to
time, distance, and concentfation. These experiments
indicate that that assumption is justified in this

range of concentrations,

The assumption.of constant diffusivity with
~ concentration allows the calculation of a mean
diffusion coefficiznt of 211 data points at ecach
temperature. Of the 38 experiments at 25.0°C,

in the concentration range 0.005¢<Co ¢0.10, a.
mean diffusion coefficient of 5.43 + 0.59 x 10~-6 cm?/scc

was calculated (957 confidence intérval given),
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In the same concentration range, the 23 data points

‘taken at 35.50C lead to a mean diffusion coefficient

% % of 6.6?5 + 0,97 x 10'6 cmz/sec. The double~tailed

t-test of significance shows, even at the 0,93 level
of confidence, that the two values are different,
suggesting that there is indeed a temperature
dependence of the diffusion coefficient, as predicted
: by the Stokes-Einstein equation,
Figure 9 is a plot of -1ln (X)) against temperature
for the two mean values discussed above, From this

Pplot, an activation energy of diffusion may be

'estimated, according to the Boltzmann Equation:

£= A exp (-Eg/RT) (6.3)

where, &= diffusion coefficient, em?/sec
A

n

frequency factor, cm?/secc
= activation energy for diffusion, cal/mole : :

= gas constant (1,987 cal/mole~OK)

CI

= temperature, °K,

The slope of the bold line in Figure 9 corresponds to
an activation.energy of 0,967 Kecal/mole. The dashed
lires represent the upper and lower bounds of the
,95% confidence limits on each value, corresponding
to values of Eg of, at worst, zero at minimum and

2.096 Keal/mole maximum, These values are in the
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same ordecr of mégnitude as values published for

similar birary systems (20,24,29),

An interesting aspéct of the temperature effect
was noted during the initial experimentation with
0.05M BuSOy in sulfuric acid, For some unknown reason,
the data taken at thal concentration led to the
calculation of a diffusion coefficient nuch higher
than that of the other CuSO4 concentrations in the
same series. Investigation into the possible
cause of this obvious error tufned up the fact that
during the week in which the 0,05l series was run,
the air conditioning had been turned off every night
when the building was empty, (this was during the
hottest part of the summer) and that the reservoir
temperature had climbed almost to 30°C overnigkht.
When the air conditioning system was returmed to
normal 24-hour operation, the 0.05M series was
repeated, and the initial series (with no temperature

control) was discarded.’

B, Stirred-Reservoir Experiments

In order to evaluate the hydrodynamic effects
caused by stirring of the reservoir material, a series

of experiments was conducted in which an aqueous




solution of 0,05 molar Cu304 diffused into flowing
water at 26,0 + 1,0 ©C, The experiments were divided
into two groups, as shorm in Table 5.5, with one
series run at a Reynold's Mumber (Np ) of 2,03,

and the other at Np, = 7.55. In each series,

a group of diffusion cxperiments were run at

various diffusién times, from two to twenty-four
hours in length. The tabulated data represent

the mean and standard deviation of each time and

Nfe experiment,

For each group of values at a given flow rate,
a linear ?egreésicn vas run sc as to determine the
effect of time on the diffusion coefficient. That
is, it was desired to know if diffusion tine affected
the apparent Giffusion coefficient, and if so, at

what length of time the apparent diffusion coefficient

approached the value obtained in no-stirring experiments,
Using the variables X = time and Y = diffusivity x 106,
& linear regression of the data at Rpe £ 2 led to

the equation: Y = -0,06%X + 6.831, The mean value

of & for the whole series (and 957 confidcnce limits)

is 6.146 * 0,761 x 10~6 ci?/sec, The upper and lower
bounds on the slope of the regression line, respectively,

are 40,025 and -0,145, indicating that the diffusivity
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does not éhange with diffusion time. Similarly,
in the series at NRe = 7,55, show no effect of time
on diffusivity, as the regression line takes the
form ¥ = -0,077X + 6,679. This line is almost
identical to the regression line for NRe = 2,03,
A double-tailed t-test of the two sets of data at
two Reynold's Numbers indicates no diffcrence
between the two groups at the P = 0,05 level.

In the no-stirring experiments with 0,05 CuSOy
in water at 26°C, the mean valuc of 7 obtained
was 4,923 * ,968 x 10~6 cn’/sec. The t-test
indicates that the mean value of ail stirred-
reservoir cxperiments, regirdless of time or
flow rate (= 6.015 x 10-6) is not different

from the no-stir value, Interestingly, however,

‘4f only the short-time (2 & 3 hour) experiments

are considered, at both flow rotes, and cempared
against the no-stir cxperiment, there is a
difference between the two at the 95% corfidence
level, On the other hand, comparison of the '
two longest-time experiments (18 & 2% hours)
ﬁith the no-stir experinent does not show any

significant differeﬁée.

Thus it may be inferrecd from the data that




- Dy -

for experiments in which the reservoir is stirred;

longer diffusion times approich the values obtained

in no;stirring experiments better than the short
time experiments. If the so-called "Al-effect" is
significant, then its effect may tecome negligible

———————

if a long cnough diffusion time is allowed. However, .
as long as a reliable technique exists for using

: the no-stirring model, 2s has been sho:m in part A
of this section, the stirring model seems inpractical

for engineering use.

C. Error Analvsis

Possible scurcecs of error in the capillary-

reservoir technique include: temperature variation,
concentration measurement inaccuracy, inexact
- £illing of the reservoir and/or capillary,

measurements of time and capillary length and,

for the stirred-reservoir system, the Af -effect

and fluctuation in Reynold's Kumber.

. Temperature fluctuation leads to an error

which may be approximated by Boltzmann's
Equation (cquation 6.3), in which & is related to
1/T, where T is in degrees Kelvin; '

D= A exp (-Eq/RT)
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Using values of T = 298%K, R = 1,987 cal/gmmole-ok,
Eq £ 1000 cal/gmmole, and a maximum temperature
deviation of 0.50C (this was the worst deviation
reeorded in any no-stirring experiment), the

. maximum error in . is given by:
7
89 =& (za/dy/ar2 = 0,011 9 (6.4)

Thus the maximum error due to temperature fluctuation

is about 1 1p’ in the no-stirring series of experiments.
For the stirred-reservoir cexperiments, a variation

1n temperature of + 19C was noted, so that the

Zmaximum error in that series would be about 2.2%.

'y 2

The equations in section III which relate T
to §, the final-to-initial concentration ratio,
all have the general form: % =f§— = £(¢).

(>4

Thus the error in A’ due tc the analytical system

may be expressed as:
- 122|6 + l& +'-?‘_-'-'-’c‘{> (6.5)

From the definition of of ’Z » the first two terms of

equation 6.5 are simplified and the equation becomes:

11*, -

B0 (6-6)

The last term of 6.6 will depend on the cquation
for ¢ = f () used. The dt/t term may be neglected,

;
dbire B8L . B3 .3

T %R

]
as diffusion tinc is carefully controélled - in a

. typical 24-hour run, a onc minute error (the




worst that might be expccted) only contributes
0.067% to the total error. The 20L/L term is

pfoﬁably not negligible, and is estimated by
Iuk (20) for the no-stirring capillaries to

be, at most, around 37, For the newly-made

1-cm, capillarics used in the stirred-reservoir

experiments, the maximum error (based on Juk's
formulation, with L = 1,0 rather than L = 2,54),
is 8%. The last term of equation 6.6 is
determined by the choice of equation to be

used in the concentration analysis, For the

no-stirred experiments, equation 3,11 was

used;
T (3.11)
which may be.reafrénged as:
ga B (4 . g)1.852 (6.7)

and the last term of equation 6.6 becomes:

852 -
LB%2 . (14085
Using lowest values for short-capillary no-stirring
experiments (t = 24 hrs.,T'= 0,235, ¢ = 0.481) and
allowing for the precision of the A.A.S. at * 13,

& = 0,05, and the crror term comes to %‘= 0.177.




For the stirred-reservoir system, Luk (20)
suggets a "typical" error of about 83, The
maximum error in short time stirred experiments
(based‘on equation 3.9),'calcﬁlated in the same manner

as above, is 16%. For long-time stirred-reservoir

‘experinents, the mazimum error due to O comes

out to 8%7.

Thus, summing all maximal errors for

each series, the followirg are given:

No-Stirringf max, error = 21,8%

Stirring (Yv0.1): max., error = 18.2%

s
. va(c AL\ ¢ wmmer acvrase = D) o
My AT " OV ) o liwwang wad s wa ~ 1 @ ey

In all experiments discussed earlier in this section,
only the no-stirVZpo/KoH experiments showed scatter
beyond the maximum error range. A possible explanation
of why this happened may be in the handling of the

40 KOH solution. Because of the danger of handling
concentrated éase, special clothing and gloves were
worn vhen running these experiments., It is quite
possible, and in the view of the author, even

likely, that the capillary washing and dilution

procedure was not as carefully followed as in the

“other experiments, which required no special

clothing or gloves. Perhaps, in a situation such
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.@s that, which requires special handling, many data
Q: o points should be taken, so 2s to minimize the effect

| of random error in analytical techhique.

L
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VII. Conclusions

1. The no-stirring model of the capillary-reservoir
technique gives values of difﬂnsiéﬁ coefficients
in line with those predicted in the literature fob_
the three systems studied. It appears to be a useful
method of evaluating diffusion coefficients of these

p - and similar binary electrolytes}

2. The stirred-reservoir model of the capillary
“technique has inherent error dueAto a hydro-
dynamic (ZSQ) effect. With long diffusion time
- the effect is minimized.

.

-3. Given the two conclusions above, the no-stirring
model would seem to be a better choice for a
standard laboratory procedure td obtain the
1§tegra1 diffusivities of binary electrolytic

séiutions, at a given temperature &nd pressure.

k., Analysis of the variance of data in the Cusou/ﬂzson
gsystem showed that the diffusion coefficient may be
a weak function (possibly proportional to the square
‘Qvot of Co , as suggested by others), tut that this

-

- .3;dependence ray be neglected at low concentrations

- %£:Cusou such as werec studied in these experiments,
= '
‘ :

X




5.

7.

" integral diffusivity is 6.675 x 10-6 cm2/sec.

“this value and that of a similar system using

'23% KOH solution, although the Stokes-Einstein

- 70 -

The integral diffusivity of aqueous 1M KCl diffusing
in water at 25°C was found to be 1.843 * 0.113 x 10-5 cm?/sec.
This value is in good agrecment with published data

for the same system,

The integral diffusivity of 0,01M ZnO in 40% KOH
diffusing in 407 KOH solution was measured as
7.22 £1.90 x 10-6 cm?/sec using the no-stir
capillary—reservoir technique. Because of the
large scatter and small number of data points,

no significant difference could be found tetween

equation predicts a difference due to viscosity
effects. For this reason it is suggested that
future users of this technique 2allow a sufficient

!
number of data points to minimize scatter,

The integral diffusivity of low concentration
CuSO,, in half-molar sulfuric acid, diffusing

in 0,.5H stou was found to have a significant
temperature deperndence. At 25.0°C, the value
is 5.43 % 0.59 x 10~6 cn2/sec. At 35.5°C,

across the same range of concentrations, the

The range of concentrations studied was 0,005-0,10H,




8..

9.

The CuS0,/H,0 system was studied using both the
stirring and no-stirring models of the capillary-
rescrvoir method. The no-stir exprerimental results
gave a value of the integral diffusion coefficient
as 4,923 + 0,968 x 10-6 cn?/sec, in good agreement
with published dzta for the éame system, The

flow channel experiments, when averaged over a
range of diffusion times from two to twenty-four
hours, did not show significant difference from

the no-stir values (within 95% confidence limits).,
However, when only diffusion times of three hours

or less are considered, the awérage diffusivity is
significantly higher than that found in the no-stir
experiments., It is hypothesized that this is due to
a hydrodynamic effect which increases the .avoarent
diffusion coefficient due to convection of diffusent
out of the capillary, This effect.is minimized
with long diffusion time.

The activation energy for diffusion in the low
concentration Cusou/HZSO# system studied was found
to be on the order of 1 Kcal/gm-mole.
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VIIXI. Recommendations

‘ LR
i :
{

The effect of viscosity and pH on the diffusion
coefficient may be studied in the ZnO/KOH or
CuSQu/stou system as follows: Choose a

.concentration of primary electrolyte (e.g., .05M Zn0)

and a range of supporting electrolyte concentrations
(e.g., 0-4M KOH, in 3-molar increments), and run
several no-stir diffusion experiments at each
concentration of supporting electrolyte. Then,
repeat the series of experiments but without

the supprting acid or tase electrolyte. Instead,
use a nentral-ni viseous medinom Anrnrs A rnngé‘
of viscosities cohparable.to the initial series

of experiments., Comparison of the two series

of experiments will indicate how the apperent
diffusivity is affected by acid/base concentration,
and by viscosity. . '

- It would be interesting to study the feasibility

of using tﬁe capillary-reservoir technique on
binary systems other than electrolytes, such
as, for example, toluene/benzene mixtures,

biological fluids, étc.
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APPENDIX A: Nomenclature
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Heaning

inside diameter of capillary, cm.

time, hr.' or sec. (as noted)

width of flow chanrel, cm,

length vector: distance from bottom of capillary
horizontal distance vector, cm.

vertical distance vector, cm.

cross-sectional area of flow channel, cm?
concentration of diffusant, moles/liter

initial "C" at start of eiperiment

average conc, of diffusant in capillary after
allotted diffusion time.

depth of water in flow channel, cm.
capillary length, cm,

effective diffusion length, cm.

Reynold's Number“

volumetric flow rate, ml./se;.

temperature, degrees Celcius

velocity, cm./sec.

centerline velocity, cm./scc. _
surface velocity above centerline, cm./sec.

diffusion coefficient, en?/sec.

non-diffusing region of capillary caused by flow




-

R
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density at specified temp, and pressure, gm/ém3
viscosity at " # . . s DPoise

dimensionless time (see p.' 20)

i S —

dimensionless concentration ratio (see p. 20)

dimensionless length (see p. 20)
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APPENDIX B: Calculation of Ontimmum Canillary Lensth

There are two interdependent factors to be considered
when choosing the length of the capillary diffucion ccll;
namely, diffusion time and depth. At the beginning of
the diffusion time perios, the éoncentration of diffusant
is uniform (C = C,) throughout the cell, After immersion
in the stirred reservoir, the interfacial concentration
goes to zero and a concentration gradient of diffusant
develops along the length of the capillary. As the
diffusion progresses, the depth of the gradient increases,
until eventually it touches the closed end (bottom) of

the capiilary,

As explained earlier, the diffusion coefficient
is computed on the bzsis of measurement of diffusant
remaining in the capillary after a measured time period.
Therefore, error in diffusant concentration measurement
results in error in calculated diffusivity. It has been
shown (27) that the error in calculated diffusivity
associated with a given concentration measurement '
error is highly dependent on the amount of diffusant
reﬁaining in the capillary, For example, if 90% of
the initial amount of diffusant present in the capillary
remains there after diffusion, a 1% crror in concentration

measurement corrcsponds to 1 17.7% error in the resultant

T g e T TR N TP Yy 220 SO At £




calculated diffusivity, In a diffusion cell in which

56% of the initially-present diffusant remains,

the same 1% error in concentration measurcment

corresponds to a mere 2% error in calculated diffusivity.

In order to reduce this to about 1%, over 703 of the

initially-present diffusant would have to be removed.

The stirring experiments were to be run for a
‘broad range of diffusion times, so as to determine the

magnitude of the :\l-region as a function of time. It

was considered desirable to have diffusion times no longer

than a day, ywt allow no worse than a 10% error in
calculated diffusivity. (The aralytical method .
of aralyzing capillary contents has an inkerent 1%
uncertainty.) 1In such a case, a two-hour experiment,
a one-centimeter long capillary would just meet this

requirement.

A capillary shorter than one cm., would not be
practical, as a too-small capillary volume leads to a
great error in diffusant removal, That is, the larger
the capillary volume, the less significant a spilled
drop appears in the analysis, Thus, the optimum
practical capillary length for stirred-reservoir
experiments, 1 mm, capillary diamecter, with 0.05 Molar

CuSO4 in water, would be one centimeter,




APPENDTYX C: Sample Calculations

1, Calibration of the A.A.S,

Calibration solutions of CuSOu in distilled Hzo
were rade ,up, as shovn below, and were run on the
A.A.S., and readings (on an arbitrary zero-to-100

scale) were recorded:

Cone. of cu't x 105 A.A.S. Readine
3 36.0
b 46.0
5 - 56.5
b6 67.0

Letting "C" be concentration x i05ﬁ, and "AA"
the reading on the A.A.5., a lecast-sguares recduction
line through the four pointz abeve gives the eguation:
AA = 10.35-C. + 4,80
This calibration equation was used to obtain concentration

values of ion in solution from rcadings on the A.A.S.

2. Exanple of noe-stinvine radal

Onc no-stirring expcrimént which was run at
the samc time as the above ealitration, was with
0.05M CuSOu in 0,55 stou at 25°C, ‘here were 9

data pointc tnken, but only ore is presentcd here




1 l

to illustrate the calculations., One such point
was for a 3.49cm. long capilldry, initially
filled with 0,05l CuSO,/zcid solution, which

had diffused for 24 hours in 0,5/ acid., The
A.A.S. reading for this capillary, which had been
washed, and its contents diluted to 50 ml,, was
AA = 64,0, From the calibration cquation on the
pfevious page, the concentration of copper in
the diluted sample was C = 5.7199 x 10-5molar.

To obtain a value of ¢, the final-to-initial
concentration ratio, divide C by capillary volume
(0.0701 ml), multiply by dilution factor (50 ml),
and divide by initial concentration (0,05!):

¢ = 0.816

As this is a short-time, no-stir experiment,
use equation 3.11 to calculate a dimensionless time:

: _
¢ = (L3P 5 (3.11)

Y7

Rearrangement of the equation so as to solve
for T gives a value of T'= 0.035. From the
definition of T, we obtain:

s
b’ = Ipt" = 4,919 x 10-6 cn?/sce.
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3, The stirred-reservoir experiments

The same calibration method was used in these
experiments as for the no-stirring series. Likewise,
the calculation of concentration ratio, , was made
in the same fashion., The chéice of eqﬁation to
use to calculate 7 was based on the value of {
calculated. If ¢ >0,72 (corresponding to L =0.06),
the short-time approximation, equation 3.9 was
used,) If 0<0.633 (corresponding to L = 0,10), the

long-time approximation, equation 3.8, was used.

. For values of § between the limits described above,

a five-term expansion of the series solution (eq. 3.6)
was solved by Newton's Method. A computer program
was written which cazlculated ¢, chose the appropriate

equation, calculatéd‘t, and from that, computed.ff.

Example: For one capillary, length 1 cm.,
diffusion time = 24 hours, with 0,05H CusQ,, in
water at 260C, ¢ was calculated as as 0,246, This

falls in the category of the long-time approximztion,

"80 the equation used was 3.8:

0= % « exp (-TT2T/4) (3.11)

. Rearrangement of the equation, solving for T, gives
a value of T = 0,484, or X'= 5.602 x 10-6 cm?/sce.




4, Analysis of Variance of Dota

The Zn0/KOH data discussed in section VI-A-2
will be used as an example of the statistical
analysis of data, The basic data are found in
Table 5.2, on page 45, A prepared program for
use in a Hewlctt-Fackard 9100A programmable desk
célculator, program 09100-70801, calculated the
meah and standard deviation of each of two
input samples, "X", and "Y", and computed the

t-statistic for correlation of the two samplés;

For example, the program was used to compute
viie meadn and SUd. aeviavionl Of Lhc elpiib poiuls i
" Table 5.2. The 95% confidence limits of the data -
were calculated by multiplying the computed standard
deviation by the tabulated t-statistic for 7 degrees
of freedom and P=0,05 (30). Where N = nunber of
data points ( =8), t = 2,365, and the computed
standard deviation is 2,89 x 10-6, the calculated

95% confidence interval is:
CT95 =st /VN=2,42 x 10-6 ,

The 993 confidence interval was computed in the same
manner, except that the t-statistic used was for

P = 0,01 rather than 0,05, When one d~%a point was
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| & found outside the 9975 interval, it was discarded

] . and a new mean was calculated.’

To compére two samples of data, the program
described above was used to calculate a t-statistic
for comparison with tabulated values. - For example,
in comparing the data of Table 5.2 in terms of
: capillary length, the data was divided into two
: groups: sample "X" included points taken with
' 2,54 cm capillaries and sample "Y" was the

3.49 cm capillary sample. The program computed a
t-statistic of 0.61 for the two samples, far less
3 than the tabulated value of 2,57 (for 5 degrees -

of freedom), thus indicating no difference
between the two samples, and, no proof of

any effect of capillary length‘on the diffusion

coefficient for these data poéints.
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