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A BSTRACT 
‘ 

-

- 
Diffusion coefficients of foui~ binary electrolyte

systems were measured using the capillary—reservoir

method. The four systcms are: 1.0 molar KC1 in aqueous

solution diffusing Into H20 ; 0.01 molar ZnO in 
14.0% KOH

solution diffusing Into 14o% KOM ; 0.05 molar aqueous CUSOk
• diffusing into H~O ; and a series of 0.005 - 0.10 molar

CuSOk in 0.5 molar H~SO~ diffusing into 0.5M H~ S~jj . The

Zn0/I~OH and. CuS047’H~S0t systems are of current interest

to olectrothemical engineers , and demonstrate the use of

this technique for bInary electrolytes. 
-

The diffus ion coeff icient of the ZnO/KOH em

• at 25°C was measured as 7.22 ± 1.90 x iø 6 cm2/sec. ~~~~~~~~ .

Across the range of concentrations of CuSO~ in H2S0~
described above , the average diffusion coefficient ~zas

measured as 5.14.3 ± 0.59 x10 6 cm2/sec at 25°C, and

6.67.5 ± 0.97 x io— 6 cm2/sec at 35.5°C. A slight effect
of diffusant concentration on the diffusion coefficient

was found. • 
-

The CUSOk/HZ0 system was studied in two

different versions of the capillary technique: one

\ .
~~~~~~~~~ - ••
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in which the reservoir was stirred, and the other under
- 

no-stir conditions. Results of these experiments

indicate that the hydrodyriamio effect caused by stirring
- 

leads to an apparent diffusion coefficient higher than
• would be expected , unless sufficient diffus ion time

is allowed. Present data lead to the conclusion that

the no-stir model is the mczt 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 well-designed without

knowledge of the transport properties of the system, such

as the diffusion coefficient, viscosity, and. the electrical

conductivity. For example, the relation which gives the

limiting current density at an electrode in a given electrolyte

is a function of the diffusion coefficient of the migrating

ionic species in supporting electrolyte.

For many binary liquid pairs, fluid. properties ijuch

as density and viscosity are tabulated as functions of

composition, temperature, aM pressure. Where not

tabulated, these properties may often be very closely

estimated with well-developed approxim3tions found in

scientific literature. Unfortunately, though, the

• diffusion coefficients of many electrolytes are not

found. in the literature. It is the intention of

this study to explore some aspects of a method of

measuring diffusion coefficients of aqueous electrolytes.

If this method can be sho~m to be reliable and accurate,

it will be possible to accurately determine the diffusIon

coefficients of electrolyte systems not yet discussed

in the literature.

_ _ _ _  -
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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 sysbom , then the value of the

measured property Is believable. For example, a •

thermometer, which is thought of as a device for H-

measuring temperature, represents a model of the

relationship between the expansion of mercury and.

a change in te’~perature; By calibrating the

thermometer at two standard (reference) points,

such as the melting and boiling points of water •

at one atm.’ pressure, it becomes a standardized,

reproducible measurement dovice.’

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 ciiffusivity measurement

represents one such model.’ In the development of

the model used. in the capillary method, 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-conccntration

of diftusant at the capillary mouth. Unfortunately,’

• —•-- 
- =•
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doing so causes unwanted side effects due to fluid

flowing 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

~od.cls were done,- and. compared, with the intention

of being able to make a recommendation for futur e

experimentation with the capillary method.~

• The electrolyte systems studied in this series

of experiments include: 1,0 molar potassium chloride

in at~~’ ~i fu~~it is~ into water at 2’50C. ~ 0.01 molar

zinc oxide in li.O~ (wt.) potassium hydroxide diffusing

into LW% KOH at 25°C. ; 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

acid,’ diffusing into 0.5!! H2SOz4. at both 25°C and 35°C.
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II. Ni~toricr’l Bickrr’ound

A~ History of Difft’slvlty ~~a~urement

• 1.. Methods of D~ f f u s ivi ty ~~~.sure~~ nt

There exist many techniques for measurement of

the diffusivity in a binary system, all of which have

the same ba~ic pattern: Initially species “A” is in

one conta iner, isolated from another container holding

species “B”. For a measured time period, the two

species contact each other, then the two are separated.

The contents of each container afo 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 Tec~rn~qj i es of

Q~~an~c ~fl~j’nIstry (1) contains a chapter called “Diffusivity~’

in which many of these measurement techniques are

discussed.. For example, it is somet imes useful to

have the two diffusion cells cylindrical in shape

and allow contact 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 , allo~rs measurement of

the transport of gases or liquids through such a

membrane .

• -~~~~~~~~~~~ • --• ~~ - -~~-— ~~~~
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In measuring the diffusion coefficients of electrolytes,

it is useful to measure the conductance of the electrolyte

before and. after diffusion.’ In The Physieal Chcmts~ry

• ~~ E].ectrolytes (2) , this technique is developed. in

detail, and, diffusion coefficients for many aqueous

• electrolytes are tabulated. Experimental data based
• 

~L~ to.
on }larried’s conductometricA may be found in contemporary

literature describing diffusivities of very dilute

aqueous salt solutions (3) .

- Other established diffusion measurement techniques

-used. with aqueous electrolytes include measuring the

• weight change of. a diffusant-filled. oorous disc (!~.)

and measuring the conductance of a diffusing system

with a rotating disc electrocl:(5) .‘

&,~The Capillary-fle~ervoir Method.

Introduced In the late 19140’s, the capillary

method of d,iffusivlty measurement remains one of the

most versatile and reliable techniques m use, As

originally described by Anderson and Sacid,ir.ton (6) ,

a capillary tube with small diameter-to-length ratio

is filled with a la-town amount of diffusant (“A”) and

is placed into a container (reservoir) filled with

• RB”, for a measured time period.- After the diffusion

time has elapsed, the capillary. Is removed and. its
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contents are analyzed In order to determine how much “A”

remains. Anderson and Saddington used rad.iotracers

to ‘study the self—diffusion of some ionic species in
solution.’

Many applications of this technique have been

reported.’ Radlotracers were used in studying diffusion

in liquid, metals (7),(8) , and with molten salts (9), (10).

The radiotracer method of analysis has been used with the

capillary method in studying the diffusion coefficients

of some organic liquids (11) , and of liquif led inert

gases (12) .‘ Because of the intrinsic simplicity of

the capillary—reservoir technique, it could. conceivably

be used. to evaluate diffusion coefficients in any bin~;ry

liquid system, as long as somo method exists with

which to determine the contents of the capillary before

and after the allotted diffusion time has elapsed.

There are many features of the capillary—reservoir

technique which make it desirable for use in measuring

diffusivities of a large var iety 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 capillary contents.

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

to conduct diffusion experiments at extreme temperatures
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and pressures (13),(lk).

It is advantageous to minimize capillary length for

another reason: the experimentally-determined diffusion

coefficient is a function of the ratio of final—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

technique is not used. commonly because of disagreemer~t

among users of the technique with regard to the

choice of boundary conditions for the diffusion equation.

There are two mathematical models being discus~i ed by

researchers: one is called the “stirring” model, and

the other, “no-stirring”.

Ia), The Stirringj~ d~l

During diffusion, the capillary sits In a liquid.

filled reservoir. In order to achieve a complete analytical

solution of the diffusion equation, it is necessary to

maintain the capillary-reservoir interface (the mouth of

• the capillary) at zero-concentration of diffusant. 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 st irr ing causes a “sweeping out”

of diffusant from below the capillary mouth (15).

The region in which this “sweeping out” occurs has

been termed the “A~~—reglon”, since mass transport

due to diffusion only occurs through a reduced length

- 
of capillary. The existence of this region has been

• confirmed in the laboratory (16) , and, the magnitude

ot~~2 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 estimation of the

magnitude of A I. This model Is based on work

describing flow of a viscous liquid past a sharp

corner (18). A pictor ial representat ion of this

phenomenon is sho~in in Figure la, In Figure ib, the

effect of viscous forces acting on the liquid. is

seen, as the streamlines become hor~.zontal, leading

out of the capillary. Figure ic shows the overall

As—effect near the capillary mouth. Using potassium

perman~ inate (deep purple in color) as the diffusant,
and water in the reservoir , Nanis , Bookrls , and

Richards photographed the z’~ i—effect in a stirred

• capillary-reservoir system . One of their photographs , 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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- - Fipure 1. Schematic representation
of’ the flow patterns in the capillary

• -; leading to the devolopmónt of the
- 

-. 
- 

‘hi—region . (18). 

~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~



showing diffusant streaming out of the capillary

from below the capillary mouth, is shown In Figure 2.

Nanis et 
~
j,. (15) give the magnitude of the

~~e—region as a function of’ stirring rate. Calculation

of a Reynold’s Number (N~0) was based on the rotation

rate of the capIllary ~~) , the radius of the rotating

arm (r), the kinematic viscosity (v), and the inside
diameter of the capillary (d), leading to the

following expression:

~
1Re 2flrwd /V (2.1)

Against the Reynold,’s Number they plotted. a dimensionless

~h~~I is, L~C á.ivideã by ~ne internai aiamever ox’

the capillary (d). This plot, sho;rn in FIgure 3,
• indicates that ~~2/d Increases with stirring rate,

approaching a value of unity at large NRe~ 
The

solid curve, of Figure 3 is an approximation which
fits the data at low Reynold’s Numbers (less than 10).

This approximation may be expressed as:

j ,~j 9Id = O~l?NRe — O•O13NRe
2 + O

~
O0O55NRe’ (2.2)

Experiments at high Reynold’s Numbers (Re ~ 100)

were done with liquid metals (19) and, when combined.

with the data in Figure 3, suggest a value of t~/d.
approaching zero at low Reynold’s Numbers. Because of

_ _ _ _ _ _  
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the small number of data points for very high Reynold’s

Numbers, no significant statement can be made about the

st—effect in that region. In that study, however, a
relationship was suggested between and NRe that

could. be used. as a guide in estimating the expected

error in d,iffusivity calculations due to the ~i—effeot:

NRe = 12 (f’)  

• 

(2.3)

Previous experimentation with the ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (20)

has implied. that the magnitude of the Al-region may be

time—dependent.- Experiments were done for long times

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

4%1~t•~~~~ • ~~~~~~~~~ . s L 1  — _ -t* ,-~~1 .~ ~~~~~~~~~~~~~~~~~~~ ~ .Z ~~L £ %  .,,.,_..1 1. £t ~~-s 1.
%6 4p..~ ,,.a . ‘—a a a  .,a.,.,e a i~~~j _ a  ~~ ,,sa.,, m a n. U , II — Was  ads st ~ a ._.n. fAA. U Us A~a ad

the apparent diffusivity for short-time experiments

was consistently higher than the apparent d.Iffusivity

for long-time experiments. This is probably due to

the effect of the ~~e-region growing with time until

it reaches a constant value , after which the diffusion
- effect becomes dominant and the apparent ,~.!-effect less

significant. The implication of this is that by increasing

diffusion time in a stirred-reservoir experiment,

the error due to the L~.L?—effect is minimized. This

follows an earlier suggestion made by Richards (21).

ir,’ in the analysis of capillary experiments
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with stirring of the reservoir, the t~2—effect 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..’

fbi.- The No—Stirrin~ Moc1el

In order for there not to be a h1L~~ _effecttI,

there can be no stirring of- the reservoir solution

outside the capillary. If the reservoir material

is not stirred,- however, the capillary—reservoir

inverface cannot be m~in~~ined ~~ zero aii~~u~~ zx~
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,’

an done in the 1950’s and. 1960’s, were based on

the stirring model of capillary diffusion.’ -

D~ Exj sting~ DH’fus~vity Data

1’~ Potassium Chlorii .e (1~Clj

The limiting value of the diffusivity of KC1



T~ ~~~
(that Is,’ infinite dilution) is given as 1.99x10 5 cm2/sec
at 25°C (23).’ The minimum value is given as 1.’835x10—S

at 0.2 molar concentration; the d.iffusivity then increases I -

with increasing concentration.- At 1.0 molar KOl, the

diffusion coefficient is 1.893x10—S cm2/~ec.’ C.Y. Luk

integrated. the dc.~ta described. above to obtain an average

(integral) diffusion coefficient for 1.0 molar KC1
- diffusing into pure water at 25°C of i.-866x10 5 cm2/sec. (20)

- As this value is generally accepted. as valid, It

was considered to be a good starting point to do

no—stirring diffusion expex’itrents with 1.0 molar KC1

— -, 4- ‘O” — - -  — -- - I_ — _ _ ~~ ~~~~
~~4 % ~ £ ,,) ‘S l,’J ~~ ‘SIII J~~ L~~~ L#Z I~~ £ ø UJ I,.~~ , fjfl 4,.ZL~~~

value listed above .

~~ Zinc Oxide (ZnO)

The system under consideration is 0.01 molar

zinc oxide In l~0% (wt.’) potassium hydroxide, diffusing

into 11.0% KOh’ at 25OC. This electrolyte mixture

is of particular interest to electrochomical engineers,

as it is commonly used in battery syst~ms.~ Data have

been published (2Z~) for the diffusion coefficient of -

0.01 molar ZnO in 23.l~ 1(011 as 7.’10x10 6 cm2/scc,
along with values for other concentrations of zincate

- ion.
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~Li Cuprth Sulfate (CuSOi~~ 
- -

There has been one generally accepted “standard”

set of values for diffusion coefficients for cupric

sulfate/sulfuric acid aqueous solutions (25). Those

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 a fl Table 2.1, were obtained

by a diaphragm cell technique, ar4 were run at 18°C.

A more recent study by Eversole (26) gives

d~tc. f t r  lc~; conc trat1c~~ of oupric lfat,~
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 d.Iff~zsion

coefficient. Yet, as discussed later in section Ill—A ,
the solution of Fick’s 2nd law of Dif fus ion (t he

- 

- ‘diffusion equation”) is based on the assumptio:~ of

constant diffusivity. It may be argued, though,

that the change in diffusivity with respeot to -

concentration change is small enough to make that assumption

reasonable at low concentration~. 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 well as the

present study.-

— - - . - . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~ 
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- Table 2,1 - Data of Cole and. Gordon (25)
for CuSOJf/112504 solutions diffusing
into H2S04 at 18°C.

Molarity Molar ity 
i~~ cm

2 secof CuS0~ of 1125011. ‘Cd

0.0,5 0.00 6.05 - - - - .. 
-

0.10 0.00 5.85
0._is 0.’oO _ 5.50

0.05 0.~50 - - 5.95
0.10 0.50 

- 
5.90

0.15 0.50 
- 5.75

0.05 - 1.80 5.00
• 0.10 1.80 11.95

0.1,5 i.~80 11.90
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Table 2 .2 — Data of Eversole et al,- (26) for
CuSO!4,/H20 solutions diffusing into

- water at 25°C.

~olarity of cus~~ I~
’x io6 crn~/ - e~

0.0028 7.~i7k
- - 0.0056 7.159

- 0.’008k 6.922

0.0112 6.726
- 

0.0308 6.159
0.0980 

-

0.2100 5.349

_ _ _ _ _ _ _ _ _ _
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XII: Tieoretioa1 J3ae1cr~round.

A. Solutions_of th~ D i f fu r ~j on Thvation

~~ The Diff ~~~on E~uation

We are concerned, with diffusion of electrolyte

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

is the electrolyte 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 capillary; therefore,

thermal effects arc assumed non-existent. Diffusion

within the capillary is assumed to be one-dimensional.

The governing diffusion equation is kno’.m as Pick’s

- Secondlaw of Diffusion:

~~O _ w ~~~2c (3 1)

where, c concentration of d.iffuzant in capillary

t time 
-

x = distance from closed end of capillary

D= diffusion coefficient

For convenience in later discussion, the
following dimensionless parameters are introduced.: 

~~~~~~~~~~~~
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4) c/c0 (o~ initial conc . in capillary)

x/L (L = length of capillary)

1= t/L2

~~uation 3.1 may now be rewritten In dimensionless form :

_ _ _  — C 2)

The Initial condition is defined as:

4) = 1 at ~~~~~~~ , T= 0 (3 .3)

Boundary conditions -i-dll be determined by whatever Is

occurring at the interface of the bulk solution and. the

capillary mouth.

2. Stirrinj ~_ of the Bulk Solution

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

velocity of 2x10-4 cir ./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 CuSO4) . The method

or calculating the bulk fluid velocity (and. corresponding

Reynold ’s Number ) will be discussed In a later chapter

of - this report . It m a y  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:

= 0 at )~ 0 , 1>o (3.11.)

= 0 at )~ I , T>o (3.5)

Using the method of “separation of varIables ”,

equation 3.2 , with conditions 3.3, 3.4, and 3.5
may be solv~ed as:

- 

= 
T~~~~~~~[T~~i~~~1)a 

EXP(_ (2n÷1)~~H
2Pr
2)](36)

Note that as dimensionless time (t) increases, the

exponential value in parenthesis decreases. For

sufficiently long time , all but the first i;erm

(n=0) may be dropped . At ‘iL = 0.10, for example,

neglecting the n=1 and. higher terms gives a value

of ~ which is 0.01% less than If several terms
were included.. A tt  0.06 , however , the error due

to neglecting higher order terms Is -3.4%, and is

not considered negligible. It can be shown that

for dimensionless t ine  of 0.10 or greater , a

single term equation may be used with no

appreciable loss of accuracy. It Is possible, 
-

however, to solve equation 3.2 by other methods,
with the goal of finding a solution suitable for

use with small dimensionless time, Cne such solut ion

—- - -—-----—— ------ - - - ------ . - -  — -- - - - -— -----------~~~~ --- - - -• _ _ _ __ __;____ _ - _ ___ ___ _ - _ - - — —
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is obtained by the method of laplace Trans forms , as

shown in equation 3.7:

- 4) = i _J-L~~~~~- ’[i + 2E (_ i)n C~~!’- —

(3.7)
t erf

~~t~~j
In this case, it can be shown that the entire summation

term may be dropped for small dimensionless 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 ’1’~~0.10 , ~~ = . EXP-’(112 T’/’4.) (3.8)
- 

For ‘
~~ ~o.o6 , 4) = 1 — (kt ’ /IT* (3.9)

For o.o6(T-~ o.io, several terms of either equation
(3.6 or 3.7) may be used. These equations may be

rearranged. to give 
~ as a function of ~, the dimensionless -

concentration.’ Thus , if c0 is Iaiown , capillary length (L)

is measured, and diffusion time -(t) is specified, it

is possible to compute a diffus ion coeff icient from
measurements of average concentration of diffusant
remaining in the capillary (o) after the specif ied

diffusion time period.’

3.’ Calculation of At~

As it is the purpose of thcsc experiments to

h. _ _ ;.~I 
—---—--—- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — -  
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determine the so-called. “Ls~1—effcct” in stirred—reservoir

experiments, as described. previously, it will be useful

to have a way of calculating the magnitude of ~~~~~~~~~~~~~ If
- 

- 

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 kno’~m (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

Imown (L) , and the effective length may be calculated

CL’),’ the section of capillary In which non-diffusive

mass transport occurs may be calculated as:

A 2 = L— L ’  (3.10)

The results of no-stirring experiments, from which

a diffusivity may also be calculated,~ may be used.

to calculate ~~~ in the stirred-reservoir experiments.

4~~ No_StirpInc~ of the Bulk Solution -

- The “4AI-.effect” discussed above may be avoided

by ~~~ stirring the bulk fluid around the capillary.
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 dimensions, and. the solution

of equation 3.2 is very complicated. A paper

entitled “An Improved Model for Capillary Diffusion

with No ~~ternal Stirring” (22) discusses computer

modeling of this situation, and. resultant numerical

solutions. Figure 4 is a reproduction of the
plot of 

4~ 
vs, ‘r from the paper described above.’

It shows both the analytic solution for the

stirring boundary condition (equation 3.6 or 3.7),
and the numerical solution for no-stirring.’ (A -

third curve shows an analytic solution based. on 
-

the assumption of one-d.imensional diffusion with

no stirring, but this appears to differ greatly

from the numerical solution for all but very small

values oft).: -

It may be inferred from Figure 1$. that, in the

limit of decreasing dimensionless time, the no-stir

numerical solution approaches the short—time - 

-

solution for stirring (equation 3 ,9) ,  By assuming
that the short-tIme no—stirring approximation wil].

have the same form as equation 3.9,- and. plotting

the data of Figure Li. on a log-log scale, the following

- — -— - -— —-— - - - — --- --
~~~~

— - —— - - - —— — - - - -
~~~~~

—--- - -

~~~
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empirical expression Is obtained.:

1 ~~L)o.~k ; 0< t <0.3 (3.11) 
- 

- 

-

This equation coincides with the no-stirring numerical

solution to less than 1% deviation for the range of 
-

dimensionless time listed above. Thus, short—time

• experiments may be run with no stirring of the bulk

solution,- and diffusior. coefficients may be calculated.’
(It should be noted. that a similar procedure to the

above could be used. to obtain a long-time approximation
for no-stirring experiments, also.’ Al]. experiments

described, In this report, however, were run in - 1thu i v — ,j z~i~ ~~~ii~ e ietiue~i à’uO~~~.)

- 

- 

- 

- 

- 

-

-~~~~~~ 

- 

- 

-

- 

-



IV. Exp~r th’~ntal Ap~~ratu~ and Procedures -

A, Carill-aries -

Two sets of lucite 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 described by C. Y. Luk in his research

thesis (20). Each of the four capillaries looked like

the one shown in Figure 5, except for differences in
Internal length (shaded. area in figure, notat ion “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 1116 inch (0.158 cm.).

The flat plate and collar at the mouth of the capillary
(shown in the figure) act to -m±nimize convection caused.

by diffusant which would fall down the side of the

capillary if no collar was present .

The need for the collar is demonst,rated. in
Figures 6a and 6b.C2~[n Figure 6a, a capillary is

• initially filled with concentrated KMnOj 4. and is

placed in a water-filled reservoir. Even without
external stirring, the denser-than-water KMn0j~. 

~~~~~~~~~~~~~~~~ ~~~~-
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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 ~-,Ith black wax . Note that now the diffus ing

KHnOL4. solution remains in the vicinity of the

capillary mouth, as described by the no-stirring

• boundary conditions. (In the figure, a small
amount of KNnOl1. 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 shown 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

length and 0.1 cm. Internal diameter. These

capillaries look like the one shown in Figure 6a.

There is no collar on the capillary in this series

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

the no—stirring model, in which a].]. convection should

be eliminated.
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B. Plow—Channel! 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 
—

experiments or as a stat ic reservo ir 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 t~ insure that the top of each oapi1~~ry w ni , ld

be at the same height and. distance from sidewalls

as all of the others. This arrangement ass~~es

that in the stirred-reservoir experiments, the

fluid velocity passing the capillaries would be equal

at each capillary-reservoir 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” (see

Figure 7) .
~ 

A thermal regulator maintains constant

temperature, and, a constant—head tank maintains

constant flow rate.- The overall flow chart is

shown In Figure 7 on the next 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 insur e a uniform, non-convective

start—up of the no—stirring experiments, nylon screws
were Installed. in the top of the reservo ir box , b eaten

above each capillary. When an experiment was to begin,

the diffucant-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 spia~htng of the reservoir fluid would. remove -

capillary material.) The top was firmly placed atop

the reservo ir box , and the nylon screws were t ightened,
forming a seal at the capillary-reservoir interface.

At this time, the reservoir could be filled. to the

top, and the exper iment ~ould begin when the nylon
screws were removed., thus exposing the capillaries to

the reservoir . 
-

C~~~~ Tem-oerrtture Control

L StjrrIn~~Ex~erir,cmts 
-

As shown in Figure 7 (p. 32), the temperature of
the reservoir water is maintained at a predetermined.

-
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constant value by a feedback control system . In a

thirty-liter holding tank, a temperature regulator

n~ intains cons tant temperature , with a stirring
blade in the tank keeping the water 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 resz~rvoir box. Out of the reservoir

box, the water is returned to the heating tank.

Temperature is monitored with a copper and,

oonstantan (in thin glass tubing) thermocouple ,

insertc’d ,~nto the pp~ p rvn1r . nonneotecl to a 
-

miflivoltmetor and chart recorder. Two therrio-

couples were connected in series , with anot her
pair of thermocouples at an ice-and-water (oOC )

reference, all read on a Hewlett-Packard digital

voltmeter, allowing readings accurate to 0.5°C.

2.~ No-StIrr :in-~ Experimonts 
-

During those diffusion experiments In which fluid

does not flow through the reservoir chamber (that is,

no stirring), the temperature of the stat ic reservo ir
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. Again, tcmp~ratu re

is monitored throughout the diffusion experiments.:

D. Analytical Tee}-~i5aut~

When a diffusion experiment is finished, each
capillary must be removed from the reservoir and. Its

contents analyzed to determine the average ooncentr’~ztion

of d.iffusant renam ing after the allotted diffusion time.

The analytical device used. in this determ inat ion was
a Teohtron 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 c~bement , giving a measurement of Ionic
concentration read. on the A .A.S. in the form of “abso rbance

units” (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 i05 molar ion
concentration. In order to calibrate the A.A.S., a

series of standard solutions, across a concentration

- -
• 

- - -- 
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range of 1O~~ to 10~~ molar , was made up for each of

the elements to be analyzed. (Zn, Cu, K). 
-

In order to analyze the capillary contents after

diffus ion, it is necessary to reduce the ion concentration

to the working range of the A.A.S. This Is accomplished

by diluting the capillary contents Into a 1rno~m

volume of dIstilled. water .- When converting from the

‘absorbance units ” readout on the A .A .S. to a molar

concentration, this dilutirn factor is accounted, for.

E. Calculation of Canillary Volui es -

- 
Capillary volumes were determined by running a

‘zero-time ” experiment; that is, by filling each

capillary with diffusant of knot~n ion concentrat ion

and immediately emptying and. analyzing the contents.

If no diffusion was allowed to occur, then the

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

- a~~ee with the biown concentration of diffusant

initially in the capillary. Thus the only un1aio~•m

value is the capillary volume, which ithy then be -

calculated dircotly.-

F. Cabcul~t iom~~f o) cl’r ~umhc~r (Stirring ~ cperiments)

Fluid velocities were calculated by assuming 

-_ 
- 
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laminar flow in the flow channel, with known geometry.

The velocity profile in the horizontal direction is

given by equation 4.1 below, with V0, the centerline

velocity,’ described by equation ll .2 .‘

V(y,z) = v0[i — (2y/~-;)~ (11.1) -

- 
V
0 = v~~i - (z / D )~j (4.2)

where, V0 = centerline velocity, cm/sec

- 

Vt surface velocity above centerline

w channel wi~~h, cm
- 

- 

P = water depth in channel, cm
y - horizontal distance from centerline, cm -

vertIcal dtctanec from centcrlthe, c~

The average velocity in the flow channel, L is

based. on Vt and the assumption of laminar flow, as
given by equation 4.3. This average velocity may also

be expressed as the ratio of volumetric flow through
the channel (Q) to the cross—sectional area of flow (A) :

Vt 9/1 9/4~~/A - (k.3)

The following values have been measured In the

flow channel: The capillaries are located at - -

±0.7 ,‘ z 0.5.- The dimensions of the channel

are such that: w = 4.6 , D = 1.8 .‘ Insertion or
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these values into equatIons 4.1, 4.2, and. 4.3 gives
rise to the following expression for V(y,z) as a

function of flow rate (~~
) for this Imo-i-m geometry:

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

Thus , the Reynold ’s Number at the capillary mouth

may be calculated from a measured flow rate, according
to the following formula :

N - 0.227j . d i ’  Q (4R e -  ,u

in which: d = capillary ins ide diameter , cm

= density of reservoir fluid, gm/cm3

= ~~~~~~~~~~~~~~~~~~~~ 4~’I .~... -.-, ‘..J.~
., ...‘~~ /..-~,

— — sn. a. a .. a -_ iP ¼’, ‘.t sS4 ~~ / tJ . 0 ..#

reservoir fluid viscosity, poise

- 

Q~~~ ~ cperImcntal Procedure

I. ’ No-St~rrinz ~ :~~rir~ent

a. Fill reservoir partly (about 75~ full)

b. Place reservoir box in constant-temperature

bath; wait until Internal temperature reaches

steady—state . -

0.
0 Fill the capillaries with diffusant, using
a sterile hypodermic needle for each .

d.- Insert capillaries into reservoir box

and. close box.’ Seal tops with nylon screws .

- -~~----___ ~~-.--- - - -  - 
_ 

—~~~~~~~~~~~~~ —-— 
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e.’ Fill reservoir completely; wait again for
• - temperature to stabilize. 

-

f.  To initiate diffusion, slowly turn the

- 

- nylon screws until each 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.
g.’ After diffusion is stopped (nylon scrc~-:s

back in place) and. time is noted , empty

the reservoir box of fluid., ~y removing

the box from the constant-temperatur~-,
bath, and. opening one of the holes in the

side of the box, allowing reservoir fluid

- 
to drain out. 

-

b.~ When the level of the reservoir material is

wel]. below that of the capillary tops,
— 

- remove the top of the reservoir box and

then remove each of the capillaries from

the reservoir.
i. 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



flask up to the mark , first with the washings

• of the capillary (wash several times with

water) and then with water f  or the remainder.

The capillary contents have now been removed
and, diluted to a Io-io~m volume, as described.

earlier in this section (see p.- 36).

j. 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 initial ion concentration, is ~i, and.

may be used in the appropriate equation

found on pp. 21-22 to find a diffusion

coefficient..

~~~~ Stirr ed~Beser~’~ r_E orIm~~t

a. Fill reservoir and. start flow system.

Allow temperature to stabilize.

b. Periodically check flow rate both before

and during experiment. -

c. Fill capillaries with diffusant, using a
sterllo hypodermic needle.

d. Insert capillaries in reservoir, noting time.

e.’ After desired diffusion time is passed, rcr.love

capillaries from flow channel. 
-

f. Continua steps “I” and “j” from above.

- -- - -

~

-- -- ----

~

-

~
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V. Experimental Results -

A. No-Stirrin~ E:~~ rim~nts

1.1 Potassium Chlor~de In Water 
-

The initial no-stirring diffusion experiment

involved 1.011 KC1 in H20 diffusing Into H20 in a

static reservoir at a temperature of 25°C. Using

four capillar ies 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 io”5 cm2/sec. The

standard deviation is 0.183:x io ’5

2.: Zinc Oxide in PotassIum Hydroxide

A series of diffusion experiments were run in which

0.01 molar ZnO in li.O% (by weight) KOH diffused. into

110% KOH at 25°C, in a non-stirred. reservoir. The

results of these experiments, two series of four
capillaries, are listed in Table 5.2, showing an
average diffusivity of 6.4,5 x b- 6 cm2/sec, and.
a standard devIatI~n of 2.142 x iø ’6. The tabulated
data is listed in two groups, according to the
length of the capillary.

~_:~ 
~~~-- --~~~~~~~~~~~~~ —p ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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• 3.~ 
Cu~pric Sulfate In Water

- Table 5,3 shows the results of experiments
in which 0.05 molar CuSO4 in aqueous solut ion
diffusing into stat ic H20 at 25°C. Again, the

data are divided into t~-zo groups according to

capillary length. As indicated, the average

• diffusion coefficient for the eight tabulated

values is 5.560 x b — 6  cm2/scc, ~‘zith a standard.
deviation of 2.066 x i0~

6.

li.. Cu~ric Sulfate in St uric Acid

The CuSO4/H2S04 system 1-!as 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 0.511 H2S04.
At 250C, cupric concentrations of 0.00~11, 0.0211,

0.0511, and. 0.1011 were studied. At 35.5°C, the

CuSO4 concentraticns wore 0.0051-1, 0.0,511, and. 0.1011.
For each temperature and concentratioi~, Table 5.4
lists the number of experimental data points (“N”),
the concentration, temperature, average diffusion

coefficient, and standard deviation.

_
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*~~Stirred—~~servoIr Exner imeits -

In the experiments in which the reservoir was

stirred., an ~.queous solution of 0.05 molar CuSO4
at 26°C initially fille d the capillar ies, which
sat in a reservoir of flowing 1120. T~io sets of

experiments were run : one at a flow rate of

0.817 mi/sec CU Re = 2.03) and. the other at

2.915 mi/sec (NRe 7.55). In each series, 
—

several diffusion runs were made, with the
diffusion times varying from two to twenty—four

hours .-

Table 5 5  1~ ~ s~~~~r,’ cf thc:c c~~~~~~ nts,
showing for each flow rate and diffusion time, the

avex~ge diffusion coeffIcient, the standard deviation,

and. the number of data points.

S --
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TABLE 5.1 — Experimental }Iesults for 1.0 11olar KC1

- in 1120 diffusing into H20.

~~~~~~~ cm. - 

t~ hrs. 
cave 

_ _ _ _ _ _  ~~x io5 cm2L~ec— ______  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

2 .54 211.0 0.14.81 0,25116 1.901
2 .511. 24.0 0,k8~4. 0.2515 1.878

3 14.9 211.0 0.644 0.1122 1.582 —

3.49 - 211,0 0.605 0.1427 2.011

- 

- Reservoir not stirred.

Capi]1~ ry int-~~’n~ 1 ~ ia rn~~ p~~ f l 1~~R nm.
• 

- 
ReservoIr temperature: 25.0 ± 0.5 0C.

~avg. 
= 1.8~1.3 x io—5 cm2/sec 

-

Standard Deviation = 0.183 x io-5 cm2/sec
95% confidence limits: 1.73 ~ ,~~~

‘ 

~1.95 Cx 105)

-

~~~~~~ 
-5 - —  — 
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TABLE 5.2 — Experimental flesults for 0.01 Molar ZnO

- 

in 40% (w t . )  KOH diffus ing into KOH .

h cm. ~~~hrs. 
Cave 

_ _ _ _ _ _  ~~~ ~c~6 ~~~~

2,54 23.0 0.6764 0.0986 7.68
2.54 23.0 0.7089 0.0811 6.32

2 .511 24,5 0.8877 0.0141 1.011.

2.54 24.5 0.7089 0.0811 5.93

3.49 23.0 0.7361 0.0677 9.95
3.49 23.0 0.7475 

- 

0.0624 9,17

3.49 24.5 0.7655 - 0.0545 7.68
3.49 24.5 0.8373 0.0278

Reservoir 
~~~ 

stirred.

Capillary internal diameter : 0.158 cm.

ReservoIr temperature: 25.0 ± 0.5 0C,

2
~avg. 

= 6.11.5 x i0 6 cm2/sec
Standard deviation = 2.90 x 1 o_6 cm2/sec

95% confidence limits: k.03~~~~~~8.87 (x 10 6).

- ~~~~~~~~

-L -5- -
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TABLE 5.3 - Experimental ~esults for 0.05 Molar CuSOi1.
in 1120 Diffusing Into 1120.

L, cm. t~ hrs. 
Cave 

_ _ _ _ _- ~
Y,x io6 cm2/ ~ec

- Co
2.514. 22.5 0.7695 0.0420 3,344

2.54 22.5 0.6305 0.1258 10.020

2.511 24.0 0.7025 0.0844 6.303
• 2.511. 24.0 0.7021 0.0846 6.321

34 9  22.5 0.8328 0.0292 4.396

3,119 22.5 0.8327 0.0293 4.398

3,49 24,0 0.8105 0.0368 5.191

- 3.119 24.0 0.8244 0.0319 4.510

Reservoir not stirred.

Capillary internal diameter : 0 .158 cm.

Reservoir temperature : 25.0 ~ 0.5 0C.

~~avg. 
5.560 X 1O~

6 crn2/sec 
-

Standard. deviation = 2.066 x iø 6 cm2/sec

95% confidence limits: 4.08 ~~~~~7.Ok Cx lo_6)

_ _ _  

p -~~~
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TABLE 5.11. — Experimental Results for CuSO4 in 0.51-1 H2S04 - -

- 

- 

Diffusing into 0.5 Molar H2S04

il. ~~~~~~ 
(rnoiar~ p O~ 

~~avg 
x io6 cm2/ .~ee std . dev,

10 0,005 25,0 7,214 0.29

7 0.02 25,0 6.12 0.29

9 0.05 25.0 6.04 0.13

12 0,10 25.0 11.32 0.10

6 - 0.005 35.5 7.63 1.13

9 0.05 35*5 6.92 0.36
8 0,02 355 6.92 0.13

Reservoir ~~~ stirred. 
-

Capillary internal diameter: 0.158 cm.

Capillary lengths: 2.511. cm., 3.49 cm. 
- 

(mixed)

Reservoir temperature: as above, ± 0.5°C.

N = number of data points represented

C0 = initial concentration of CuSO4 in capIllary

I. -- - 5- 5- — —-- -—~~~~~~~ 5- -~~~ -- 5-~~~~~5- 5- -~~-
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TABLE 5,5 - Experimental Results for 0.05 1-lolar CuSO4
in Water Diffusing Into ~lot-t~~~ Water.

J
~
Re Time. hrs, ~~~~~~~ i0

6 cri2/see std. dcv.

8 2.0 2 7.877 0.47

7 2 ,0 3 

- 

6.317 1.07

4 - 2.0’ 10 6.J153 0.13

8 2,0 18 5.763 0.62

7 2,0 24 6.088 0.07

J1. 7.6 2 6.699 
- 

0.67

7.6 3 7.866 0.31

li 7, 6  9 4.746 0.47

4 7.6 
- 

18 5.488 0.05
‘ 

7.6 211 
- - 

5.520 0.03

Reservoir ~~r~d , Reynold’s Number given above.

Capillary internal diameter: 0.100 cm. -

Capillary length: 1.0 cm. 
-

Reservoir temperature: 26.0 ± 1.0 °C.

N = number of data points represented

- - —-- -- - - - --~~~~-- - -5—— •-- —5- -S
~~
---

~~~
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VI. Discussion of Dat~ 
-

- - A. No-St irrin~~~~~ eri .ment~s

1. Potassium Chlorine i~ Water

The data in Table 5.1 represent one diffusion
- 

experiment in which four capillaries, each filled

with a one—molar solution of KC1 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 data points (4) is:

~~~~ 1.843 x i05 cra2/seo.~ 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 f or 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, -i. -

As discussed In section Il—B, the accepted. value

for the integral diffusivity of 1M KCX In water at

25°C.- is 1.866 x 10~~ cm2/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

- - -

- — 5 -  -
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the same system. The 95~~ confidence interval of

: - 1~~~s data appears narrower than that given In the

paragraph above for this study, because Luk had.

36 experimental data points to evaluate, whereas
only four data points are included in this study.

The ,potassium chloride experiment was intended

as an evaluation of this technique, to insure that
• all equipment ~ias In working order, and. that the revised.

analytical technique (sec pp. 23—26) was Valid.

As the results of this experIment were in such

good. agreement with previous experimental work
as well as the ~onerallv “a~ceDted” value . It wa~
decided to cont inue with this method for zIncate

and. cupric ion diffusivities.

2. Zinc~ Oxide in Potas~ i:~ Hy ~ro7ic1e

The data In Table 5.2 represent two diffusion

experiments (4 capillarIes In each run) in which a

solution of. 0.0111 ZnO in 40~ KOH diffused Into a

static reservoir of 40~ KOH. The mean diffusion

coefficient and. the 95~ confidence limits of the
data are: -

£lavg. 6.45 ± 2.42 x io 6 cm2/seo

Note that one point in Table 5.2 lies outside of 



—-5-5 - - 
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this limit (at L~
’ = 1.04 x io— 6 . Furthor, as this

point is even outside the 99% confidcnce interval
- - 

of the data, it may be nc gli~ctcdd , and a new mean
value calculated. The new mean (of the seven

remaining points) and. corresponding 95% confidence
limits are :

• ,~~
‘ 

7.22 ± 1.90 x io-6 cm2/secavg.

As the range of the scatter Is narrower when the

extraneous point is not iLcludcd , the standard

deviation is lower and the limits of confidence

are reduced. - -

This diffusion coeffic~ent of 0.0111 ZnÔ in

40% KOH may be compared with the data of Lu (24)

(as described in section 11—9—2). He studied the

system of 0 .O1FI ZnO in 23.4% IcOfi end found a

diffusion coefficient of 7.10 x iO- 6 cm2/sec (no
range of error reported). According to a double-

tailed t—tost of significance, within 95% confidence

limits, there is no difference between Lu’s value
and the average diffusion coefficient found In this

study. The Stokes-Einstein Equation (below), however,
Implies that the two diffusivities should be different:

- — —  --~~~~~~~~~~~~~ --- - - -— --- ---
~~~~~~~~~~~~~
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where, ~ diffusion coefficeint, Qm2/sec

- 
- R = gas constant, cal/gm.mole_OK

T absolute temperature, 0K
r = Ionic radius, ~
u = viscosity, of medium, op.

K = 6.02 x 1023 (Avogadro’s Number )

The textbook “Alkaithe Storage Batteries” (28) gives

the viscosity of 40% KOH solutions as 3.5 centipoise

and of 23.4% solutions as 1.8 centipoise. If this

~.s so, and a].l other factors in equation 6 .1 are -

constant, then the expected. diffusivity of zincate
in 40% KON should be roughly half of that of the

— 

same zincate concentration in 23.4% KOH. As it turns

out, there is no significant difference beti-;een the
two experimentally-determined values within 95%
confidence limits. Possible explanations of this

are: ionic effects (caused by increase in pH corresponding

to higher concentration of KOll, possibly affecting the

value of “r” in equatIon 6.1); and temperature

differences (Lu states in his report only that the

CxPeriments were run at “room temperature ”, which
- could mean anything in the range of 20-250C.),

- :~~_
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CY. Luk (20) also studied. the 0.0111 Zi-iO in

40% KOH system and. found a diffusion coefficient,

expressend in terms of his 95% confidence Interval
- 

- as 6.00 x 10— ,~~~ 6.68 x io 6 , which (according
to the double-tailed. t-test at 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 diffusion

ooeffIcIont~In the no—stirring experiment. A

double—tailed t—test of significance at P = 0.05

R}-lowAa y~r~ a i ~~~~~~~~~~~ ~~~~~~~~~ 
-
~p 

f ~wr~ ~‘vmrt~ r~1~

data (at L = 3.149 and.L = 2 .514. cm.), indicating

j no variation in £~ of this serIes of experiments

due to capillary length.

3.’ Cupric Sulfate in ~~-ter

The data in Table 5.3 were evaluated in the 
- 

-

same manner as described above for KC1 and ZnO/ICOH.

The mean diffusion coefficient was foCn’~d to be: -

- 5.56 ± 1.48 x i~~6 cm2/secvg.

(expressed. with 95% confidence limits). One point

in the table (at ~&= 10.02 x 1o
6) is outside the

99% confidence interval, and may be discarded. This

~~~~~~~~~~~~~~~~~~~~ -
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lowers the mean value of 23 and reduces the scatter: 
—

= 4.923 ± 0.968 x io 6 cm2/sec 
-

- avg.

As explained in section 1143-3, the data of
Eversole 

~~ 
aj.. (26) represc-nt point values of

diffusivities across a large range of concentrations
(0 to 0.35 molar). These values, often called the

• 1d.ifferential diffusion coefficients” must be

integrated, as a function of concentration to o~tain
the integral diffusivity, whIch is the type of

diffusion coefficient obtained by the capillary

method. Eversole ~~ al. suggest a relationship of
- — -

~~
. 

~~ — • • —

~zie for~a: ~~~‘ 
— a -r b~.~0- ~ £0 1 .LeS~ ~~IZ~~~~ L • )~~~L &  ~~~~~~~~~~ LLL

water. In the range of concentrations of interest in

this study (C0 0.0511), the diffusivity may be

approximated. as a linear function of concentration

with no worse than 2% deviation from Eversole’s

data. The data of Eversole et ~~~~~. was graphically

integrated according to the following formula:

‘~~ nt. ~~~
_ 

~~~
‘
1Ac1 (6.2)

where tint = integral diffusivity at C = C~
Cj concentration of CuSO4 (C~ = 0.05 N)

point-value of from tabulated values

by Eversole ~~ ~~~ ,., range Cj to Cji-1.

- - - T - ~~-~~ -- —
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This graphical integration of the data from Cj = 0

to Cj = C~ = 0.05 molar gives a value for the

Integral diffusivity of cupric sulfate in water
- 

- at 25° of 5,85 x 1o 6 cm2/sec. According to a

double-tailed t-tcst of significance at P = 0.05,

this value is in good. agreement with the experi—

mentally-obtained data shown in Table 5.3.

k. Cupric Sulfate 5.n Sulfuric Acid.

Each value of ~~~~ libted In Table 5.4 is an

average of a number of Individual data points.

There are two groups of numbers; four values

• - — — • _l• a~~_ -. — A.~.. £ .~~~~ — C) — 1~~~~ — — L C) ~SOPI 
-

i-api ~ ~~~~~~~~~~ —I.

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 wore

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 i~6, 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 of freedom indicates no
oorrelation of the data. Withtn the 95% limits as

-_ _-~~~~~~~~~_ --- ~~~ -- -- - -~~~~~~~~~~~~~ 
. - -~~~ 
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described, slope of the linear regression could be

anything from -28.504 to +2,880. As that range 
—

- includes 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 35.5°C , —

- a linear regression gives a line of the form:

X = —4.157X + 7.205. Again, within the limits

of the 95% confidence level, the upper and. lo:-:er
bounds of the slopes of the regress ion line are,
respectively, 16.732 and —25.046, crossing the -

- 
X—axis. 

- 

-- 

- Following the suggestion of Eversole ~~ ~~~~ . (26)
that the diffusion coafficient ciay be a function of

- 
the square root of molar concentration, the

- linear regressions i-~ere repeated , this time with
- X (c0)~ and Y as before. Now, the F—test of

- the data shows correlation 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:

= —7.191X + 6.944 , with the upper and lower

j  
-- -
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bounds on the slope at: —1.839 and —12.544, respectively.

(The square—root relationship could. not be demonstrated

with the 35.50 data; this is probably due to greater

scatter of data and. a smaller number of poInts to

evaluate) . As shown in Fi~uro 8, the diffusion

ooefficien~ of low-concentrations of CuSOj4. in

H20 is a weak function of concentration. This

• means that, for low concentrations, it ~ay be

justifiable to neglect concentration effects when 
-

approximating the diffus ion coefficient . As stated

earlier , in the discussion of the diffusion equation ,

it is assumed, in Fick’s First law of Diffusion,

as treated In this study (see seclion III), that the
diffus ion coefficient is constant with respect to

time,- distance, and concentration. These experiments

indicate that that assumption is ~ustif led. in this

range of concentrations.

The assumption of constant diffusivity with

-~~~ concentration allows the calculation of a mean
diffusion coeff icient of all data points at each
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 i~~~6 cm2/scc

was calculated. (95 ~ confidence int~rval given).

- 
_____________

_-
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In the same concentration range, the 23 data points

taken at 35.5°C lead to a mean diffusion coefficient

of 6.675 ± 0.97 x io-6 cm2/scc. The double—tailed
t—test of significance show s , even at the 0.98 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 —in (~~) against temperature

for the two mean values discussed above. From this
plot, an act ivation energy of dIffusion may be

— estimated, according to the Boltzmann Equation:

A exp (-Eã/RT) (6.3)

where, ~~~= diffusion coefficient, cm2/sec
A = frequency factor, cm2/seo

~~~= activation energy for diffusion, cal/mole
R = gas constant (1.987 cal/mole-OK)

T temperature, O~(,

The slope of the bold line in Figure 9 corresponds to

an activation, energy of 0.967 Neal/mole. The dashed

lines represent the upper and lower bounds of the

95% confidence limits on each value, corresponding
to values of E~, of , at worst, zero at minimum and
2.096 Kcal/molc maximun,- These values are in the
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same order of magnitude as ‘values published for

similar binary systems (20,24,29).

An interesting aspect of the temperature effect

was noted, during the initial experimentation with

0.0511 CuSO4 in sulfuric acid. For some unknown reason,

the data taken at that concentration led to the
calculation of a diffusion coefficient much higher

than that of the other CuSO4 concentrations In the

same series. Investigation into the possible

cause of this obvious error turned up the fact that

during the week in which the 0.051-1 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 overnight.

When the air conditioning system was returned to

normal 2k—hour operation, the 0.051-1 series was

repeated, and the initial series (with no temperature

control) was discarded. 
-

B. Stirred-fle~ervoir Exier1.ment~ 
-

In order to evaluate the hydrodynarnic effects
caused by stirring of the reservoir material, a series
of experiments was conducted in which an aqueous



solution of 0.05 molar CuSOI1. diffused into flowin~
water at 26.0 ± 1.0 °C. The experiments were djvjd~d

into two groups, as shot-rn in Table 5.5, with one 
- 

—

series run at a Reynold’s Number (NRe ) of 2.03, 
-

and the other at = 7.55. In each series,

a group of diffusion experiments were run at

various diffusion times, from two to twenty—tour

hours in length. The tabulated, data represent

the moan and standard deviation of each time and

Nre experiment. -

- For each group of values at a given flow -rate,

a linear regress ion was run so as to determine the
effect of time on the diffusion coefficient. That

is, it was desired to know if diffusion time affected

the apparent diffusion coefficient, and, if’ so, at
what length of time the apparent diffusion coefficient

approached the value obtained in no-stirring experI~onts.

Using the variables X = time and, Y = diffusivity-x 10 ,
a linear regression of the data at NRe ~ 2 led. to
the equatIon: Y = —o.o6X + 6.831. The mean value
of .-~~~

‘ for the whole series (and. 95% confidence limits)
is 6.11:6 ± 0.761 x i~—6 om2/sec. The upper and lower

-~ I 
- 

bounds on the slope of the regression line, respectively,

are +0.025 and. _0.1k5, indicating that the d,jffusivity

- -~~~~~~~~~=-— -- -~~~
---- —-~~~~~~~~- - -- - -~~~ ~~~~~~~~~~~~
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- does not change with diffusion time. Similarly,

- in the series at NBO ~ 7.55, show no effect of time 
-~ 

-

- - 

on dirrusivity, as the regression line takes the 
- -

form Y = —0.077X + 6.679. This line is almost
- identical to the regress ion line for NRc = 2.03.

• A double—tailed t—test of the two sets of data at
two Reynold’s Numbers indicates no difference

• between the two groups at the P = 0.05 level.’

In the no—stirring experiments ~-zIth 0.051-1 CuSO4

- in water at 26°c, the mean value of ~~

‘ obtained

was k.923 ± .968 x io 6 cm2/sec. The t—test

- 
indicates that the mean value of all stirred,—

reservoir experiments ,- regardless of time or
flow rate (= 6.015 x 10 6) is not different

- from the no-stir value. Interestingly, however,
it only the short—time (2 & 3 hour) experiments

- are considered, at both flow rates, and compared

against the no-stir experiment, there ~~ a
diff

~
renoo between the two at the 95% confidence

- 
level. On the other hand, comparison of the 

-

two longest—time experiments (18 & 214. hours) 
-

with the no—stir oxperi~ont does not show any
significant difference.

Thus it may be interred from the data that

~~~~~~~~~~~~~~~~~
- ~~~

-- ---
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for experiments In which the reservoir Is stirred,
longer diffusion times approach the values obtained.
in no-stirring experiments better than the short
time experiments.- If the so—called ~A~ —effoct” is

ci~ iifioant, then its effect may become negligible
if a long enough diffusion tthe is allowed. However,
as long as a reliable technique exists for using

• the no—stirring model,- a~ has been shown in part A
of this section, the stirring model seems impractical
for engineering use. - 

-.

~~~~ Error Anal-’rsj s -

Pos~jblo sourcc~ of error in the capillary—
reservoir technique include: temperature variation,

concentration measurement inaccuracy, Inexact

- filling of the reservoir and/or capillary,

measurements of time and capillary length ar~d,

for the stirred—reservoir system, the ~L—erfect

and fluctuation in Reynold’s Number.

- Temperature fluctuation leads to an error 
-

which may be approximated by Boltzmann’s

&luation (equat ion 6.3) , in which1Y is related to

l/T, where T is in degrees Kelvin:

,Z1’~ A exp (-~~/RT)
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Using values of T = 298°K, H = 1.987 cal/gminole—0K,

E~1, ~ 1000 cal/grnrnole, and a maximum temperature

deviation of O.50C (this was the worst deviation

recorded in any no-stirring experiment), the

- maximum error in /~
‘ is given by:

~~~ =~~
‘(Ed,/d~) /HT2 = o.oiiZ’ (6.’i-)

Thus the maximum error due to temperature fluctuation - :

is about-1.1%, in the no—stIrring series of experiments.

• For the stirred-reservoir experiments, a variation

in temperature of ± b C  was noted, so that the

lmaximüm error in that series would be about 2.2%.

- The equations in section III which relate t

to $, the final—to-initial concentration ratio,
all have the general form: ‘

~~ ~
j—. f( 4 ) ) .

Thus the error in due to the analytical system

may be expressed as:

~~~ 
= I

~~~~~I~~~ 
+ 1~~.1St + J

~~~J~~ 
(6.5)

Prom the definition of of ‘
~~ , the first two terms of

equation 6 .5 are simplified and the equation becomes:

= 
2~ L + — (6.&)

- 
The last term of 6.6 will depend on the equation

for = f (t )  used. The cft/t term may be neglected,
as diffusion time is carefully controlled — In a

typical 2k—hour run, a one minute error (the

- — -~~ — -~~ - ~~~~ - —- - - 
--_________ 

- — - -- - —-—-S ~~~~~~~~ 
-
~~~

—-— -- a- ~~~~~~~~~~ - -- -— --
~~

- -
~~~~~~

—-- - —~~~~~~~~~



- 
worst that might be expected) only contributes
0.067% to the total error. The 2c L/L term is

- probably not negligible, and, is estimated by

IAak (20) for the no—stirring capillaries to

be, at most, around 3~~. For the newly-made

I—cm. capillaries used in the stirred—reservoir

- 
experiment~, the maximum error (based on LUkSS

• 
formulation, with L = 1.0 rather than L = 2.51i),
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;

- 

= 1 — (ZLt )0.5k - 
(3.11)

- 
which may be 

- 

rearranged as:

- 
1,2’ (1 — ~)1.852 (6.7)

- 
and the last term of equation 6.6 becomes:

1.85 2 •
~~~~~~~~ . (1 - 4)0.852 ~~~~~~

Using lo~~~t values for short-capillary no-stirring
- experiments Ct 211. hrs.,’~= 0.235, ~i = 0.1181) and

allowing for the precision of the A .A .S. at ± 1%,

- 

= 0.05, and. the error term comes to 
~j =  0.177.



- - 
For the stirred-reservoir system, Luk (20)

- 
Suggets a “typical” error of about 8%. The

- -- 

maximum error in short time stirred experiments

- (based. on equation 3.9), calculated in the same manner

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

•experiments, the maximum error due to 0 comes

out to 8%. - - 
-

Thus, summing all maximal errors fox’

each series, the following are given:

No-Stirring: max. error = 21.8%
- 

Stirring (‘~“0.i): max. error 18.2%

~~~~~~~~~~~~~~~~~~~~~~~~ 1’-t lr-  (~~~~~~t . ~~~~~~~~ ~~~ — ‘)J, ~~~~~~V~~~~& £ 
~~~~~~~ 

— d•  ~~~~~~ • .—,—

In al]. experiments discussed earlier in this section,
only the no-stir ZnO/KOH experiments showed scatter

beyond the maximum error range. A possible explanation

- 
of why this happened may be In the handling of the

-- 11.0% KOH solution.- Because of the danger of handling

concentrated base, special clothing and gloves were

- worn when 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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-

- as that, which requires special handling, many data

- 
- points should be taken, so as to minimize the effect

of random error in analytical techhlque.

S

______________________ —~~~-~~~~~~~~~‘~~~~~~~ — -- -~~~~~ 
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t - VII. Co!1clu~ions 
-

1. The no—stirring model of the capillary—reservoir

technique gives values of diff.usion coefficients •

in line with those predicted in the literature for

the three systems studied. It appears to be a useful

- 
method of evaluating diffusion coefficients of these

- and similar binary electrolytes. - -

2. The stirred-reservoir model of the capillary
- technique has inherent error due to a hydro-

dynamic (L~J~) effect. With long diffusion time

the effect is minimized.
a

3. Given the two conclusions above, the no—stirring

model would seem to be a better choice for a

standard laboratory procedure to obtain the -

integral diffusivities of binary electrolytic

s~~utions, at a given temperature and. pressure.

1$. ‘Analysis of the variance of data in the CuSOk/H2SOk
system showed that the diffusion coefficient may be

a weak function (possibly proportional to the square
‘coot of C0 , as s~iggested by other’s), ~ut that this

- - ‘ 
- 

‘- -
~~ dependence may be neglected. at low concentrations
- of CuSO4 such as were studied in these experiments.

- 

-

- 

- -

— 
U ~~ —-- e— -

~ -‘ ~~~~~~~~~~~~~~~~~~ 
— —

—
--~~~~~~~~~
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~~
. The integral difrusivity of aqueous UI KC1 diffusing

- 

in water at 250C was found to be 1.8113 ± 0.113 x i o—5 cm2/sec.

This value is in good agreement wI.th published data

for the same system.

6. The integral diffucivity of 0.0111 ZnO in kO% KOH
diffusing in ko% KOH solution was measured as

7.22 ± 1.90 x iø—6 cm2/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 between

- 
this value and. that of a similar s~rstem using

23% KOH solution, although the Stokes—Einstein

equation predicts a difference due to viscosity

effects. For this reason it is suggested that

future users of this technique allow a sufficient

number of data points to minimize scatter.

7. The integral diffus ivity of low concentra t ion
CuS0~, in half—molar sulfuric acid, diffusing

in 0.511 H2S011 was found to have a significant

temperature dependence. At 25.0°C, the value
is 5.113 ± 0.59 x io-6 cm2/seo. At 35.50C,

across the same range of concentrations, the

- 
- integral diffusivity is 6.675 x io’6 cm2/seo.
The range of concentrations studied was 0.005—0.101-1.
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8. The CuSO4/1120 system was studied using both the

stirring and no—stirring models of the capillary—

reservoir method. The no-stIr experimental results

gave a value of the integral diffusion coefficient

as 4.923 ± 0.968 x iO—6 cm2/sec, in good agreement
with published data for the same 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 average diffusivity is
significantly higher than that found in the no—stir

experiments. It is hypothesized that this is due to

a hydrod.ynamio effect which increases the a~~~rent
diffusion coefficient due to convection of diffusant

— out of the capillary. This effect is minimized

with long diffusion time.

9. The activation energy for diffusion In the low

concentration CuSO~1/H2S04 system studied was found
to be on the order of 1 Kcal/gm-mole.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
— --- -

~

-- ~~~~~~~~~~ ‘~~~~~ 
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VIII. R’~comiienc1ations

1. The effect of viscosity and pH on the diffusion
coefficient may be studied In the ZnO/KOH or

CuSO4/H2S04 system as follows : Choose a
concentration of primary electrolyte (e.g., .0511 ZnO)

and. a range of supporting electrolyte concentrations

(e.g., 0-414 KOH, In i—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 base electrolyte. Instead,

%~~RE3 a vu ni~ al_p~I vi~~~o~~ mc~H,, m, ~“r~’~ ~~ 
range -

of viscosities comparable to the initial series
‘ of experiments. Comparison of the two series

of experiments will indicate how the apparent - 

- 

-

• diffusivity is affected by acid/base concentration,
- 

- 

and by viscosity.- —

2.- It would be Interesting to study the feasibility

of using the capillary-reservoir technique on

binary systems other than electrolytcz, such

as , for example, toluene/benzene mixtures,
biological fluids, etc.

- -- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -~~~ _~~;~~~~~~
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- APPENDIX A: Nomenclature

Sym bol - Meaning

- 

- 

d inside diameter of capillary, cm.

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

w width of flow channel, cm. 
- 

-

x 
- 

length vector: distance from bottom of capillary

• y horizontal distance vector, cm.~
- z vertical distance vector, cm. -

- A cross—sectional area of flow channel, cm2

C concentration of diffusant, moles/liter
o c

0 initial “C” at start of experiment

• 
• Cave average conc. of diffusant in capillary after

- 
- allotted diffusion time.-

- 
- - 

- 
D depth of water in flow channel, cm.

L capillary length, cm.

effective diffusion length, cm. -

NBe Reynold’s Number

Q volumetric flow rate, ml./sec.

T temperature, degrees Celclus
V velocity, cm./sec.

- 
V0 centerline velocity, cm./sec.’ -

V~ surface velocity above centerline, cm./sec.

diffusion coefficient, cm2/sec.
non-diffusing region of capillary caused by flow

- -- -
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ -- ~~~‘~~~~~~~~~~~~~~~~
- - - -— -



r’~ ~~~~~~~~ 
-
~~~~~

‘
~~~
:- - --— 

C~2~~~~~~~~~ i=~ :~~~~~~~~~~~~ T~~~7t ~~~~~~~~~ 

~~~~~ 
--• --‘

~

—

~~~~~~~~~~~~~~~~~

-

~~~~~

--

-

-
-

• 

S 

-

• 

- 
— 7 4 -.

• - 
p density at specified temp. and pressure, gm/sm3

- visoosity at ~ N , poise
‘C dimensionless time (see p. 20)

4- dimensionless concentration ratio (see p. 20)

&imensionless length (see p.- 20)

rotation rate

- 

-

- - 
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- - APPENDIX B: Calculation of Ont1~ ti~ C~nti1ary Le~~th

- - There are tifo interdependent factors to be considered

when choosing the length of the capillary diffusion coil;

namely, diffusion time and depth, At the beginning of

- the diffusion time perios, the concentration of diffusant

is. uniform (C = C0) throughout the cell. After immers ion

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

thea capillary .

As explained earlier, the diffusion coefficient
- is computed on the basis 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

remaining in the capillary. For example, if 90~ of - -
:

the initial amount of diffusctnt present in the capillary

remains there after diffusion, a 1~ error in concentration
measurement corresponds to 1 17.7~ error in the resultant

I’— - - - -
— — —5 —_________ — —=- -_- —_-__-__ --__ —-_~=•_-__•__ —

---~~~~~~~~~- —-5-— ~ - —-------- -—- —5 — S — ~~~~~~~~~~~~~~~
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calculated diffus ivity. In a diffusion eel]. in which

~O% of the initially—present diffusant rema ins,
the same 1% error in concentration measurement

corresponds to a mere 2% error in calculated diffusivity.

In order to reduce this to about 1%, over 70% 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 i\~ —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 difTusivity , (The analytical method

of analyzing capillary contents has an inherent 1%

uncertainty.) In 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 capillar y volume, the less significant a spilled

drop appears in the analysis.- Thus, the optimum
practical capillary length for stirred—reservoir

experiments, 1 mm. capillary diameter, with 0.05 Molar
CuSOL1. in water, would be one centimeter.

-- ~ - 
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APPENDI X Sanpie Ca]•culatio~~

1. Cal brat~~n of the A.A .S

Calibration solutions of CuSO~ in distilled 1420

wore r~adc ,up, as sho~•
-n below , and t:~ere run on the

A.A.S., arid readings (on an arbitrary zero-to-100

scale) were recorded:

Cone, of Cu~~ io3~-i A.A.S. Pead~~~

3 36.0 
-

4 - 

- 

46.0

5 
—
56.5

-~~~~ 

- 

67.0

Letting “C” be concer~tration x io5~ , and “AA ”

the read•thg on the A .-A.S., a least—squares rcduction

line through the four p oir~tz above gives the equation :

AA = 10.35~ O~. + 
)
~.80 -

This calibration equation w~s used. to obtain concentration

values of ion in solution from rc~dings on the A.A.S.

2~ Exr~mTh of no—st:~ -’r!,,’-~ r~~”~]. 
-

- One no—stirrin~ o :peri~:~ent ~:hioh ‘.as run at

the seine time as the above calI1~ration, was wIth
O.05M Cu~0)+ in 0. ~~ at 25°C. There wore 9

- 

— 
- 

data points tJ~Iwn , hut only or~e i~ p~csentcd hc-ro

-- 
-5 

~~~
- 

-- - — - — -  — _______
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- 
- to illustrate the calculations.- One such point

was for a 3.49cm.- long capillary, initially

tilled with 0.05fl CuSO4/acid solution, which

had diffused for 24 hours in 0.5I-~ 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 calibi-’ation equation on the

previous page, the concentration of copper in

the diluted sample was C = 5.7199 x iO—Smoiar.

To obtain a value of 4~, 
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:-i):

~~=O .8i6

As this is a short—time, no-stir experIment,

• use equation 3.11 to calculate a dimensionless time: -

.

= ~~. 
_~~~~~ ‘5k (3.-il)

Rearrangement of the equation so as to solve 
-

for 2’ gives a value of t= 0.035. From the
- definition of T , we obtain: -

= 4.919 x io~
6 

~~~~~~~~~~~~~~~~~~~~~~~~~

F
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~3. The stirred-reservoir exi~erIments

The same calibration method was used in these

experiments as for the no-stirring series. Likewise,

the calculation of concentration ratio, 4) ,  was made

in the same fashion. The choice of equation to

use to calculate T was based on the value of 4)

calculated. If ~t~)O.72 (corresponding to~~=O.
06),

the short-time approximation, equation 3,9 was
- used, If ~~~O.633 (corresponding to ~~~‘ = 0.10), the

long—time approximation, equatIon 3.8, was used. 
-

- For values of 4) 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 calculated 4), chose the appropriate
equation, calculated t , and from that, computed ~~~~ .

• &ample: For one capillary, length 1 cm.,

diffusion time = 24 hours, with 0.05!1 CuSO4 in

water at 26°C, 4’ was calculated as as 0.246. This

falls in the category of the long—time approximation,
- so the equation used was 3.8:

- 

-
~~~~~ 

. exp (~~~2t ’/4) (3.11)

- Rearrangement of the equation, solving for ‘~~~~, gives
- a value of t = 0.484, or ~~

‘= 5.602 x iø—6 cm2/soc.
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• 4.~ Analysis of Va”tance of D~.ta

- The ZnO/K0H 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 Hewlett—Packard 9100A programmable desk

calculator, program 09100—70801, calculated the

mean and standard deviation of each of two

i.nput samples , “X” , and “Y”, and computed the

t-.statistic for correlation of the two samples. 
—

For example, the program was used to compute
• - _ _ _ . _  ~~~~~~~~ __ ,_ ,  ‘ - , _ , _ • I• . — - ~~~~~ 

,, _ _ _  . , _ ,  - - . . - .-
UL~~~~~~ L~~ C4A1~j~ ~ ,u,, u~~ V ~~~ Is j .~j1i UL Isi~~~ Is ~JVJ~LI Is~~

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=O. 05 (30). Where N = number of

data points ( =8), t = 2.365, and the computed

standard deviation is 2.89 x i~~-6, th~ calculated

95% confidence interval is:

- 

Q’
9 st/i’=2 .k2xlo-6

The 99~ 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~tst point was

- - - - -5~~~~- - -—~~~!- ±--——~~~ - - — - -~~~-— -— -~~~~~~ - -~~ — 
— 
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- 
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- 

found outside the 99% interval,- it was discarded,

and. a new moan was calculated;

- To compare 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

• ~ ‘oups : sample “X” included points taken with

2.511. cm capillaries and, sample N~~~~fl was the

- 1 3.49 cm capillary sample.- The program computed a
- t—statistic of 0.61 for the two samples, far less

- 
S 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 pOints.
- 

-

-

5
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-

-

•

-
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