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DIFFUSION IN CONCENTRATED ELECTROLYTIC SOLUTICNS 

Kemal Nisancioglu 

Inorganic Materials Research Division, Lawrence Ra.diat:l.on Laboratory 
Department of Chemical Engineering, University of California 

Berkeley, California 

ABSTRACT 

The analysis of mass transfer problems in electrochemical systems 

requires accurate values of the transport properties of electrolytic solutions. 

We study here some methods for the correlation, prediction and measurement 

of diffusicn coefficients in concentrated electrolytic solutions. 

We propose a one parameter rate equation, based on a simple lattice 

model to describe the microstructure of an electrolytic solution, for the 

diffusion coefficient. ~We discuss the possibility of estimating diffusivi ties 

from viscosity and activity coefficient data. The calculated diffusion 

coefficients show a fair agreement with the reported experimental values. 

Our theoretical study indicates the necessity of obtaining additional 

experimental data on the diffusion coefficient and viscosity of electrolytic 
. ,· . 

solutions. We measure the viseos~t.;y of aqueous nitric acid at 25°C for 

concentrations 0 to 1.0 molar in order to complement available data on 

this property. We .obtain the diffe~ential diffusicn coefficients of the 

same system for the conce'ntration range .033 to 9.25 molar via restricted 
I 

diffusion. The ex-Pe:r:-iment~l metP:~g_,eii}ploys Rayleigh interferometry to 

observe a concentration profile and appears· to be accu.rate to 0.2 percent. 

The experimental results are fol:J.:q_d to be in qualitative agreement with 

the behavior of strong acids in aqueous solutions and support the cypotheses 

concerning the effects of strong acids on the molecular structure of 

VB. ter. 
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I. INTRODUCTION 

Various mass transfer problems are frequently encountered in the 

analysis, design and control of most electrochemical systems. The solution 

of such problems requires a systematic description of the fluxes of diffe-

rent species involved and their transport properties. Information about 

the transport properties can be gathered from experimental data or from 

theories describing the nature of electrolytic systems on the micro scopic 

scale. Several such theories are available fran the literature,
36 

and they 

are applicable to dilute electrolytic solutions. Available theoretical and 

empirical knowledge, however, is quite deficient in describing the transport 

30 
properties of concentrated systems. The development of Onsager and Fuoss, 

for example.,accounts for the concentration dependence of diffusion coefficient 

in dilute electrolytic solutims but fails to predict large deviations fran 

ideality in concentrated systems. The lack of accurate data for this 

important property at high concentrations is also a serious drawback in 

extending the ar:mlysis of' mass transfer problems to concentrated solutions. 

This thesis is concerned with the correlation, prediction and measurement 

of dif~sion coefficients in concentrated electrolytic solutions. 

Several important works provided the backgrcund for discussions in 

the following chapters. The formulation of the flux equations and the de-

fini tion of some transport properties, which -offer a systematic treatment 

of mass transport in concentrated electrolytic solutions, are due to 

Newman.
23 

His derivations consider the effect of the solvent flux, which 

is usually ignored in the treatments of dilute systems, and resolve the 

question of irreversiblity in concentrated solutions. We present a summary 

of these equations in Chapter II and put them in convenient forms for use 

in the chapters following. 
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In Chapter III we study the possibility of predicting diffusion coeffi-

cients in concentrated binary solutions from experimental viscosity and 

activity coefficient data. A compilailion of the transport and therrrndynami c .. i 

. properties of electrolytic solutions by Chapman and Newman l5 supply the 

necessary data. Chapman 1 s results fran the application of transport equa

tions to available experimental data in his Ph.D. Thesis7 provide a qualita-

tive understanding of the behavior of various ·ionic species in aqueous 

16 ) 1 
solution . The works by Glas stone and Podolsky propose simple models 

on the microscopic nature of liquids and dilute electrolytic solutims. 

We mod.ify these models for application to concentrated solutions and thereby 

propose a one parameter expression for the diffusion coefficient. We 

investigate the applicability of the regular solution assumptions in approxiT 

mat:irig · the behavior of concentrated electrolytic solutions. In order to 

test our tentative models we compare our predicted values for the diffusion 

coefficient with experimental data on several electrolytic systems. 

In our theoretical treatments we remain limited to systems with 

sufficient and accurate experimental data on viscosities, and diffusion 

coefficients. Our study is restricted due to the fact that most electrolytic 

systems lack viscosity data at low concentrations and diffusion coefficient 

data at. high concentrations. We try to contribute in this respect by 

measuring the diffusion coefficient of nitric acid solutions over a wide 

concentration range. For this purpose we apply the results of restricted 

diffusion. We present and analyze the restricted diffusion model in 

Chapter IV following the original derivations by Chapman. 
9 

In Chapter V we present our experimental method which utilizes 

Rayleigh .:interferometry for the. measurement of concentration profiles 

in the course of di}fusion. We report our experimental results on the 

...... 

.•. :1; 

i 
; 
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the diffusion coefficients and viscosities; the viscosity of nitric acid 

solutions are measured in dilute solutions with the purpose of c anpleme nti rg 

available data on this property. The results are finally correlated and 

evaluated. with the aid of the equations presented in Chapter II. On the 

basis of these results we try to explain qualitatively the nature of ionic 

diffusion in aqueous nitric acid solutions. 



-4-

II. A SURVEY C1F' THE FUNDAMENTALS OF MASS 
TRANSPORT· IN CONCENTRATED ELECTROLYTIC SOLUTIONS 

A method of fornru.la~ing the equations of transport in concentrated 

27 
solutions have been proposed by Newman, Bennion and Tobias and 

discussed in detail in two other treatises •
2

t) 5 The basic relationships 

will be presented here without much derivation, and the reader is directed 

to these references for more comprehensive treatment of the subject. 

The transport equations in concentrated solutions comprise for 

each species i, a differential material balance 

d . c. 
l =-\l.N.+R., 

. -l l dt 

a relation between the current density and the fluxes, 

i = F 2: z. N., 
i l -l 

a. condition of electroneutrality, 

2: z. c. 
l l 

o, 

and a flux relation of the form, 

c. '1 ll- = 
.l l 

RT 2: 
j 

c. c. 
__ l_J.....__ (v v ·) 

c.. • - • • 
CT ~.. -J -l 

,p lJ 

(2-1) 

(2-2) 

(2-3) 

(2-4) 

Equation (2-4) is, in a way, a force balance on species i. 'The left 

hand term .can be regarded as a driving force per unit volume acting on 

species i. This force is counter-balanced by an opposite drag from the 

other components j and is proportional to the difference in the velocities 

of i and j. 

The necessity of combining Eqs. (2-1) and (2-4) for more useful 
. I 

I 

relationships requires explicit expressions for the fluxes. This can be 

~: 

'J' 

; 
'. 
i 
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accomplished by inverting Eq. (2-4) with the utility of Eqs. (2-2) and 

(2-3). Thus, with respect to the solvent veloclty and in the absence 

of current, the fluxes for salt and solvent in a binary solution beCOire 

~ N c /c 
N = 

T,p o !> c V'~-t + cv ' (2-5) 
-s v+ v v RT p e -o, 

and 
N c v ' 

(2-6) 
-o 0 -o 

where the diffusion coefficient is 

i)o+ £)0_ (z+ - z ) 
~ -

p z+ l)o+ - z ~0-
(2-7) 

and 

1-Le = v + 1-L + v 1-L ' + -
(2-8) 

is the chemical potential of the electrolyte. 

At constant temperature and pressure the gradient of the chemical 

potential is related to the activity of the salt as 

V'~-t RT V ln a = 
e e (

o ln a) 
RT ~;---~ Vc. (2 ~9) 

In terms of the activity coefficient on the molality seale this becomes 
? 

(c/cT~J2) 
= vRT (c:r~2) (L + d ln[ ) 

d 
V~-t Vc, 

e dlnm de 
(2-10) 

and further manipulation leads to the form, 

V~-t 
v RT 

(l + 
dln:y ) Vc, 

e c c v dlnm 
(2-ll) 

0 0 

W'l;lere V 
0 

is the partial molar volume of the solvent; and m is tye mola

~ity. Thus, Eq. (2-5) becomes 

N 
-s 

c 
-.;:;T,.._, 12"'----- i) 
c 2 v 

0 0 p 
(l + dln:y 

dlnm 
) Vc + cv · 

-o 
(2-12) 

An analogous expression is Fick's first law of diffusion, as stated by 

Bird, Stewart and Lightfoot,
3 

J 
-s 

* c DV'x , 
T,x ·· s (2 -13) 
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* where ~ is the molar flux of the salt relative for the molar average 

* ~.elocity v and is defined by, 

J -s 
* * cv - cv 

The concentration factor c differs from cT .. such that 
T,x iP 

and 

c 
T,x 

c = vc + c . 
T,p o 

(2-14) 

(2-15) 

(2-16) 

The differential diffusion coefficient D is the quantity usually measured 

experimentally and reported in the literature. The mole fraction of 

the saH. x is given by 
s 

X 
s c/cT . ,x 

We can also.define a "particle fraction" p as 
s 

(2-17) 

(2-18) 

A flux expression analogous to Eq. (2-12) can now be derived from Eq. 

(2-13), using Eqs. (2-14) and (2-17) and noting that 

\i'c 

c v 
T,x o 

Equation (2-13) can then be transformed into the form, 

Comparison 

N 
-s 

DY'c 

v c 
0 0 

+ cv . 
-o 

of Eqs. (2-12) and (2-20) yields 

D 
3:) p dlrry 

(l + dlnm 

where p
0 

is the'particle fraction of the solvent. 

), 

' ' 

(2-19) 

(2-20) 

(2 -21) 

Equation (2-21) is, in a sense, an alternative way of defining 

the thermodynamic diffusion coefficient D in terms of parameters which 
p 

~· ..; ... 

.. 

~ 

i' 
; 

"'''' 'i 

I 
") ! 



-7-

can be measured directly by experiment. Definition of the total solution 

concentration again brings us to a controversy because if we stick to 
I 

the convention described by Eq. (2-15), we can define a different thermo-

dynamic diffusion coefficient, such that 

D 
X 

0 

(1+ dlrry ) 
dlnm · ( 2-22) 

Instead of adopting one of the conventions, we will use and compare both 

forms in the developments and discussion to be presented in Chapter III. 

A useful transport property, the transference number with respect 

to the solvent velocity, can be related to the properties already defined 

namely, 

l - t 
z+ ~o+ 

(2-23) 
}) 
0-

Another transport equation.to be mentioned is the relationsbip bet~en 

the conductivity K and the property ~\_ , given by 
~ : 

1 -RT /1 c t) + 0 - (2-24) 
K cT z+z F2 \~ 

1§ • 
,p c+ o-

Equations (2-7), (2-21),.(2-23), and (2-24) represent a convenient 

set of relationships to correlate the transport properties of electro-

lytic· solutions. The number of' unknown parameters in these equations, 

however, far exceed the number of equations themselves~ One would re-

quire data on at l'east four of the properties to determine the rermining 

four. For the moment, at least, we can assume that two of the ·parameters, 

the activity coefficient and the conductivity are known. In fact, the·. 

acti~ity coefficients and the conductivities appear to be the most 

abundant set of data available in the literature in comparison with the 

other transport properties. 
27 

Newman et. al. · also offer· a met hod for 

correlating the conductivities of electrolytes in dilute and concentrated 
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solutions·. Their method is suitable for estimating conductivities in 

a wide range of concentrations given a few experimental data points. 

Redlich; Gargrave and Krostek3
4 

propose a method of similar utility for 

the correlation of activity coefficients. Thus, eliminating the activity 

coefficient and conductivity as unknowns, we are left with h1o unknowns 

to deal with. Robinso~ and Stoke;£i,3'7 derive equations to predict 

transference numbers and correlate diffusivities, but these equations 

seem to be satisfactory for dilute solutions only. The theory on 

diffusion developed by Onsager and Fuoss30 has the same dravrback. A 

method for correlating diffusivities, proposed by Bhat,ia, Gubbins and 

WaTke:r;., 2 appears to be applicable to concentrated solutions, and it 

6 
n:ay be worth further consideration. Chapman has made an attempt 

to predict fl +-; however, his method needs some improvement in order 

to obtain a more adequate description of this property. This feat is 

beyond the scope of this work. We will concentrate mainly on the corre-

lation, prediction and measurement of diffusion c~efficients as will be 

discussed.in the following chapteFs. 

....: 
I 
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III. METHODS OF CORRElATING AND PREDICTING DIFFUSIVITIES 

In this chapter. we present two methods to predict differential 

diffusion coefficients in concentrated electrolytic solutions from avail-

able experimental data on the viscosities and the activity coefficients. 

We attempt to correlate experimental diffusivity data by a one parameter 

equation, which also seems to be convenient for generating diffusivities 

over a wide range of concentrations from only a few experimental data 

points. Our discussion is therefore limited to a small number of electro-

lytic solutions for which sufficient and adequate data are available in 

the literature, concerning their viscosities, activity coefficients and 

diffusivities. We will also narrow the scope of our discussion to solu-

tions at 25°C. 

The methods involve some gro-ss assumption:?. which may not be applj ~ 

cable ·to concentrated electrolyte solutions. Hence, each method is 

actually a tentative reconnnendation. for the particular case to which it 

applies rather than a well developed theory, and· the extent of agreement 

with the experimental foundings should determine its worth iniapplica-

bility. 

A. Predicting :niffusivities from 
Viscosity and Activity Coefficient Data 

Experimental results on the non-electrolyte systems indicate that 

the thermodynamic diffusion coefficient, defined in an analogous fashion 

t'o <£> and!> is less concentration dependent than the measured diffusion 
p X 

coefficient D, and furthermore, the product of the thermodynamic diffusion 

coefficient and the viscosity remain fairly constant over moderate ranges 

of concentration.4 Newman;, et al~ have asstirned the same to hold true 

for electrolyte solutions in their conductivity correlation for potassium 
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chloride and potassium hydroxide. In order to test the validity of this 

assumption, we have calculated the values 1']~ and 1']~ - for various 
p X 

electrolytic solutions. These values are given in Tables3-l through .. ' 

3-9 and plotted in Figs. 3-1 through 3-9. The sources of diffusivity 

data are cited on each table. Viscosities and the activity coefficients 

were calculated from the correlation functions given in the Appendix. 

The results can be explained by considering the effects of charged 

particles on the structure of water. 
. 7 

Chapman's · results and discussion 

on the multicomponent diffusion coefficientc Cl of different ions voi 

in aqueous solution gives us clues about the behavior of the thermo-

dynamic diffusion coefficient. 

The shape of 11~ curves for ammonium chloride and the alkali halides 

indicate that the assumption is satisfactory for these electrolyte solutions 

with the exception of potassium iodide and lithium chloride. Chapman 

repor.ts that the alkali metal ions smaller in size than potassium 

are structure making, and this ability increases with decreasing ionic 

size. Halogen ions, however, are structure breaking in proportion to 

their size. Behavior of the alkali metal ions generally dominate the 

behavior of the halogen ions in determining the effects of electrolyte 

on the structure of water. Sodium chloride, for example, improves the 

structure in solution due to the sodium ion, causing a drop in the diffu-

sion coefficient. and a simultaneous increase· in the viscosity. The jt!.: 

potassium halides and cesium chloride appear to be structure~reaking 

since their rriulticomponent diffusion coefficients tend to increase at 

moderate concentrations. This effect can be attributed to relatively 

large sizes of the cations. At higher concentrations the multiconponent 

diffusion coefficients of these electrolytes decrease probably because , .. 
i 
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TABLE 3-1 Ammonium chloride in water at 25°C: Viscosity, thermodynamic 
diffusion coefficient, ~j) values, experimental and calculated 
diffusion coefficients 

EXP ·ti~TA A~E FROM HALLt WiSHAW S SfOKESt JAC~ 75, iSS6 
( 19~3) .. 

c 

elOO 
.zoo. 
.300 

.• soo. 
.. e700 
1· 000 .. 
1·~00 
2t000. 
z.soo J,ooo 
3•25o 
3.•50.0 
4•000 
4•500 s.ooo 

...... ·c·····. 

t~lOO 
.zoo 
•. 3.00 
.sao 
'70' ... , ..•..... 0. 

ltOOO 
1·~0.9 ·z.ooo 
2 .... 5 .. 00 ... 
leOOO 
3 •. 2~.0 .. 
·3e500 

. ·4. 0.00~. 
4e500 
5.~ 000 

~ 

t89Z 
e89l 
e889 
e887 
t885 
e883 
e883 
.ass 
.sea 
t894. 
•897,' 
•901 
•909 
t918 
•927 
~~ p 

1~803 
le8l7 
le822 
le824 
le819 
1·810 
le791 
1.772 
1.754 
le734 
l.e724 . 
le715 
le702 
le697 
1e699 

Dexp 
i.B38 
1.836 
1.841 
1.861 
1e883 
1.921 
1e986 
z.osi 
2.113 
2.164 
2·184 
2e'203 
2.235 
·z.-zs7 
:2.2:64 

rrDX 
le·806 
lt-824 
1··832 
lt840 
1e842 
1e843 
lt84i 

.J.83-9 
1•·838 
}.835 
le832 
i.e3z 
1.837 
1.eso 
t.87i 

aCaiculated from Eq. (3-2). 

~p 
2,021 
2,040 
z.n49 
2,Q57 
z.oss 
2,n49 
2,n29 
2,oo3 
1,975 
1,940 
1,9Z1 
1,91)4 
1.873 
1,856 
1e83Z 

D a 
cal 

1,807 
1,787 
1,784 
1,795 
l,(U5 
t.e~o 
1,915 

. 1, 986 
-z.o4t 
'2, o94 
:2.})6 
'2,135 
z.i6o 
2,166 
2,i49 

~X 
2.o2s 
2.048 
2.060 
2,075 
2.082 
2.os1 
2.Q86 
2.079 
2.069 
2,052 
2eo42 
z.q3~ 
2eQ21 
2tQ16 
2t018 
% Errorb 

·1.707 
·2.656 
·3.080 
•3,544 
-3.635 
··3.691 
-3.577 
•J •. ~~~ 
·3 •. 404 
·3·2~5 
•3.!03 
•3,086 
•3.~4$ 
•4,037 
-s.o9e 

b . 
.Perc.ent error in the calculated diffusion coefficent = (D - D · ) /D 

cal exp exp 
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TABLE 3'-2 Sodium chloride in water at 25°C: Viscosity, thermodynamic 
diffusion coefficient, '!)$:> values, experimental and calculated 
diffusion coefficients 

EXP DATA ARE FROM STOKES, JACS 729 2243 Oq5o, 

c T] D ~p ,f)x exp 
--o • .• 890 1 •. 612 le612 1.612 

.o5n .895 1.506 1·620 1.621 

.too .a99 1.484 1·613 1.616 

.200 .907 1.478 1e609 1·6!5 ··- ~ 36 ci" ~915. 1.477 1;598 1·607 

.500 .931 1.474 . 1· 561 1·575 .-ro·o ·948 }.475 1~521 1·541 
1.ooo ·975 1.483 1!464 1 .. 491 
f.soo 1·-026 1.495 1·363 1·400 
2.ooo 1·084 1·514 1·269 1.315 · -·~r~ ·s <nr· r~ 1 so 1.529 1·174 1.227 
J.ooo 1·225 1.544 1·083 1.1~3 

. --3·~-5-00 1~310 1.559 ~999 1.o63 
-~·000 1·406 }.584 .928 .9~6 

~p T)i> D 
a % Error 

b 
·c X cal 

-- ·.;.·o • .. 1 ~ 435 1.435 1.612 -.ooo 
.osn 1s4SO 1.452 le489 -1.136 ···.too· 1.450 1.453 1.466 "'"1•236 
.200 1.460 1.465 1.448 •2.o54 
• 306 1.462 .. 1.470 1~442 •2.376 

............ • sg_g le453 1.466 1.443 -.2·1~5 
,700 1·442 1.460 1~449 -1.734 

_ 1 •. Q~O 1e428 1.454 1.464 •1_·2~6 
1.soo 1.399 1.437 . 1· 494 -.o95 
2_.Q_90 1.375 1.425 1·525 ·714 

·2.500 1.349 1.411. 1.556 1.733 
3.000 1.327 },399 lt584 2.s61 
3~·s·oo 1. 309" .. 1.393 1~607 3.o57 
4 • .. 9_00 1.306 1.401 1.622 2.425 

...... --·-··~ . 

··-a-h-- ": ··· ·· · ······ "- .. 
' See footnotes on page 11. 

. __ , .. -. ···-- .. 

- ·-· -- ·--· ,.__ 

...................... 

... ' 

-~' : 
I 

..,... 

'Ovi 



. .l'A:ElLE ... 3 -:-3. 

·~ 

-13-

Potassium bromide in water at 25°C: Viscosity, thermodynamic 
diffusion coefficient, T]l) values, experimental and calculated 
diffusion coefficients. 
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TABLE 3-l~ Potassium chloride in water at 25°C: Viscosity, thermodynamic 
diffusion coefficient, T]~ values, experimental and calculated 
diffusion coefficients. 

EXP DA!A ARE FROM GOSTINGt JACS 72. 4418 (1~50) 
c ~ D 1>p i>x exp 

... 
.225 .890 1.838 2.041 2.049 
.332 .889 1.840 2.042 2.o54 
.soo .889 1.850 2~040 2~059 

1.ooo .888 1.892 2.017 z.os3 
·· ·-i .·stfo -~890 1.943 1fl977 2.o~2 

2 .. ooo .a9o le999 le929 2.o01 
2.s·oo e906 2.057 1;875 1.962 
3.001 e919 2.112 1·818 1.920 
3,501 .938 2.160 le762 1.a7a 
3.901 .957 2.196 l· 724' 1.as2 

.. 100 .890 1.851 2~035 2.o3a 
C. TJDP T]l:> D a % Errorb · 

X cal 
.225 1·816 1.823 1·789 -2.675 
o332 l•8i6 1.827 le787 -z.aaa 
.soo 1·813 1·830 le794 -3.o29 . -y~ .o'.cfo 1·791 1·824 1~841 -2.729 

leSOO 1·761 1·809 1e905 -1.924 
- 2 .-oo'o- ... 

1·729 1·979 ·1;o32 le793 
2.500 1·698 le777 2·054 ·~_140 

·3. o·oi 1·671 1.765 2·123 ,515 
3.501 1·653 le762 2el75 .699 
3~90'1 - 'l • 6S'i)' 1.772 2~198 ~126 

elOO 1·811 le814 1·810 -2.204 

· a:·b ----- - · ·· 
' ·See footnotes on page ll. 

.. -~·· ... ·--· ....... ··--· ·-

~ 

-xi 
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TABLES ·3-5 

EXP ·O.ATA 
c 

.o63 
.. e.09Q. 

el6o 
•2~9-

~•6ltO 
leOOO' 
le96Q 
·3.eQ6Q 
4•000 
s.ooo ...... 
5e7So 
6a.OOO. 

c 

•063 
•090 
~160 
e2SQ 

. e64o 
l• 00.0 
1e96Q 
3.~()6.0. 
4t000 
5t 000 . 
5·7~0 
6 .• 0.0.0 .. 

. --.---: -- --~.!.. .••• ~: .... 

:.· 
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Cesium chloride in water at 25°C: Viscosity, thermodynamic 
diffusion coefficient, TJ,!) values, experimental and calculated 
diffusion coefficients. 

ARE FROM LYONS $ RILEY, JACS 76, 5216 ( 1954) 
TJ D l)p jjx exp 

t882 i .-887 2.~91 2.093 
t881 le874 2,1o1 2.105 
·879 le859 2,123 2.129 
t877 1e85S 2,143 2,}53 
t868 le868 2,j)5 2.\90 
·862 le·902 2,}58 2,198 
e851 2·023 2,o93 2. ~7i 
•856 2.183 1,997 2,117 
.8eo 2e29i 1,$95 ~.048 
e932 · 2.·~64 1,783 1,968 
e993 2,-354 1,679 le-884 

laOl8 2,:335 1,639 1,850 
TJf>p TJ~x D a % Error 

b 
cal 

le845 lt-847 1,859 -i.4es 
1e852 ]: •. ass 1,839 •}.892 
1·866 le871 1.eoa -2.746 
le879 i •. ae7 l,j89 •Je567 
1e880 1•.902 1,787 -4.327 
1~860 1e894 1.827 -3.928 
1~780 1•·847 1,Q93 ·i.459 

.. 1.709 ~·811 2. j 93 ' .464 
la669 J~803 2.313 ··943 
1·662. -J!834 2e34S .. ,799. 
le666 l•87o 2,i91 -2.697 
le668 }t883 2,257 •3e3!5 

a b · ·. 
' See---footnotes on page 11. 
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Lithium chloride in water at 25°C: Viscosity, thermodynamic 
diffusion coefficient, ~~ values, experimental and calculated 
diffusion coefficients. 

EXP DATA ARE FROM VITAGLIANO, GAZ CHIM !TAL 90t 876<1960) 

c 

.111 
,128 
.168 
.272 

.... ~3 f6 
.335 
.422 
.587 
;.660 
,944 

·-i • i 64 
1.666 
1.898 
2,049 
2.833 
3,206 
3,811 
4,091 
4,454 
4.634 
5,933 
6,386 

c 

.l.f7 
el28 
~'168 
.272 

'· .316 
.335 

'' ;422 
.587 
.660-
.944 

- ·-1 -.1'6:4 
1e666 

- --f;a9a 
2.049 

-. -2-; 8-33 ' 

3e206 
- --- ..... ·-3·~·ff11 

4.091 
'4 .4-54 
4.634 
5 ,9.33 
6,386 

~ 

.907 

.908 

.914 
e928 
~935 
e937 
e949 
.972 
.982 

le02l 
1~052 
le125 
lel60 
lel84 
1;'316 
1e386 
1·512 
le576 
le66S 
le712 
2el20 
2e298 

~~ p 

1·224 
1·219 

., 1·219 
1;213 
1·210 
1·207 
lel99 
1el81 
lel70 
1•136 
lel10 
le047 
1·010 
1·005 

e935 
e907 
~870 
.ass 
e837 
·829 
.795 
·792 

D exp 
1.267 
1.262 
1,261 
1.262 
le264 
1.264 
1.269 
le278 
1.280 
le300 
le317 
le346 
1.346 
1,370 
1.417 
le436 
le46l 
1.469 
le473 
le474 
1.455 
1.438 
~5) 

X 

le226 
1e222 
le223 
le219 
le2l6 
le215 
lt209 
lel93 
lel83 
lalSS 
lel33 
le079 
le045 
le043 

.983 

.960 
,930 
.919 
.905 
.899 
.881 
,885 

a, bs·ee footnotes on page 11. 

i)p 

1.350 
le343 
1.334 
le306 
1~294 
le288 
1~264 
le2l5 
lel91 
l; 112 
1 ~055 

.931 
;871 
.849 
e710 
.654 
.575 
t543 
.503 
.484 
~375 
;345 
D a 

cal 
le257 
1e256 
le254 
1·259 
le264 
1e266 
1e277 
le303 
1~315 
1e369 
1•413 
1~518 
1e567 
1e598 
1e753 
1·819 
1;910 
1•944 
1 ~980 
1!994 
2e008 
le977 

~X 
1.353 
1.346 
1.338 
1.313 
le302 
1e296 
1.273 
le228 
1·205 
1.131 
1~o11 

·959 
•901 
.881 
.7~7 
·692 
·615 
.s83 
•s43 
.s~s 
e4i6 
.3~5 

% Errorb 

-.a23 
-.sot 
-.s33 
.... 213 
-.o29 

•134 
.626 

1e930 
2.761 
5.298 
7.297 

12.759 
i6.383 
16,646 
23.7~0 
26.686 
30.753 
32.365 
34.421 
35.264 
3a.o33 
37.479 

.... i 

\:.t 1 
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TABLE 3-7 ·• Potassium iodide in wate~ at 25°C: Viscosity, thermodynamic 
diffusion coefficient, ~~ values, experimental and calculated 
diffusion coefficients. 

EXP ~ATA ARE FROM OUNLOF $ STOKESt JAts 73, 5456 (1951) 

c T) D exp ~ p J) x 

-o. .s9o 2.001 2.001 2.oo1 
.oso .886 1.891 2e033 2.o3S 
.106 .sal 1.865 2.o29 2.o33 
.zoo .e76 1.859 z.o37 2.o44 
·.3orf .s69 1.884 2.064 z.o76 
.soo .857 1.955 2.132 2.1s2 
·'~~ .847' 2.001 2.169 2.i97 

1.ooo .83• z.o65 2.211 z.z5a 
I·.so] .Al7 z.l66 2;296 2.3~1 
z.ooo .aoa 2.254 2.377 2.469 
2;scro ·~ao6 2.347 2.493 2.615 
3.ooo .all 2.440 2.657 2.ai6 
3.500 .822 2.533 2.897 3.101 b 

c ~~p ~~x D a % Error 

-o. .......... -o .. !){\. . .. . 

elOO 
-~200 
.300 

·-·~soo 

.700 
1 ~ o(fo 
1.500 

·2.ooo 
z.soo 
3.00(1 

.... -~~ .. ·~-~0. 

1·781 
1 .• ao2 
1·791 
1~783 
1·795 
1e828 
1·837 
1·848 
1e877 
le922. 
2.010 
2,154 
2.382 

1.781 
1.804 
1.794 
1.790 
1.804 
},845 
leB60 
1,882 
1.930 
1.99~ 
2.108· 

'2.283 
2,550 

a,b . 
.. See_footnotes on page ll. 

' . 

i 

cal 

z.ool 
1e868 
le852 
1~850 
le860 
1·888 
1·916 
1.954 
le999 
2·012 
1.9.83 
1.904 
1.770 

-.ooo 
..;1·2~2 
-.706 
-·469 

-1·269 
-3.449 
-4.245 
·S.JS9 
-7.701 

•10.729 
-i5.4BB 
-21.956 
-~0·1~1 .. 
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Fig. 3-1 TJlJ curves of armnonium chloride in water at 25° C 
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Fig. 3-2 TJ$> curves of sodium chloride in :water at 25°C . 
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Fig. 3-3 TJB curves of potassium bromide in vrater at 25°C 
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Fig. 3-4 T],» curves of potassium chloride in vrater at 25° C 
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Fig. 3-5 Tj~ curves of cesium.chloride in water at 25° C 
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Fig. 3-6 T)l) curves of lithium chloride in water at 25°C. 
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Fig. 3-7 T)~ curves of potassium hdi.de in water at 25°C. 
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Fig. 3-8 T]1) curves of calcium chloride in water at 25° C. 
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Fig. 3-9 T]~ curves of hydrochloric acid in water at 25°C. 
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of ionic association. Large ions tend to associate faster in comparison 

t 11 . . th . . t t . 3 2 Th th d . d. ff o sma . lons Wl lncreaslng concen ra lon. e erma ynamJ.c l u-

sian coefficient exhibits similar changes. In contrast the viscosities 

decrease to a shallow minimum and then increase at higher concentrations. 

Opposing behaviors of the thermodynamic diffusion coefficient and the 

viscosity in NaCl, KBr, KCl and CsCl solutions seem to compensate so 

as to keep the product TJ ~ fairly constant and roughly equal to the 

value at infinite diluti:On, 
0 C' 

T}·D: over a large concentration range. 

Ammonium chloride has a striking similarity to KCl as far as its 

thermodynamic and transport properties are concerned. Hence, both electro-

lytes appear to show similar effects on the structure of water and can 

therefore be grouped in the same category. 

Potassium iodide behaves in a similar way to KCl and KBr, but the 

structure breaking effect is more pronounced due to the large size of the 

iodide ion. This effect and high viscosities in the concentrated solu

tion cause a positive deviation in the TJ~ curves. 

The lithium ion, due to its high charge relative to its size, is 

strongly structure making. As a result, the lithium salts exhibit 

relatively low diffusion coefficients in aqueous solution. This 

explains the negative deviations in T}~ for LiCl. The acid solutions 

act: in a similar manner to the lithium salts. 

The only polyvalent electrolyte studied was CaCl2 because experi-

mental:· data are even more scarce for such electrolytes at high concentra-

tions. The calcium ion is believed to be structure making because of 

its high positive charge. The negative deviation of the TJ ~- curve 
X 

up to moderate concentrations supports this hypothesis. The curve 

exhibits a minimum at moderate concentrations and then increases with 

the degree of association in solution. 
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An apparent feature of the TJ 1) curves is that T]f) values fall 
p . 

invariably below the values for TJ~ • 
X 

This observation is attributed 

to the fact that the particle fraction is always smaller than the mole 

fraction for any given concentration except at infinite dilution. For 

alkali chlorides and bromideP. T] ~ always deviates slightly below its 
p 

limiting value due to the dominating structure nuking effect of the 

alkali metal ion. For these cases it seems to be convenient to choose 

f:> to predict the differential diffusion coefficients because T] .9 curves 
X X 

show smaller deviations ccmpared to the TJ~ curves. In some cases these 
p 

deviations are almost non-existent. Furthermore, in studying the behavior 

of electrolytes in aqueous solution based on such plots, the 1J ~ curves 
X 

seem to be more, reliable because the T] ~ values fail to show the effects 
p 

of ionic association such as in calcium chloride. This is caused by the 

fact that the calculation of ~ is based on complete dissociation of 
p 

the electrolyte. 9 
X 

values do not necessarily carry such an assumption 

since they are defined in terms of the mole fraction of solute. 

We have calculated the diffusion coefficients of various electrolytes 

following· :the assumption that the product ij£> is constant and equal to . X 

0 0 
tb,e limiting value TJ D. In mathematical terms this can be expr e>sed as 

Tj~ 
X 

0 0 = TJ D . (3 -l) 

Combining this with Eq. (2-22) we _obtain an expression for the diffusion . ::- " 

coefficient, 

D 
T]X 

0 

(1 + _dlrty ) 
dlnm · (3 -2) 

20 
Equation (3-2) conforms with the results obtained by Hartley and Crank. 

Their discussion and Eq. (3-2) imply the regular solution assumption 

as has beeri shown by Bearman . 1 The results of our calculations are 

given in tables of previous pages and plotted in Figs. 3-12 through 
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3-16 for NH4cl, NaCl, KCl, KBr and CsCl. For these electrolytes the 

calculated diffusivities deviate from the experimental data at· the most. 

by "Y/o. 

Another .method will be recommended in Section C as an extention of 

the developments in this section and in Section B in order to predict 

the diffusion coefficients of electrolyte solutions, vrhich do not follow 

the assumption of Eq. (3-l). 

B. Development of a One Parameter Equation for the 
Diffusion Coefficient 

Glasstone, Laidler and Eyrinl
6 

propose a rate equation for diffu-

sion in dilute, ideal solutions based on the absolute reaction rate theory. 

Following their discussion, we can write Fick's first law of diffusion 

in the z direction as 

N 
s -D de 

dz 

This equation applies for dilute solutions only. 

(3 -3) 

In order to diffuse in solution, a molecul€ of solute and one of 

solvent are rE:lquired to slip past each other. Suppose the distance be-

tween two successive equilibrium positions is A, so that this is the 

distance through which a molecule of solute is transported in each 

jump. The concentrations of solute in initial and final states of 

diffusion are then c~·and c+ A (dc/dz) respectively. The flux of molecules 

moving in the forward direction is given by 

N 
s,f 

c A k, (3 -4) 

where k is the specific reaction rate for diffusion, i.e., the number 

of times a molecule moves from one position to the next per unit time. 

Similarly, the rate of movement, in the backvrard direction is, 

N 
s, b 

(c +A (dc/dz)) A k. (3-5) 
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The resultant flow in the forward direction is then 

N == - t.. 
2 

k (de/ dz) . s 
(3 -6) 

Combining Eqs. (3 -3) and (3 -6), one obtains 

D == t.. 
2 

k • (3 -7) 
17 

According to the theory of absolute reaction rates, the specific 

rate constant can be written as 

k 

* 

-kT 
h 

* ...6F
0

/RT 
e ' 

where & is the activation free energy of transition. .Thus, Eq. 
0 

(3-7) becomes 

where 

D 

.Jt.T 
h 

(3 -8) 

(3 -9) 

31 
Podolsky extends this theory to dilute electrolyte solutions 

in terms' of a lattice model for diffusion in liquids. A solution 

corresponds to a lattice with particles of several species distributed 

among the sites. We make the assumption that Eq. (3-9), which -vras derived 

for lattice. particles characterized by a single activation energy, can 

* be generalized for electrolytic solutions if 6F 
0 

is taken as the average 

activation energy of the particles that are subject to a directional 

bias generated by the concentration gradient. Equation (3-9) does not 

suggest . puch a bias for any diffusing particle because it is 

an expression for the rwtual diffusion coefficient. However, if we 

assume that the partial molal volumes of solute and solvent are constant, 

the mutual diffusion coefficient will be the same as the self-diffusion 

coefficient of water on the fixed volume reference frame .20 In tbat 

case, the solvent molecules can be considered as being subject to the 
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directional bias. The free energy term in Eq. (3-9) should therefore 

refer to the solvent, and in an electrolytic solution this term can be 

written in the form, 

m* . 0 (3-10) 

Equation (3-10) represents the perturbations in the average activation 

energies of water molecules due to interactions with the ions of solute. 

&* is the average activation energy of the unperturbed water molecules, 
0 

n. is the number of particles of species i that interact with a single 
l 

solvent molecule, and 5i is the perturbation of the activation energy of 

water, caused by a single particle of species i. In terms of the particle 

fraction. n. is given by 
]_ 

n. 
l 

n v .p, 
l 

(3 -11) 

where n is the total number of particles, including the solvent molecules, 

that interact with a molecule of water. 

Combining Eqs. (3-9), (3-10) and (3-11) we obtain for the diffusion 

coefficient, 

D (3 -12) 

2,33,18 
Equations of a similar form have also been discussed by various authors · 

We extend Eq. (3-12) to concentrated solutions by writing 

D {- (3-13) 

.where ae is the activity of solute." Equation (3 -13) can be transformed 

into the form, 

D 
Do 

= 
. Po 

(1 + dlrry ·) - exp 
dlnm 

Comparing this with Eq. (2~21)' we obtain 

_&__ 
exp { - _EE._ (v o + v_tsJ} · 

0· RT + + .D 
(3 -15) 
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We wish to modify this equation in or.der to account for the electrophoretic 

. effect. Furthermore, we note that the terms inside the exponential bracket 

are constant for a given electrolyte at a fixed temperature, except for 

the particle fraction. We therefore write 

(3 -16) 

where q. is a constant, and ~' 6
2 

are the electrophoretic correction 

terms. 

The electropohretic effect is caused when an ion moves through a 

viscous medium and tends to drag along with it the solution in its 

vicinity •. Expressions for the electrophoretic ·terms are 

.A.T (z+ t o + z_t+o)2 K 

67TT} z+z _ l+Ka 61 (3 -17) 

for both symmetrical and unsymmetrical electrolytes, and 

2 
fj_J)2 (Ka)2 (1!: r co -2Kr 

l:::.r 
e [ e dr, ----

c 127r~E \ a r 
(3 -18) 

for· symmetrical electrolytes only. K is given by, 

K 
(

7TNAvo ) l/2 
0 · 5e lOEIT (3-19) 

The constant a is the ion size parameter and E is the dielectric con-

·stant of solvent. The integral in Eq. (3 -18) can be found tabulated as 

. 1 . t f . 24 1 1 . ll an exponentla ln egral unctlon or ca cu ated numerlca y on a 

digital computer. The second electrophoreti~ term does not apply to 

non-symmetrical electrolytes; its value, therefore, should be taken as 

f h 
. 38 

zero or sue cases. A detailed discussion of the ele.ctrophoretic 

effect can be found in References j8 and 40. 

The form of Eq. (3-16) suggests that a plot of in[.~ /(D
0
+61+62)J 

p -

versus p should yield a straight line of slope q. Such plots for several 

. ' 

. i 

~ .. 
' 

' 
! 

"'' 
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electrolytes are shown in Figs. (3-10) and (3-ll). In calculating the 

electrophoretic terms, we have used ion size parameters given in Robinson 

and Stoke~9 and tabulated in Table (3-10). Transference numbers and 

diffusion coefficients at infinite dilution were obtained from tables 

in Chapman's Ph.D. thesis. 8 The data were fit to straight lines and 

the slopes calculated by the method of least squares. The fit is 

better at higher concentrations. Knowing the s1ope, q, diffusivities 

can be calculated from 

D (l + (3-20) 

Replacing the activity factor in Eq. (3-13) by (dlna/dlnx) vrould 

lead to the derivation of analogous equations in terms of ~ and the mole 
X 

fraction. If we follow this convention, Eqs. (3 -16) and (3 -20) will 

read 

and 

D - ·. 

q'p 
e ' 

( + ~·)·. q'p 1 ·dl . . .. . e, • . , . . .· --nm . . · .. 

(3 -21) 

(3 -22) 

At this point where we are trying to correlate available diffusivity 

data, it seems not to make much difference whether we use one or the 

other convention. Equation (3-20) appears to give slightly better 

results; Diff\lsion coefficients, calculated from Eqs. (3-20) and (3-22) 

are given in Tables 3-ll through 3-18 fqr comparison. The results obta ined .. "'.,.... 

fran Eq. (3-20) are plotted in Flgs. 3-12 th:r:.ougl:! :3..,15 aBd 3-19 through 

3-2?. Error in the calculated values is at th; ~~~st 3% for all uni-

univalent electrolytes studied. Error in the calculated diffusivity of 

CaCl
2 

goes up to: 15% at one point. 

The convenience of this correlation method is that when experi-

mental diffusivity data are fitted to th~ logarithm of Eq. (3.-16), one 
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TABLES 3~10. Ion size parameters of selected electrolytes in aqueous 
solution at 25°C. 

Solute a 
(Angstrom) 

HCl 4.47 

LiCl 4.32 

NaCl 3-97 

KCl 3.63 

KBr 3.85 

KI 4.16 

NH4Cl 3-75 

CaCl2 4. 73 

-.1 

i 
!. 



(' 

---- ---- ---- - -- ---- - 'TABLE 3 ~11 Experimental and calculated diffusion coeffiCients of amnioniliirf chloritle in water 
at 25°C. 

EXP DATA ARE FROM HALL, WlSHAW $ STOKES, JACS 75, 1556 ( 1.953,- ----- - - . 
D d 

cal 
% Error D e 

cal. c 

.Ion 
~~0h 
.300 
.. sco 
.,7CJ 

l.!)Ctl'"!-
1~500 
2~noo 

2o50C 
~~~:~ 
3. 2 5·) 
3 ~::-~- -, 

Q ..).~~""; 

4-. "}:.JJ 
4., 5t~:; 
;;.,;H,V} 

D exp 

lo 838 
1.,836 
1 .. 841 
!,e A61 
~-· ~~3 
14> g2l_ 
1()986 
z.,.:} 51 
2<t ~ 13 
2,,164 
2 .. 184 
2., 2~3 
2 .. 235 
2o257 
2e264 

d . 
Calculated from Eq. (3-20) 

8 Calculated from Eq. (3-22) 

l.R4l 
!,827 
Ld125 
l.g p 35 
lo853 
1.,886 

-_' l,. g 5<) .,. 

2eDlg 
2<>CA8 
2 ~ 154 
2~ 183 
2 .. 211 
2.,2 55 
2 .J 2 81 
2::> 2 86 

ol57 
-. 511 
-.86g 

-1s398 
-1.,614 
-lo 836 
-le 823 
-lo 57~'1 
-\ .. 177 
-o48? 
-.,026 

.,j4q 

·' 886 
1.,"76 

o gs6 

le 841 
le 827 
1.825 
1. 836 
1.853 
1o 887 
lo 951 
2o02D 
2 ""8n "~,.; "7 

2o 155 
2 .. 184 
2 .. 2ll 
2o 255 
2o 28e 
2., 283 

% Error 

.. 163 
-.,498 
-o851 

-1 .. 36g 
-lo 575 
-1.787 
-1.. 761 
-1. 504 
-lo115 
-o435 

Ql (J 11 
Cl 372 
0 876 

}..,( 22 
.,847 

I 

~ 
I 



·TABLE- 3..:.·1~- ----Experimental and- calculated diffusion coefficients of sodium--chloride in water 

at 25°C • 
. <r"·---~----~--~ .. .,..,,_"" ~-·-- .. ~ 

····-·--- . --

------------ ------ ----EXP D"ATA ARE FROM St"OKES, JACS 72, --- .-. ' "'~· • ·- - -~ 

2243 n 95':~J 
d % Error D 

c %_Error c - ----- .D D cal -exp cal 
-e. le6l2 L. 612 2. le612 ,, . 

;;'i 5"1 
---

l~ 506 1.505 -.094 lo 505 -.091 
.lOi) 1., 484 1.484 .016 1.484 .C21 

2'"•'"· 0 :_; ' 1.478 1.466 -. 83:) 1.466 -. 821 
• 30·J 1 .. 477 1.457 -1.36() lo457 -1.355 
Q S(h:-} lc474 1~449 -1t>71tJ 1,449 -1.690 
o 7C .:; 1,475 1.447 -ls 925 la447 -!.898 

1 ,-.,,... '\ 
-. {·! · .• )'.! 1.483 1,.449 -2 .. 298 lo449 -2.265 
1 ~ 5-J ._:f lo495 lo 462 -2{>193 1.463 -2.156 
2 .~::-~: )' le 514 1,,484 -lt.) 964 lo 485 -lo 93C 
2 0 5{10 1.'529 1" 513 -19 14J 1. 513 -lof.>! 7 
3 I) r- (~·! 1~544 1..,547 .191 ln 54 7 .197 
3. 5LL) lo559 1.5 84 L:. 596 lo 584 lo 576 
4.., )';(\') lo584 lo622 2.379 1 .. 621 2 .. 325 

d,e - - - - 35 See footnotes on page • 

.. 

I 
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--- -~-· . ---- -- ·- ---~· ---- - -
TABLE 3-13 Experimental and c~lculated diffusion coefficients of potassium bromide in water 

~, ... ____ -~- -a-t-25°-G,-·-· ---- ----- -··-- - . - ..... -- ~~-- - -----------. 

~---,..;:;_ ----
EXP DATA ARE FROM STOKES, J AC S 72, 2243 (1950) 

d 
ofo Error D 

e 
ojo Error c D D cal cal exp 

-o~ 2s018 2.018 Oo 2 .. 018 o. 
.,1'15\)'-- ----- i. 892 . 1 a8 87 -.256 1.,887 -.254 
ol(J/) le874 1.867 -e354 le 867 -.349 ------· ··-- --. 
~200 lo 8ifl 1~856 - .. 741 lo 8S6 ~~ 73l 

........ 

., ... '• 
• ..,J\ ... ·k. l'l> 872 lo 857 -., 8C5 1. 857 -. 79tl I 

,. 5C ·" l0R8S ·1,871 -a76') 1. 871 -.737 
VJ 

\ -.J 
• 7(lij 1 .. 917 l9B 91 -t., 334 lo 892 -l. 3(' 5 I 

1, ~; C'r.'! 1 .. 975 1!)9 29 -2 .. 317 1.,930 -z. 2s1 
1 ~51~-~ 2e)62 2.)C4 -2.,8f':S 2 .. 1105 -2.766 
2. :_;o~J 2., t 32 2 .. 090 -lo:>955 2 .. iJ91 -1.915 
2 0 5(; .:) 'l "'QO .;;..o ..-'1 - • ·2o l 85 -e 6'? CJ 2o 186 -.599 
3 0 "! (: ") 2~2Bf.l 2.2 85 0 240 2. 286 .249 
3., 50t· 2.354 2,. 3 87 l. 4G 3 2. 387 La 3 At 
4ei.;·i:;') 2.,434 2$485 1" (j 82 2 .. 483 2o{f19 

--· .-

d e 
' See footnote on page 35. 



. -----~---~AJ;l1E. 3.::J-4._. --~XP.~:riment§-1. and~G.~lcuJ,.~j~eQ. d.iffusion coeffJci~nts of .. .Q_s:>tas!3.iUI_ll cl}l:.C?.!:i.4!? in 0 . . . 

· water at 25 C. 

EXP ~Ai~ ARE ~RO~ GO~TI~G, JACS 7.2, 4418 (1950f 
d .e 

% Error c D D 
1 

%Error D 
cal exp ca 

~ 22 5 le838 lo821 -~ 9liJ la 822 -.SJ99 
!t 33."~ r~ ·s4n lo 819 -L~ 157 lo 819 ~1.141 
0 50(i le85fi 1.,822 -1 .. 513 li) R2 2 -1.492 

L, !JOJ L,A92 L. R52 -2.127 lo 853 -2.093 
1., 5 C<! 1.943 1~ 90.2 -2o116 lo 9f': 2 -2.076 I 

\.N 

2o L~o.c~ l. .. 99.<:;1 1,,966 -1 e 691) lo 966 -lat 653 CD 
I 

2. 50'~) 2eC•S7 2.039 -. 851 2o040 -. 825 
3.,r~P1 2oll2 2. '· 17 0 217 2.117 • 224 
3e5f'll 2o1M! 2~ 189 1.321 2 .. 1 88 1. 299 
3o 9(}1 2o 196 2 .. 236 1~ 86;') 2. 23 5 '·· 8"}7 .lCJ !., B5l 1..,838 -$687 1. 839 -.682 

_d,e.see footnotes, on page 35 . 

.. .. 
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TABLE 3-15 Experimental and calculated diffusion coefficients of calcium chloride 
··in water at 25°c.-- ·-

.. :..-.~-··-~··-~ 

--. 

EXP OATA ARE FROM LYONS $ R llEY, J.A.CS 76, 5216 (1954} 

.D D 
d % Error D 

e % Error c -- cal cal exp 
$\128 le153 1 .. 131 -lm9l5 1.131 -1. 895 -
"' )55 1~136 ! .,;)95 -3.624 lo1';9S -3 .. 586 
~F~2 L~122 :L, ,~, 70 · -4.659 :_.:> (j 71 -4 ... 588 
? :. 93 lt~l23 l.-. r;; 64 - 5., ?.95 ),_"\65 -c;., 162 
·~ 314 - lo13'2 1 "()82 -4.,438 loL\84 -4o22C 
a469 1.152 lo i 19 -2<&> 843 1&123 -2.,513 
• 67:!. 1o177 1 :l> 175 - ... 1~3 lo 181 • 348 I 

\_)J 

1 ~ r; ~J 'J 1.:,220 1"270 4,.ti58 1.279 4e 796 \0 
I 

'La 442 't., 271 1 .. 383 8., g-:-,~; 1.,397 9e 889 
lo462 1s27f lo387 o.l58 le 401 l·Jo 2 64 
?.;}C;46 L. 3UJ l(t488 13.,615 lo 509 15~1159 
2 u 5 1n 1, 31.1 i,513 1~,386 1,1>537 1 7., 245 
3o25J le ?4A 1,. 4 3') 1.4., 56~ 1s456 ?.6.637 
4orf!l ', ~ ,) 78 l., 1. 91 lf;., 4 72 l-.. 211 12111 37:,; 
4 .. 486 o9!9 ~978 6. 414 0 991 7 .. 876 - -
5a01?. e 716 .. 729 l 0 8'">2 .. 733 2,383 
5""424 ,.571 .,c:; 44 -4.,77~· 0 54J -5 .. 295 
6 e ·~,~~ 4 4''? e '· Q 3 29 -18.,23-~ 3 31 B - 2'"\o 992 

d,eSee footnotes on page 35. 



. TABLE_ 3-16 _ Exper:l,mentai and calculated diffusion coefficients of hydrochloric acid 
. . 0 .. -· . .. -. ·- . . . . . .... 

in water at 25 C. 

EXP DATA A~E FROM STOKES, JACS 72, 22"43 (1950) 
e 

c D D d % Error D % Error 
exp cal cal 

-v-~ 3.339 3.339 ... 
Lie 3. 339 Oo 

,. -.-
~-,.) 511 "3e~f73 3er";84 .344 3.;)84 .347 
• 1 f) f) 3a'~Srs 3.,:; 57 e 237 3oC57 • 241 
• 206 3.064 3o067 .lf)2 3~067 .11. ,.-
o30i• 3o'.'~93 3.104 .354 3.104 .,368 
• SC:l) 3., 184 3 o2l:4 • 625 3. 205 • 646 I 

<11 70'1 3.2 86 3,.317 • q41 3 .. 318 • q68 ~ 
1. :Jf~":l 3 .. 436 3,494 l. 697 3o 495 le 731 0 

I 

10 !:!\,:'! 3.,743 3.793 1-;) 343 3. 795 lo 381 - . . 
2 .. 30-:' 4e !)46 4. t; 86 c 995 4o08R loC30 
2.50! 4 .. 337 4.3 68 0 710 4 .. 369 t> 734 
3,.0{;') 4.658 4.634 -.5og 4. 635 -. 5()4 
3.501) 4. 9:?0 4. 883 -;o759 4 .. 882 -., 779 
4tlll~ 'i]~~~ 5., 170 5oll0 -1 .. 156 5(1 10 8 -1.2'!7 

d,eSee footnotes on page 35. 

·. ---~ ·. 

~~ ·. 

~ 



~: ~· 

TABLE 3-17 Experimental and calculated diffusion coefficients of potassium iodide 
in wate·r.··a.t 25,°C. 

·E-iP. DATA ARE FROM OUNLOF $ STOKES, JACS 73, 5456 (19511 
c 

D D 
d % Error D 

e % Err Dr' exp cal cal 
-t~~. 2 .. 001 2,01)1 J., 2o 001 o. 

llf) 5') 1. B91 1 e 8 9(; -,..059 1 .. 890 -.056 
<1)10') 1o865 le 8 83 ,954 le 883 e9'59 
I) 2(f!). ,_.~ £p; q !..,1393 l. 919 1. 893 1.829 
0 3\)'~l 1.884 1.,912 l., 484 lo 912 1.498 
.sou 1.955 L,957 .. 12:J 1 .. 958 .140 

71" "\ • ·-<··" 2.,()t)\ 2o J i;5 I') 218 2o .-")06 .244 
t.::r~~ 2e065 2e0 78 ., 645 2.079 .677 
1. 50!) 2.166 2., 198 1. 475 2.199 la511 
2of:;c) 2. 254 2., 3M~ 2. 3 81 2~ 308 2o4l2 
2.500 2.347 2. 3 95 2o) 39 2., 395 2ofi53 
3., CC'" 2.440 2 .. 443 "'l3i) 2.,443 eU.8 
3o5C0 .2o 53 3 2.435 -'3., 866 2.,434 -3.,913 

I 

+ 
I-' 
I 
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TABLE 3-ls--· Experimeritaland calculat-ed diffusion coefficients of lithium chloride -ill 
0 

water at 25 C . 

- ..... EXP~D-ATA ARE···FROM VfTAGLIANO, GAZ CHit-1 tiAL 90, a·76(l96Cl 
· d d e 

c D . D ~ Error D 
·· exp cal cal 

.11.7 
----~t28 

o168 
.272 
.316 
.335 
.422 
• 587 
.66i' 
.944 

lo 164 
1..,666 
1.898 
2o i)49 
2o833 
3.206 
3o 811 
4 <» r~ 91 
4., 4.S 4 
4.,634 
5.,933 
6.386 

1 .. 2 6 7 1 .. 2 57 - '3 80 5 l <) 2 57 
·i.262 lo255 -.528· lo255 
1.261 1.252 -.748 1.252 
io262 1~249 -1~151 1~249 
lo264 la249 -1.163 la25Q 
le264 1.250 -1.131 lo250 
ln26q lo253 -1~269 1,253 
1.278 1.262 -1?241 1.263 
le280 1o267 -1.009 le268 
lo30C 1.2~9 -.871 lo289 
lo317 1&307 -o788 1.307 
1o346 lo348 ol32 lo349 
1o346 1e366 lo49l lo367 
1.37v lv378 .551 !o379 
1.417 1,429 ~873 1$431 
1;436 lo448 ~869 lo450. 
lo46l lo470 o643 lo471 
1c46Q 1~476 0 505 ~.477 

1t>473 :t~48•1 .482 1 .. 480 
lo474 1,48) o4l8 1o48~ 

lo455 \e445 -~7~4 1~443 

1 .. 4~q 1.418 -1~41? 1.416 

d e · · 
' See footnotes on page 35. 

~ 

% Error. 

-.797 
-. 518 
-.736 

-lo03l 
-lo 142 
-1.107 
-l. 241 
-lo203 
-.968 
-. 816 
-.724 

tl 21{') 
1.574 
.634 
f) 953 
0 941 
,.693 
.541 
• 498 
e421 

-r. 81:) 
-1,563 

* 

I 

g 
I 
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Fig. 3 -12 Calculated and experimental diffusion c oeffici en ts 
of ammonium chloride in water at 25°C. 
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Fig. 3-13 Calculated and experimental diffusion coefficients of 
sodium chloride in water at 25°C. 
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Fig. 3-:1.4 Calculated and experimental diffusion coefficients of 
potassium bromide in water at 25°C. 
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Fig. 3-15. Calculated and experimental diffusion coefficients of 
0 potassium chloride in water at 25 C. 

... 

... ' 
i. 
l 



-0 
cu 
Cl) 

' N 

E 
0 -

I() 

0 

X 

0 

2.0 f.-

--- Eq.t3-2) 

0 EXPERIMENTAL 

' 

oo o· o o o ...- .,.,.,. 
~ ................... -- -- _..,- ..,.. 

I 

,cr' 
/ 

o/ 
/ 

I I 

, Jc (moles/ 1) 2 

l 

- -o-oo ,.....o ""' 

-

I 

2 

XBL 6911-6577 

Fig. 3-16 Calculated and experimental diffusion coefficients of 
cesium chloride in water at 25°C. 
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obtains a straight line. Hence, the method can be used to estimate 

diffusivities if experimental data are available only for two concen-

trations simply by interpolating or extrapolating along tbe fit line. 

It also seems to be a convenient method to perform consistency tests on 

the reporteddiffusivity data. 

C. Extention of the Rate 
Equation 

In Section A we have seen that the ~~ values stay constant for 

some electrolytic solutions,, mostly oft he alkali halide type, but for 

some other electrolytes they shovl negative or positive deviations especi-

ally at moderate and high concentrations. Unfortunately, most of the 

electrolytes are of the latter type. However, if we go back to Tables 

3-6 through 3-9 and the corresponding figures for LiCl, KI, CaCl2 ani 

HCl, we observe that ~i) remains fairly constant in dilute solutions, 

where these electrolytes are still close to ideal behavior. Deviations 

·from the limiting value ~ 0D0 are not that significant for LiCl, KI ard 

CaC1
2 

up to concentrations as high as 0.5 molar. The deviation 

' 
starts at smaller concentrations for hydrochloric acid due to the 

strong structure making effect of the hydrogen ion. Other strong 

acids would be expected to show a similar behavior. 

We make use of this observation by estimating diffusivities at 

low concentrations from Eq. (3-2) and extrapolate this information to 

higher .concentrations by the method of Section B. In other words, we 

simply fit the logarithm of the equation, 

(3 -23) 

to a straight line using viscosity data at low concentrations. He then 

substitute the computed slope q into either Eq. (3-20) or Eq. (3-22) 

.. 

i, 
·~ 
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in an attempt to calculate diffusion coefficients at higher concentrations. 

Equation.· (3-23) actually follows from an incorporation of the results of 

Section A and B, or in mathematical terms, from the combination of 

Eqs. (3-1) and (3-15). In solutions where T)~ exhibits neg<ttive deviations, 

the T)~ values would prescribe a path closer to Tj
0
D

0 
than the TJ~ values 

X p . 

because of the reasons mentioned in Section A. Application of Eq. (3-22) 

would therefore be expected to yield more accurate results in such 

cases. Conversely, for cases where deviations are positive it would be 

more appropriate to employ Eq. (3-20). This argument adds a significant 

amount of emp:iricism to our already semi-empirical discussion, but we 

are somewhat justified in it when we consider the abundance of informa-

tion as regards to the effects of different ions on the structure of 

7 
water. We can use that information, such as the results of Chapman, 

in order to predict the expected b~havior of T)i> values. 

We have fitted ln (1) 0
/T))versus the particle fraction by the method 

of least squares for LiCl, KI, CaCl
2 

and HCl in Figs. 3-17 and 3-18. 

The fit was for concentrations between 0 and 0. 5 molar for KI, CaCl2 , 

and LiCl, and between 0 and 0 .l molar for HCl. The circled points are 

not actually the measured experimental data, but were interpolated fran 

available data using the correlation function for viscosity given in 

the Appe,ndix. A major defect of such a fit is that experimental viscosity 

data are very scarce at the concentration range of interest. A few experi-

mental points were available for KI, CaCl2 and HCl at concentrations 

below 0.5 molar. Available viscosity data on LiCl, however, did not 

go below l molar; th.e values used for curve fitting were therefore 

interpolated from data at infinite dilution and high concentrations. 

Using such interpolated viscosity data is believed to introduce signi-
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Fig. 3-17 Viscosity correlation for hydrochloric acid in 
water at 25° C. 
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Viscosity correlation for selected electrolytic 
solutions at 25°C. 
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ficant errors in the calculated diffusivities. 

We substituted the slopes of fit lines into Eqs. (3-20) and (3-22) 

to compute the diffusion coefficients. Results from both equations are 

given in Tables 3-19 to 3-22. As was expected, Eq. (3-22) gives better 

re,sults for CaCl
2

, LiCl and HCl, whose T),f) curves exhibit negative 

deviations.. On the contrary the results obtained from Eq. (3-20) are 

more sati~factory for KI, whose T)~ values show positive deivations. 

Calculated diffusivi ties of the. four electrolyte systems are depicted 

inFigs. 3-19 through 3-22 and comparedto the results of the previous 

sections. The curves indicate that the results obtained here provide 

a considerable improvement over the prediction of Eq. (3-2) for CaCl
2 , 

HCl and KI. We could not accomplish a significant improvement over the 

results of Section A for LiCl. This is probably due to the inadequacy 

of the available viscosity data on lithium chloride at low concentrations. 

Even .though the rate equation model provides reasonable agreement 

with the experimental dat~ its general validity for electrolytic solu

tions may still be questionable because several important assumptions 

are concealed in the whole · development. The treatment of Glasstone, 

et al. is probably over-simplified in liquids considering the complex 

behavior of electrolytic solutions. Their treatment and the extention 

of it to electrolytic solutions with the lattice model carry a number 

cf assumptions that imply regular solution behavior. Furt.hermore, the 

physical significance of some of its parameters such as the specific 

rate constant and the activation free energy term remain in doubt and 

require extensive treatment by more sophisticated models on the struc

ture of ,electrolytic solutions. 



• ~ • 

TABLE 3-19 Experimental and predicted diffusion coefficients of calcium chloride in - ---~- ·· ,-. ··· -·- water at 25° c. · · ----

fXD DATA ARE FRO~ LYONS i RILEY, JACS 76, 5216 ( 19 54 l 
D D 

f % Error D 
g % Error c 

cal exp cal 
.oz~ L, 153 1o 13 2 =1.843 1. 131 =1.943 ,.~ .. 
.,055 1ol36 -1.,096 = 3o 48 8 lo 094 ~3.679 

.,~02 1 .. 122 . 1,.073 - 4,. 406 1.069 -4:o761 
"!<='3 lol23 ' l. 069 -4.817 1.061 -5,489 
0 3l4 1.132 1., ~91 ,_ 3 .. 645 1.. 07 f3 ··4. 7 62 .. I 

.\Jl 
,4A9 1. 152 1 .. 133 ~-1.623 1. 113 -3.346 1-' 

I 

0 6 71 1.,177 1,.107 1 .. 688 1o166 -.,892 
1,000 1,.22G lo 30 5 6.,071 1.254 2.824 
1 .. 442 1.271 1 .. 441 13.371 1" 35~ 6 .. 818 
L. 462 1 .. 271 1.,447 13. 822 1. 362 7.135 
2.,(:46 1. 310 1 .. 583 20.~H7 1.446 10.392 
2 0 5"1'-j 1 .. 311 1 .. 640 25.,l(')P lo454 10s8CJ." 
3.,250 1.248 10 59 5 27,801 1.350 8.1BR 
4,001 1 .. 073 1 .. 373 27.843 1.096 1.629 

·-- 4o436 o919 1 .. 163 26.595 .,'330 -·4.,272 .. --. 

5 .. 012 • 716 .,gqg 2 5., 3 57 .. 636 -11.276 
5. 424 .. 571 .,691 20.975 0 459 -19.670 
6.,004 • 402 .,44! 9.,415 .. 260 -35.342 

fCalculated from Eqs. (3-23) and (3~20) 

gCalcul~ted from Eqs. (3-23) and (3-22) 
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TABLE 3-21 Experimental and predicted diffusion coefficients of potassium iodide in 
- -- 0 - - - -

water at 25 C. 

EX P 0 AT & AP :: FROM D!JNLOF $ STOKES, J 1\C S 7-3, 5456 ( 19 51 ) 

D D 
f % Error D 

g % Error c 
exp cal cal 

~o .. z.oo 1 1 .. 999 ~ .. ICO 1.999 - .. 100 
.. 050 1, R0 1 1.8B7-- ~.taz 1a8A6 -. 2~3 
olOQ loR65 1 .. gg,; .784 1. 876 0 602 
, 21-: a J..R59 lo8P.~ 1.577 1. 881 1.209 I 

~ 
"3:)0 lo gB4 1. 906 1.171 1. 896 .621 I 

"5(;() 1.955 1. 949 ~.330 1. 931 -1.235 
(:)700 2 0 ()()1 1 .. 994 

_,_ 374 
1. 968 -1 .. 64~ 

let')('f) 2.065 2 .. 062 -.165 2 .. 024 -1 .. 988 
1 .. 50() 2 .. 166 2 .. 172 .295 2. 113 -2.470 
2,0()0 2 .. 254 2.272 .R2C 2.188 -~2 .. 910 
2.,5'0 2 .. 347 2 .. 350 • 110 2. 240 -4.551 
3,CGO 2.440 2.,3~~ -2.132 2. 25 4 -7 0 6 38 
3.5DQ ?. .. 533 2 .. 371 .. 6.397 2 .. 214 -·l2o5A2 

-f g 
' See footnotes on page 51. 



TABLE 3-22 Experimental and calculated diffusion coefficients of lithium chloride 
in water at 25°C 

ec,,' '•' 

EXP QATA ARE FRO~ VITAGLIANO, GAl CHIM !TAL 90, 876(1960) 
D . D f % Error D g % Error c 

exp cal cal 
.117 1.267 1.269 .185 lo 267 -.021 
.129 lo 262 1 .. 269 .555 1. 266 .323 
.. 168 1 .. 261 1 .. 269 .. 667 1. 266 0 3 f>4 
, 272 1.262 1.27>1, lo245 1o 271 .750 
0 31 f> 1.264 1. 2 83 1o 506 1. 27 6 .930 
"335 1.264 1 .. 2B5 1.6Ci8 1. 278 lo0q7 
.. 422 1.269 lo 29 .g 2. 29Ci 1.288 1o525 
• 587 1•27R 1.326 3.741 1. 312 2. 653 
0 660 1o290 .1. 339 4.617 1. 323 3.385 
.. 044 1. 300 1. 394 7.250 1. 371 5.451 

1 .. 164 1. 317 10 43 9 q.zso 1. 410 7 .. 036 
1 .. 666 lo 346 1.546 14.868 1. 501 11.508 
1 .. gog 1o 346 1. 596 18. 60 9 1o 543 14 .. 670 
2 .. 04<} 1 .. 370 1.629 19.933 lo 571 14.678 -
2o B33 1. 417 1.799 26.834 1.710 20o6R2 
3 .. 206 lo436 1 .. fl7 5 30. 5 85 1. 77 2 23.401 
3o R 1. 1 1. 461 1.,903 36.434 1o 864 27 .. 58Ci 
4.,1'91 1. 460 2o044 30.147 1. qo 2 29.,5C2 
4.454 1.4"'3 2 .. 10 5 42.93? 1. 94 7 32 .. 281 
4 .. 634 1.474 2o 134 44 .. 760 10 96 7 33.480 
5o 93 3 1. 455 2"289 57.314 2. 06 5 41.8<11 
6,.386 lo 433 2o320 61.306 2. 076 44o3'36 

f,gSee footnotes on page 51. 
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We are curtailed from testing the methods discussed in this 

chapter for a wider selection of electrolytic systems, so that we cruld 

say more about their general applicability, due to limited experimental 

data on these systems. 

In order to develop more reliable schemes for estimating the 

diffusion coefficients, it ·is necessary to have more data on the 

viscosities and diffusion coefficients. In the following chapters 

we discuss a method for measuring dtffusion coefficients, which follows 

from the results of the theoretical developments of Chapter II. We 

use this method to measure the diffusion coefficients of nitric acid 

or er a wide range of concentrations, thus canpleting the work started 

on this electrolyte by Chapman. 5 We also measure the viscosity of nitric 

acid in dilute solutions in order to complement already available data. 
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IV~' A METHOD FOR THE MEASUREMENT OF DIFFUSIVITY 
- RESTRICTED DIFFUSION 

A method of measuring differential diffusion coefficients in dilute 

electrolytic solutions via restricted diffusion has been first developed 

19 
by Harned. He proposed an approximate solution to Fick' s second law 

applied to an enclosed column of liquid of fixed height. His solution 

assumes constant fluid properties in dilute s~lution and neglects the 

contribution of the sOlvent flux to the diffusion process. The first 

assumption could be a mcijor source of error in Harned's experimental 

data because the fluid properties are knovm to undergo significant 

variations with concentration in dilute solutions. The second assump-

t ion would be a factor to be considered in concentrated solutions. 

In order to determine the decay of concentration gradient with 

respect to time, Harned employed a conduct imetric method. This method 

would impose additional drawbacks on the measurement of diffus ivi ty 

in concentrated solutions. Solutions of high conductivities would require 

wider cells, inevitably : increasing the effects of convection. Conducti-

vi ties of some electrolytic solutions also fail to behave as linear 

functions at high concentrations. Harned's method, nevertheless, appears 

to be quite exact at low concentrations because the conductimetric method 

provides an accurate means of detecting small changes in concentration 

gradients in dilute solutions. ,j• .· 

A ~stly improved treatment of the restricted diffusion model has 

recently been developed by Chapman. 9 His solution of Fick's second 

law for the same model avoids Harned's assumptions. ehapman also pro-

posed an optical method, utilizing Rayj ~igh interferometry, vlh ich overcomes 

._'[>'; 
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the restrictions of the conductim~tric method at high· concentrations and 

thus yields quite accurate diffusion coefficients in concentrated solu-

tions. We will give here some of the details of Chapman's mathematical 

formulation of the problem and briefly discuss the fundamentals of Rayleigh 

interfe renee. 

A. Analysis of Restricted Diffusion 

In Chapt. II we presented the expression for the fluxes of solvent 

and solute, viz •. Eqs. (2-6) and (2-20), which are applicable for both 

dilute and concentrated solutions. In order to derive equations analogous 

to Fick' s second law, we substitute these expressions into the conserva-

tion Eq. (2-l) and obtain 

dC 
0 

~ 

for the solvent, and 

de 

dt 
= 

c \1 
0 

\1· 

v 
-o 

v 
-o 

. \1 c 
0 

c ~) 
0 0. 

\lc - c \1 · v -o 

( 4-l) 

- v -o 
. \lc (4-2) 

for the solute. These may be rearranged as 

and 

"o- (1-
It can be shown 

dc0 ) c -
co de 

26 
that 

v 
0 

= 

\1· v 
-o 

_:__j--=-c 0 --=-v: ~)_vc_ 

+ 

l 

l 

de 
0 
~ 

de 

c .. 
c 

0 

\1 . 

de 
0 

de 

( B ) . . 'FJc 
c v 

0 0 

de· ) • c .0 

c
0 

de· 

- v Vc, 
-o ( 4-3) 

" = 0· (4-4) 

(4-5) 
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Equation ( 4~3) and (1.1--4) may be rewritten as 

de v v{ cDV) Vc - . \Jc, ( 4-6) 
dt c v 

0 0 -o 
0 0 

and de 
V '. ( c f, ) Vc \]. +v 0 0. ( 4-7) v 

-o 0 de 
\ 0 0 

Equations ( 4..,.6) and ( 4-7) are now in a convenient form to solve for rur 

one dimensional restricted diffusibn model. 

In setting up the boundary conditions for the problem, we realize that 

the fluxes should vanish at the bottom of the liquid column so t 1:R t 

v ol y=O = 0 (4-8) 

and 
de 

=0 ( 4-9) dY y=O 

where y is the displacement coordinate alor:g the height of cell.. At the 

top of the column the fluxes relative to the boundary vanish also, i.e.' 

= o, (4-10) 
y=a 

where a is the height of column. The law of conservation of mass for the 

system adds another boundary 
a 

J pdy 
0 

condition, 
00 

f P
00

dY = 

namely, 

00 

a p 
00 

.o 
',.1 ~· ~·: -.~ ~ 

( 4-11) 

The superscript refers to conditions at infinite time, when the diffusiJ1g 

system reaches a uniform concentration. 

The problem can be solved by a series method. We assume that the 

unknown parameters can at large times be represented by singul~r pertur-

bat ion expansion series 
" 

and 

of the form 

c 

a 

v 
0 

00 ( 1) 2 (2) 
C + €C + € c 

00 + Ea ( l) 2 (2} 
a + E a 

EV (1) + €2V (2) + 
0 0 

+ 

+ . 

. . . ' 

' 
' 

( 4~12) 

( 4-13) 

( 4-14) 
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where the perturbation parameter E is defined as. a function of time and 

obeys the condition that 

E 0. . (4-15) 

The coefficients c(i) a(i) and v (i) are 
' 0 

independent of ti rre. Therefore 

(i) (i) 
c and v depend only on positi~n. 

0 ' 
In order to accoul)t for the 

concentration dependence of the diffusion coefficient we expand this 

00 

quantity in terms of Taylor series around c and write 

00 

D D . + dD 
de 

1 
2 I 

00 2 
coo ( c -c ) + ... ' ( 4-16) 

Substitution of Eqs. (4-12) through (4-14) into Eqs. (4-6) through 

(4-11) andequating terms of equal order in E accomplishes a separation 

of variables by yielding a number of differential equations with correspond-

ing set of boundary conditions. These' equations can besolved simultaneously 

to determine E and the coefficients c(i), a(i) and v (i). The ability 
0 

to generate such equations justifies t.l;le .q.ssumptions involved in Eqs. 

(4-12) through (4:16). 

Equating the terms of first order in E in the expansion of Eq. (4-6) 

gives, for example, 

dE 
dt 

c 

with the boundary conditions, 

and 

de (l) 

dy 

de 
(1) 

dy 

(1) 

y=O 

00 

y=a 

00 

D E 

o, 

o. 

(4-17) 

(4-18) 

(4-19) 
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Solving Eq. (4-17), we obtain 

E ( 4-20) 

and 

c 
(l) 

( 4-21) 

which satisfy the two boundary condi tion.s and the c mdition expressed 

by Eq. ( 4-15). A is a constant to be determined from the initial con:li-

tions. which have been left as arbitrary. The parameter a has been re-

00 

placed by a because order of magnitude estimations show that the variation 

. . l" "bl 10 
ln a lS neg lgl e. The complete solr'.t ion is very c anplica ted, and 

we will avoid here the rest of the algeb1aic manipulation. The reader 

is referred to the original work by Chapr·1an10 for a more detailed analysis. 

An important result is 

~ = c(a/6) -c (5a/6) 

-D
00

t(.....-ja)
2 3")

00

t( / )2 
A ~3 e II + B e- 1 Tr a . + . . . ' ( 4-22) 

where we have taken the. difference in concentration between points one-
(1. • • • • 0 

sixth of the overall length from each end of the cell so 't hl.t the trigona-

metric terms in the series are reduced to constants. The coefficient B 
. 

d epends in a complicated way on the initial condition and the derivatives 

of solution properties. At large enough times the. l:iigh~r. o:rO,~F expemential 

terms become negligibly small as compared to the first term, thus reducing 

the solution to the simple results expressed by Eqs. ( 4-20) and (4-21). 

At large times, we can therefore write 

( 4-23) 

where A' = A ~3. Equation ( 4-23) is now in convenient form to determine 

differential diffu ion coefficients from experimental data on ~c versus t~ 



··-

61. - ) -

B. Analysis of Rayleigh Interference 

Consider a coherent beam of light passing through a pair of slits 

A and B (see Fig. 4-1) and projecting on a screen S at a distance R 

away from the slits. The rays emanating from the slits are initially 

in phase with each other, but phase changes due to diffraction occur 

at far enough distances from the slits depending on the distance each bearri 

has traversed. The beams are in phase when the difference in their path 

length is an integral multiple of the wavelength 1-., so that 

d sin e m 
m;\., 

. -- -l 
where dis the spacingbetweenthe slits and8 =tan (y/R). This m 

condition corresponds to an intensity maximum on the screen. The 

condition, 

d sin e 
m 

(m + l/2)1,, 

causes an intensity minimum since the rays are 180° out of phase as 

(4-25) 

they reach the screen. The sharp deviations in intensity thus create a 

-[a ttern of light. an<;l dark fringes on the scree:Q. 
~· . . . 

If we now place two different medi'a of the same thickness !_ behind 

each slit, we introduce an intial phase difference betvreen the two rays 

as they pass through the mask. As a result the fringes are shifted 

, depending on the initial deviation in the path lengths of the beams, 13-nd 

this deviation is in turn- proportional to the difference in the refractive 

indices I-LA - 1-LB of the two media. The intensity maxima wi1:,1 then appear 

on the screen according to the condition that 

d sin em -t P. (!-LA - 1-LB) mi-.. (4-26) 

If we -fix 1-LB and vary I-LA' we obtain at the point M on the screen, 

( 4-27) 
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Fig. 4--l Interference of monochromatic light by two slits. 



indicating that a change in the refractive index of a diffusing system 

can be determined by observing the change in the order of fringe shifts. 

If 6. f.l.A is a linear function of concentration, the concentration changes 

in our system can be identified by the number of fringe shifts li!J. •. 

ll 3 
Chapman estimates that the accuracy is better than 10- moles/1 for 

potassium chloride solutions employing the experimental apparatus and 

technique to be discussed is the next chapter. As long as 6.fl remains 

directly proportional to:.6.c,. the method should work quite as accurately 

for most of the other electrolytic solutions. 
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V. E:XPEHIMJ~NTAL WORK 

In this chapter we describe the apparatus and the experimertal nethail 

Employed to measure the diffusion coefficients and the viscosities of 

aqueous nitric acid solutions at 25°C. We refer quite frequently to tbes.es 

l2 22 
by Chapman and Hsueli who have used the sarre optical system as ours 

and performed quite similar experiments. We note the important differences 

between their work and ours. We direct the reader to these references for 

additional discussion, illustrations and bibliography. 

A. Description of the Apparatus 

l. Optical System 

Diffusion experiments were performed on a Perkin-Elmer i'-1odel 238 
i 

Electrophoresis Apparatus. This is a compact instrument embodying a constant 
I. 

temperature bath, an optical chamber and a camera. 

The bath is conveniently constructed so that the diffusion cell can be 

mounted in alignment with the optical path. It is equipped by a centrifugal 

pump to stir the bath fluid and a cooling plate connected to an air cooled 
i. 

refrigeration system. To these we added a 125-wa.tt heating probe and an 

Inspector 445 thermometric element, both attached to a Sargent, Model S 

proportional temperature controller. The bath temperature was read on a 

Beckma~ thermqmeter. The control]er system regulated the bath at 25.00±0.0l°C.; 

The optics of the apparatus is somewhat complicated. Chapman 

gives the details in th,is respect. The optical set up is depicted in a 

simplified form in Fig. 5-l. The mercury vapor lamp emits a monochromatic 
0 

light beam of wavelength 546lA. A multipoint source slit is positioned in 

I 
front. of the lamp in order to intensify and space the interference patterns 

equally. The converging lens projects the beam through the solution and 
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reference components of the cell. The interference patterns formed by two 

slits placed behind the cellrure focused on the screen and spread along a 

horizontal line containing the point F. As a result the c cntributions from 

different locations in the cell are superimposed so as to obscure the varia

tions in the refractive index of the solution along a vertical path. The 

situation is improved by placing a cylindrical lens beh1een the slits and 

the screen. The cylindrical lens spreads the fringes vertically. It thus 

adds a second dimension to the interference patterns by mapping them on the 

screen as profiles of refractive index with respect to position. 

The fringe patterns produced by the optical system were photographed 

by a Polaroid Land Camera attached at one end of the apparatus. The photo

graphs were taken on Polaroid Type 46L transparencies. Exposure times of 

about thirty seconds were used. 

2. Optical Cells 

The optical cells used in this work are of the Tiseluis type and were 

purchased from the Perkin-Elmer Corporation. A complete cell contains 

several parts, and these are explained in detail by Chapman. In our 

experiments we only used the center section which is shown in Fig. 5-2. 

It consists of two rectangular channels, mounted between flat, ground glass 

flanges. The faces of the cell are extended to the sides to be included in 

the optical reference path. The spaces between these extended portions are 

occupied by the bath fluid (distilled water in this case) and thus form the 

reference as shown in Fig. 5-l. Each channel can then be used as a diffe

rent diffusion cell with its own reference compartment. 

The height of the cells was of the order of 7.9 em. Since Eq. (4-23) 

depends on this dimension quite significantly, it had to be measured as 

.. 
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Fig. 5-2 Central optical cell 
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accurately as possible. The Precision Shop of the Lawrence Radiation 

Laboratory measured the cell lengths within 0.03 percent. The width and 

the depth of a channel were 2 mm and 9 mm along the optical path respectively. 

These dimensions are an improvement over the Harned cell in reducing the 

effects of convection. The same shop also inscribed very fine markings 

on one face of the cell at exactly one-sixth of the overall length from 

each end of the cell. These resolved as fine lines across the photograph 

of the fringes and served as reference points for the measurement of con

centration changes. 

We used two glass pieces, ground on one side, in order to seal the 

cell at both ends before a diffusion run. These pieces were cut into the 

same size and thickness as the cell flanges. 

The cell was placed into the bath in an appropriately designed cell 

holder. The cell rests on the bottom of the holder while spring tension 

is applied on the top. It is thus clamped firmly in position to avoid any 

leakage to and fran the bath during a diffusion experiment. 

The assembly and uses of the complete cell can be found in References 

12, 22 and ~6. 

3. Boundary Forming Apparatus 

The filling of the Tiseluis cell before starting a diffusion run requires 

special care since it is desirable to form a fairly sharp boundary between. 

the diffusing solutions at the outset. The boundary forming apparatus, 

which consists of a Motor-Driven Syringe Compensator Assembly and a Needle 

Controller Assembly, both supplied by Perkin-Elmer, is of great utility 

for this purpose. The former assembly contains a built-in constant speed 

motor which drives a 10 cc plunger. The travel rate of the plunger can 

be set at speeds as low as 0.015 cc per minute, or if necessary, the system 

• 



-71-

can be operated manually. This apparatus functions as a slow-speed pump in 

adding solution to the cell. The syringe is connected b:y a thin rubber 

-tubing to a 2 ml pipette with 0.1 ml graduations. A hypodermic needle is 

attached to the narrow end of the pipette. The pipette is in turn clamped 

to the Needle Controller Assembly. The needle can be manually raised or 

lowered by means of a chain drive mechanism. Uses of the pipette are as 

a container and a volumetric meaS.l ring unit for the solutions to be added 

to or withdrawn from the cell. The whole system provides a convenient means 

of filling the cell by minimizing such disturbances on the boundary as 

· inconsistant filling rates and sudden jerks of the needle. 

The hypodermic needles (gage 18) were manufactured from a 9Cf/o platinum 

and 10% ruthenium alloy which is resistant to the corrosive effects of con-

centra ted nitric acid solutions. The needles were purchased from the Hamilton 

Co. of Whittier, California. 

4. Miscellaneous Apparatus 

The fringe shifts were measured from Polaroid transparencies on a 

Jarrell-Ash Recording Microphotometer. HFJueh describes the optical set-

up and the principles of operating this apparatus. Description of its use 

for this work will be given in the next section. 

Viscosities of dilute nitric acid solutions were determined ly Ostwad 

viscosimeters. These were calibrated with distilled water at 25°·C. 

B. Experimental Procedure 

l. Diffusion Runs 

' 

In preparation f'or a run, the rrost important step vras to clean the 

cell and the glass :pieces carefully in order to remove undesirable impurities 

and spots that might interfere with the optical path. The grease from a 
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previous run vras wiped out by a tissue paper wetted in cyclohexane. The 

cell was then washed in a solution of Alconox and rinsed with tap water. 

In order to remove rough dirt, the channels were washed with a pipe cleaner, 

one end of which was bent into a swirl so that the wire tip -vras not exposed. 

For further cleaning the cell and its glass covers were soaked in chr anic 

acid cleaning solution for several minutes, then rinsed in distilled water 

and left to dry in an oven at 70°C. 

For sealings chemically inert Apiezon Type N vacuum grease was employed. 

The grease was applied as a thin layer on the cell flanges, taking care 

so as to avoid getting any grease into the channels. A glass pieces was 

pressed against one of the flanges to seal the bottom of the cell. 

The channels were then filled half way to the top by the heavier 

solutions. Care was taken not to trap any air bubbles at the bottom. 

Lighter solutions were added gently on top with the use of the boundary 

forming apparatus. The syringe plunger was coated with high vacuum silicon 

grease to avoid air leaks into the control volume generated by the syringe, 

rubber tubing and the 2 ml. pipette. The plunger speed was set depending 

on the initial conxntmtion gradient at the boundary . In dilute solutions, 

for example, where the initial concentration difference had to be as low 

as 0.2 molar, the filling rate was set at 0.04 cc/minute. As the boundary 

was formed, and the liquid level rose in the channel, the needle tip was raised 

gradually away from the boundary at the same time increasing the plunger 

speed. At high concentrations where we could afford initial concentration 

differences as high as one molar, the plunger system could be driven 

manually at faster speeds. Higher filling rates did not disturb the 

boundary because the density gradients vrere large enough to stabilize the 

.. 
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liquid against convection currents. After both channels were filled completely, 

the cell top vJas sealed by sliding the second glass piece firmly over the 

top flange from one edge to the opposite, in the direction of the cell 

depth. This has to be done fast enough to avoid the intermixing of the 

channel contents at the top. The cell was then mounted in the cell holder 

and placed in the bath. 

Simplicity of the procedures for cell filling are improvements over 

Chapman's experimental method. The boundaries formed by our method were 

considered to be sufficiently sharp so that it was deemed unnecessary to 

withdraw solution from the middle of a cell channel in order to forni a 

13 
sharper boundary. A photograpr of the fringe patterns soon after boundary 

formation is depicted in Fig. 5-3. This can be compared with'a similar 

photograph in Chapman's thesis.
14 

Probably the most important improvement over Chapman's method is due 

to the simplication of the cell assembly, 1e1hich allows the performance of 

two diffusion experiments at the same time. By avoiding the use of top and 

bottom sections of the cell, we also escaped some of the problems encountered 

by Chapman such as nonuniform tens ions exerted by the holder on the cell. 

Such tension may cause leaks between the flanges and even lead to fractures 

within the cell body. 

As mentioned earlier and also suggested by Chapman, vTe chose to form 

boundaries between solutions of appreciable concentration differences, such 

as one molar, so that a large density difference would act to reduce con-

vection during boundary forming and cell mounting procedures. The decay 

of such a concentration difference required about two days before useful 

measurements could be taken; large concentration differences cause 

so many fringe shifts that the bending fringes are too close to be resolved 
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Fig. 5-3 Fringe patterns soon after boundary formation 

XBB 6911-7618 

Fig. 5-4 Typical fringe pattern during data collection 
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(see Fig. 5-3). In dilute solutions, however, we were forced to work with 

smaller concentration differences during boundary formation, and this 

required greater care. Concentration differences less. than 0.4 molar 

resolved workable fringe patterns soon after boundary formation, but the 

condition that Eq. (4-23) is applicable at large times, rendered this 

information useless. Even though the fringes may be resolvable at the 

very outset of a diffusion run, one has to allow for a minimum time lapse 

of about half a day before the higher order terms in Eq. (4-22) become 

negligible. 

After the concentration gradient in a cell reached a convenient 

magnitude, and the conditions of Eq. (4-23) were met, photographs of the 

fringe patterns were taken at about two-hour intervals except over the 

night when the interval reached ten hours. Such measurements on a run were 

made over a period of 3000-4000 minutes. This time span was shorter for 

runs in dilute solutions because the concentration differences were quite 

low initially, and we had to terminate measurements sooner. We also had 

to take photographs in. smaller_ iJ?.terv~ls in order to secure sufficient 

data in a shorter period of time. 

At the end of a run the cell was removed from the bath and shaken 

gently to attain a canplete mixing of the contents of each channel. The 

solutions were withdrawn separately through hypodermic needles into clean 

2 ml. pipettes attached to the boundary forming apparatus. About l.l cc 

of each solution was measured into a small flask and titrated to deter

mine the value of c
00

• 

The samples were prepared from Baker reagent grade nitric acid solution 

by diluting it with co
2 

free distilled water to the desired concentration. 

In· preparing solutions below one molar, double distilled water was ·used 
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to attain a higher purity. Titrations were performed with standardized 

0.1000 N sodium hydroxide solution to the phmolphthalein endpoint. The 

carbonate free hydroxide solution was prepared from a concentrate supplied 

cy Anachemia Chemical Co. 

2. Data Evaluation 

A typical fringe pattern used to d•2termine the concentration change 

with time is shown in Fig. 5-4. The horizontal lines across the patterns 

result from the reference marks on the cell. Each curve in the pattern 

represents the refractive index profile. It may also be regarded as a 

concentration profile if the refractive index varies linearly with 

concentration. The concentration difference between the two refe renee lines 

is proportional to the number of fringe~, which are shifted across a verti-

cal line between them, as implied_ by Eq. ( 4-27) . Since the fringes are 

equally spaced, the concentration difference is also proportional to the 

horizontal displacement of a :fringe bebreen the two lines. Hsueh act-

ually counts the number of fringe shift:> across a vertical line to measure 

the concentration difference. This method poses some difficulties in the 

determination of fractional portions of fringes at the intersections with 

the reference lines. Chapman proposes a more accurate method, based 

on the measurement of the horizontal fringe displacement, vlhich we adopt 

here. 

The Polaroid transparency was placed on the traveling stage of micro-

photometer so that a light beam passing through it magnified and projected 

the fringes on a screen. The photograph was adjusted to set the reference . 

lines parallel to the direction of longitudinal travel on the stage. The 

intersection of a da:rk fringe and a reference line was made to coincide with 

i·.· 

! 

!. 
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a reference point marked on the screen. The position of the stage was 

read on the vernier scale. This scale measures the longitudinal displacement 

of the stage within O.Dl mm. The stage was then driven manually by turning 

the driving knobs as the projection of·the chosen fringe was followed 

visually across the screen until it intersected the other reference 

line. The intersection line was brought to fall upon the same reference 

mark on the screen, and the longitudinal coordinate of the stage was 

recorded frcm the vernier. The difference of the two measurements yielded 

the horizontal displacement of a fringe between two reference lines to an 

accuracy of about 0.2 percent. 

Equation (4-23) suggests that at large times the logarithm of the 

concentration difference between the reference lines should vary linearly 

2 with time and exhibit a slope of -D(7T/a) . We have omitted the superscript 

on D for simplicity. The logarithm of the longitudinal fringe displacement 

D.. should also vary linearly with time exhibiting the same slope since D. 

was measured as a quantity directly propo±-tional to tbe concentration 

difference. We can therefore fit ln D. versus t with a straight line to 

determine the slope and then calculate the diffusion coefficient frcm the 

relation 

D 
2 

-(slope) (a/7T) • 

C. Results and Discussion 

l. Differential Diffusion Coefficients 

( 5-l) 

We have measured the differential diffusion coefficients.of nitric 

acid solutions for the concentration range 0 to 10 molar. In this range 

one can find sufficient and adequate data on density, viscosity, trans

ference number, conductivity and activity coefficient in the literature.15 



This information and our results on diffusion coefficients provide a complete 

set of data for study of transport in nitric acid solutions. 

The refractive index of nitric acid in the concentration range of 

interest is nearly a linear function. It exhibits a maximum at around 14 

42 molar ; our experimental method would ·thus fail to work in .that vicinity. 

Even so, this condition is an improvemen~ over Harned's conductimetric 

method because the conductivity of nitric acid goes through a rraximum at 

1;-
a lower concentration of about 6 molar. ) 

A typical semi-logarithmic plot of the fringe shift versus time is 

shown in Fig 5.:.5. The points fit smoottly to a straight line justifying 

the assumptions concealed in Eq.(4-23). In some of our runs we observed 

deviations from the least squares fit ljne. Negative deviations were 

sometimes detected at the small time end of the curve. These probably 

resulted from contributions of higher 01der terms in Eq. (4-22). Two 

types of deviations occasionally appearEld at long times. The negative type 

was either caused by leaks at the bottom of the cell or by convective effects 

induced due to vibrations in the systeth when the density gradient bee arne 

too small to prevent these effects. Leaks could usually be detected by ob-

serving unusaL.distortions in the fringe patterns. As long as there were 

no leaks, the fit curve could be corrected for these negative deviations 

at small and large times by simply discarding such points. The positive 

deviations; which we observed quite often at large times, could not be 

corrected for even if we tried discarding data points measured at large times 

and recalculating the diffusion coefficient. In all cases such deviations 

resulted in a too low value for the diffusivity so that vTe had to repeat 

the vJhole run. The factors causing this type of deviations are not obvious, 



,. 

... 

• 

7 

6 

5 

E 
0 4 

<I 

3 

-79-

0 EXPERIMENTAL 

LEAST SQUARES FIT 

SAMPLE NO. A21 

c = 6.195 moles/£ 

D = 3.t07txt0- 5 cm2/sec 
CT= 0.09% 

2~------~-----L--------------~------------~------~ 
0 

Fig. 5-5 

1000 2000 
TIME (minutes) 

3000 

XBL 6912-6673 

Sample data analysis for diffusion of nitric acid 
in water at 25°C. cr is the estimated error in the 
diffusion coefficient • 
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but we can speculate on several possibilities. Presence of certain organic 

impurites could interfere with the refractive index of the solution even 

though the cell was c~eaned and solutions prepared with maximum care to 

avoid undesirable contamination. The dissolution of grease in sd.utio n can 

be ruled out because we performed preliminary tests to confirm that nitric 

acid does not attack the Apiezon grease to any significant extent. However, 

we have observed some degree of absorption of acid by a thin layer of grease 

coated on a glass piece. This phenomenon appears to be a physical inter

action because the absorbed amount can be extracted completely upon equili-

bration in vacuum. Absorption is probably enhanced by the pr~encE of 

air cavities vlhich may be trapped vlithin the grease layer during sealing 

of the cell. If a signific9-nt amount of the solution thus leaks into the 

space formed by air cavities, it may provide the grounds for a positive 

deviation. Such a leak would not cause any visible distortions in the 

fringe pattern. Another possible cause may be an actual leak and mixing 

with the bath fluid at the top of the cell, but this kind of an effect 

could not be observed to occur from examinations of the interference 

patterns. 

The results of diffusion runs are summarized in Table 5-l. These 

are compared with Chapman's results in Fig. 5-6. The agreement is within 

the precision of our method at one point only. The other points deviate 

from our interpolated values by as much as 1.5 percent. 

The variance in the slope of fit line was calculated according to 

a standa;rd statistical formula25 to de~ermine the degree of c mfidence 

in the ca:lculated diffusion coefficient. In most runs the estimated error 

in the diffusion coefficient was below 0.1 percent. As can be seen from 
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TABLE 5-1 The diffusion coefficient of nitric acid in water at 25°C 

• 

c(mo1es/ £) D X l05(cm2/sec) % Error 25 

, ... 

0.033 2.835 0.38 

0.110 2.782 0.19 

0.199 2.774 0.13 

0.256 2.786 0.05 

0.265 2. 780 0.11 

0.414 2.805 0.07 

0.499 2.815 0.05 

0.515 2.806 0.07 

. 0.629 2.837 0.06 

1.006 2.939 0.08 

1.020 2.939 o.ol+ 

1.505 3.045 0.05 

1.797 3.119,- 0.11 

2.030 3.148 0.06 

2.090 3.158 0.18 

2.375 3.203 0.17 

2.586 3.224 0.06 

3.039 3.268 0.10 

·~ 4:187 3.317 0.08 

5-253 3.233 0.08 

6.195 3.107 0.09 

7.450 2.921 0.07 

8.40 2.778 0.07 

9•25 2.642 0~08 
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Table 5-l, several exceptional runs are characterized by larger errors in 

the diffusion coefficient. In almost all such· runs we had to contend with 

a relatively smaller number of fringe shift measurements bee ause we either 

had to discard some points which did not conform vrith the fit line, or \ve 

were limited to a short time period when relevant readings could be taken 

such as in dilute soluti ens. 

A major source of error was due to the analytical method by 1-.rhich 

final concentrations were determined. In concentrated soluti ms an error 

of one percent in concentration ,,vould correspond to an error of about 0 .l 

percent in the diffusion coefficient. This error would become more pro-

nounced at low concentrations especially when one has to account for the 

difference between the actual end-point in acid-base titrations and the 

apparent end point of phenolphthalein. 

2. Viscosities 

Viscosities and densities of nitric acid were measured at concentrations 

0 to l molar in order to extend ·the available viscosity data to the low 

concentration range. Densities of the sample solutions had to be measured 

accurately because they constitute an import ant factor in calculating the 

viscosities from viscosimeter readings. 

Instead of measuring the sample concentrations by titration, we 

chose to compute them from our density data using reliable and accurate 

23 
concentration -density data reported in the literatu:r.-1!! •. , We fitted the 

literature data with an appropriate correlation function (see Appendix). 

We then calculated the concentrations iteratively from this function. 

The.results are presented in Table 5-2. Measurement of viscosities in dilute 

solutions significantly improved our viscosity correQation for nitric acid 
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because in the absence of such data the correlation function anomalously 

exhibits a maximum for viscosity at about 0.2 molar. 

3. Ionic and Thermodynamic Diffusion Coefficients 

The e:xp erimental diffusion coefficient of nitric acid is found to go 

through a minimum at about 0.2 molar, increase to a maximum value at around 

4 molar and then decrease continuously at higher concentrations. This trend 

in the measured diffusion coefficient is in qualitative agreement with ·the 

behavior of other strong acids in aqueous solution. One can thus speculate 

about the microscopic nature of nitric acid solutions with the aid of knew-

ledge gathered from studies on the behavior of hydrogen and nitrate ions 

in water and the known characteristics of other strong acids in aqueous 

solution. Without such information the differential diffusivity data is 

hardly indicative of the actual diffusion mechanism in nitric acid solutions. 

Since the thermodynamic diffusion coefficient is relatively independent 

of concentration,, as r~:q. (2-21) suggests, the behavior of the measured 

diffusivity is largely controlled ·by the activity cpefficient. 

In order to obtain a more realistic description of interactions 

between the individual ions and the solvent molecules, we should investigate 

the behavior of the j) .. coefficients with the aid of equations developed 
lJ 

in Chapter II. For this purpose we converted the available density, viscosity, 

conductivity, transference number, diffusivity and activity c ceffic ient 

data to a consistent set of units and fitted them with empirical correlation 

functions. Coefficients of the fit functions are tabulated in the Appendix. 

We present the smoothed data in Table 5-3. We then computed the thermo-

dynamic and ionic diffusion coefficients. The results are listed in Table 

5-4 and depicted i'n Figs. 5-7 and 5-8. 



TABLE 5-3 Selected transport and thermodynamic properties of nitric acid in water 
0 . 

at 25 c. 

* ~ c p T) A t+ D 1 + 
dlnm 

o. ,9971 .8903 421.27 ,8304 3.158 1•0000 . ,_-
,997i • 89 0·6 416·Ml ,8322 3.099 .9853 • Mll 

.602 ,997i .8907 414 • AA .8328 3.~77 ,9799 

.0os ,997~ ,8909 411.45 ,8341 3,0~6 e9"h)3 

.~lQ .997~ ,8912 4o7.s} .8354 2.995 ,96}0 
• ~2 Q ,9977 .89}5 ~ - ,8370 2.945 .9563 40,.•02 

•c; ,99.e7 .8922 .)94. so ,·83~4 ?,8~9 ,9363 • 11-- 0 
. - ,8929 -3at.o4 ,8411 ?.8i4 ·9294 .lOQ 1.000{! 

I 

.?~Q 1. 0 03 7 ,A939 .37•: ,28 ,8419 ?..778 ,9325 CD 
0\ 

.~QQ i.oo7~ ,8948 ;367,43 ,8415 2. 777 . ,9431 I 

.~on 1.01;3~ ,89~5 .J54. 86 ,83~4 ,,e0s ,·9727 
,7co i.o2o? ,8983 ·344,on 8366 2,855 1.0()75 . . 

1.ooii t.o3o'f ,9Q}3 ·328,97 ··8323 2e932 le06~0 
t.soii 1.04~(. ,9(j72 ·305.3} . ,8254 3,os3 1.1694 
2,iin(i l,063i • 9144 '282,£:.9 ,8192 3,1~1 1,28}5 
2.soo l.01c;Ji ,9229 261,(>6 ,8}34 3.223 ,,3989 
3.n~o 1.09.!:~ ,9325 ·24o .s2 .aoel 3,2~9 l 1 S}93 
3.~no l.lll~ ,9434 '221.}9 ,8 029 3.292 \,64()0 
4.0oo j,l271 ,9555 '203.12 ,7977 3,2Q4 1,7579 
4.~co 1.1426 _.c;,eq 1~€.34 ,7924 3,277 },8694 s.roo 1.1se; ,.q835 17C.R4 ,7868 3.244 l,CJ7o8 
6,nnn l.lfH~j t.nl67 1~3.52 ,7743 1.i4l ?..1267 
7.nf1o 1.217? 1.os~3 120.7:3 ·~ 7s9s 3,1)63 2.1(}42 
e. 0n0 l.244t\ l 1 (\9CJ7 101.87 ~7415 2,844 ?..15()5 

io.F.co . - QC: ' 1 ,2 Ot 0 7.3 • 7 6 ,6941 2.5;4 le72.49 },c ... o 

* Equivalent conductivity. 
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TABLE 5-Ii: Calculated transport properties of nitric acid in water at 25°C. 

c Do+ ~0- <iJ+- $ 
- Q.::?io 1~ 961 3.}58 c 0 0" onoi 9·337 1!8A\ l-~71iE-o7 3.}31 
• oo2 Q•346 1~873 2•4:'4E-o7 3·121 .nos 9.36~ }oSSA 3;A49E•o7 3el02 
·6t6 Ga3AO 1•844 s;4f'lSE""07 3•082 
.n2o 9.~97 1 ~825 7~877E-o7 3·058 
• ns o 9 ·4 6e lo796 l~t363E•06 3.oi7 
olQQ 9,385 1!1+o l•979E•n6 2.980 
.~QQ ().283 1!74~ 3!1<1iE-o6 2.936 I 

·~QQ 9.149 le725 4a398E•06 2e903 co 
-:J 

§=iOO R.e36 1~693 6:9c;}E•06 2.841 I 

0 70 0 . 8.496 1-! 66 0 9!8PQE•06 2a777 
1. 660 7•'172 1·606 l•474E'"'05 2.672 
l,.SOQ 7.115 lo5Q3 2e3P2E•05 2.481 
2.non ~.321 1~394 3·313E ... os 2.294 
2.sfiii 5·~06 1·286 4elC:2E-os 2.692 

· 3aF.tio 4.c;74 l!ls? 4~BnsE-os 1.911 
3.5no 4.421 l•OR7 s·.2ic4E•oS 1.746 
4.nrn 3eG40 1.0()1 S~3F-4E•oc; 1.597 
4.s6o 3·~23 .9~5 s!277E·os le466 
c: - - 3.)64 .859 4•9c;sE-or.; lv3!i2 ..,.noo 
6.no6 ?ei5A9 ,7s~ 4 -~ O~RE -o~ 1.}69 
7.~00 2.167 e6Ac; 2:9qsE-or:; lot 04 0 B.nho 1 •. e 59 .647 2!043E·os ·959 - ;,. .::.. 

.660 A_• 1 o9E• 0" I C. nco 1e48fl .920 
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Fig. 5-7 The multicomponent diffusion coeffiCients· of nitric 
acid in water at 25°C. 
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coefficients of nitric acid in water at 25°C. 



The logarithmic plot ;:<hown in Fig. 5-7 represents the behavior of 

the B .. coefficients particularly at low concentrations. 1'he quantity 
l.J 

~+-' which vanishes at zero concentration, increases by many orders of 

magnitude with cemcentration due to electrostatic attractions between 

oppositely changed ionso. It reaches a maximum at about 4 molar, >vhich 

also corresponds to the maximum in the measured diffusion coefficient. It 

then decreases at a fast rate as the mean distance between the ions become 

srrall enough to initiate ionic as soc iat ion. 

The ~ . coefficients represent the interaction of' solute ions with 
Ol. 

the solvent molecules. Diffusivity of the hydrogen ion ~o+ is considerably 

larger than the diffusion coefficient of the nitrate ion demonstrating 

relatively' high mobility of the hydrogen ion in aqueous solution. The ~ . 

coefficients do not vary from their limiting values to any appreciable 

extent as long as the solution remains dilute. At concentrations above 

one molar •re observe that the S . values undergo sign:ificant chanc;es. 
Ol. 

We plotted the ~· . coefficients on a iinEar scale in Fig. 5-8 in 
Ol 

Ol 

order to obtain a more detailed picture of their behavior at large concen-

trations. The concentration dependence of the thermodynamic diffusion CC!ef:C'i-

cient is also dep.icted. We observe that the diffusion coefficient of the 

hydrogen ion goes through a simple maximum and then decreases rapidly at hL::r. 

concentrations. The high mobility of this ion in dilute solutions is 

attributed to fast proton transfer behveen water molecules and the hydroger: 

ions. At higher concentrations, the stL·ucture making ability of the 

hydrogen ion is the dominating factor. Hydrogen is strongly structure-

rraking because it carries a large charge relative to its size and therefore 

undergoes a high degree of solvation with the water molecules. The pre..~e~ce 



-92-

of hydrogen ions even obscures- the structure-breaking effect of the bulkier 

nitrate iori. The diffusion coefficient of the nitrate ion is thus forced 
(#": 

to decrease gradually with concentration. 

The effect of nitric acid on the structure of water is then on the 

average that of increased order as reflected by the monotonical decrease in 

the thermodynamic diffusion coefficient and a corresponding increase in 

the viscosity. We have also seen that the ~-. coefficients and the thermo
lJ 

dynamic diffusion coefficient provide a systematic description of transport 

mechanism in nitric acid solutions compared to what vie could learn from the 

behavior of measured quantities such as the differential diffusion coeffi-

ci ent. 
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VI. CONCLUSIONS AND RECOMMENIATIONS 

We have presented a set of fundamental relationships of transport 

in electrolytic solutions, which applyto both dilute and concentrated 

systems; These flux. equations offer systematic and consistent definitior1s 

for various transport properties 1.;rhich are conveniently re Ja ted to experi

mentally measureable quanti ties. We ha:ve seen that these relationships 

facilitate the formulation and analysis of mass transfer·problems, parti

rularly in concentrated solutions, such as the problem of restricted 

diffusion. They also provide the basis for the correlation of transport 

data and calculation of more meaningful parameters such as the thermodynamic 

and ionic diffusion coefficients. We have observed in our study of diffusion 

in nitric acid solutions that the thermodynamic diffusion coefficient pro

vides a more realistic description of transport in concentrated solutions 

than the measured diffusivity. The ionic coefficients supply us with 

c lues in understanding the rrechan ism of particulate diffusion in solution 

and the effects of various ions on the microscopic structure of water. 

The macroscopic nature of the basic equations limit the number of 

relationships between the transport properties compared to the quantity 

of all the indepe:nd€mt ,parameters defined. In order to obtain a complete. 

description of transport in .an electrochemical system, one either has to 

derive additional relationships from microscopic considerations or measure 

some of the unknown p_roperties experimentally. We have proposed a few 

methods of correlating and predicting diffusion coefficients in binary 

solutions. Equation (3-2) follows directly from the regular solution 

assumptions, but predicts quite accurately the diffusion coefficient 
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of alkali halides with the excEtJtion of the iodides and the lithium halides. 

We derived a one parameter rate quation for the diffusion coefficient, which 

amounts for the activity and electrophoretic corrections, using a simple 

lattice model for an electrolyte solution. This equation correlates 

experimental diffusivity data within a few percent. The precision is less 

for the polyvalent systems. The same equation can be employed to predict 

diffusion coefficients over a wide concentration range if one or two experi-

mental data points are available. We made an attempt to extend the rate 

equation to systans without any experimental diffusivity data and which 

do not obey the assumption of Eq. (3-2) at high concentrations. We thus 

tried to predict diffusion coefficients for these systems from low concen-

tration viscosity data. Predicted values agreed satisfactorily vJith the 

experimental data as long as viscosity data were available at low con-

centrations. Unfortunately, most of the viscosity data reported in the 

literature have been obtained at high concentrations. 

We discussed the controversy about the definition of the thermodynamic 

diffusion coefficient encountered in the literature. We could not arrive 

at a definite conclusion whether ~ or ~ provides a more convenient defini-p X . 

tion of the thermodynamic diffusion coefficient. The choice of either 

convention in our theoretical treatments was based on purely empirical 

grounds. Our observations seem to indicate, however, that~ is more 
X 

sensitive to ionic association in concentration solutions. 

The methods we proposed to estimate diffusion coefficients in 

concentrated solutions carry a number of assumptions which may seem ambigu-

ous in view of the, complicated behavior of electrolytic systems. Their 

agreement with the experimental data is nevertheless satisfactory, and they 

can therefore be employed as tentative tools to estimate diffusion coeffi-
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cients until more rigorous treatments of the microscopic theories yield 

better descriptions of the transport properties. Chapman's efforts 7 to 

predict the quantity ~+- may turn fruitful upon more realistic assumptions 

and the introduction of the electrophoretic terms. The corresponding states 

theory may also lead to further progress in this field. Good agreement 

41 
b etween theory and experiment has been obtained for transport in fused salts 

Existing statistical mechanical theories for fused salts may be modified by 

introducing approximations appropriate for electrolytic solutions, and with 

the application of the corresponding states theory it may be possible 

to obtain correlations of transport properties. References 21, 35 and 41 

may provide sane guidance. 

Our theoretical study indicated that additional experimental data 

are necessary for further progress inthe development of reliable quanti-

tat i ve correlations of the transport properties. We attempted to provide 

some of the requisite data by meamring diffusivities and viscosities. We 

employed the restricted diffusion cell and Rayleigh interferometry for the 

measurerrent ·of diffusion coefficients. This method provides a few advantages. 

Its mathematical analysis involves very few assumptions. It does not require 

an initially sharp boundary between two solutions because the initial 

conditions have been left as arbitrary in the analysis of the problem. 

Dimensions of the optical cell are sufficiently small so that the diffUsing 
\ 

solutions are not significantly affected by convection. The method yields 

accurate diffusion coefficients with estimated errors not exceeding 0.2 

percent in concentrated solutions. In dilute systems the accuracy drops 

considerably; one,might resort back to Harned's original conductimetric 

method at low contentrations. One disadvantage is that the time required 
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for each data point is several days. The analytical method for the determina-

tion of final concentrations should also be improved. A conductimetric or 

potentiometric titration method could be tried for future experiments to 
;t/ ; 

'I 

acquire higher accuracy in concentration, especially in dilute solutims. 
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APPENDIX 

Functions Used to Fit Thermodynamic and Transport Property Data 
on Electrolytic Solutions 

15 
Experimental data on the thermodynamic and transport properties of 

various electrolytic systems were fitted to certain correlation functions 

by Newman27 in order to interpolate the experimental data to the concen-

tration where a calculation was made. We used some of his results in 

Chapt. II. We also used a computer program written by Nevrman 
29 to 

convert all available experimental data on the properties of nitric acid 

to a cons is tent set of units and fit them to these functions. The 

functions are given by 

p := exp (a + a c + a c3/ 2 + a 4c
2

) 
1 2 ,3 

for densities, 

for viscositiesJ 

for the cation transferenc.e numbers, and 

.. + e2cl/2 
p exp ,el . 1/~2 

l+c 

for the equivalent conductances, diffusion coefficients and the 

properties ~ . , $> and :i)+ / .fc . 
Ol -

(A-1) 

(A-2) 

(A-3) 

(A-4) 

The activity coefficient data from each literature source were 

f'i tted separately to the function, 
. f 1/2 

2m 
~ ~ exp (fl + 1/2 

1 + m 
(A-5) 
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The results were differentiated and combined to calculate (l + dlny/dlnm) 

values. These were then correlated by 

l + dl!!t 
dlnm 

1j2 I 
. exp ( 0 . 5 g2 c j + g3 c + l. 5 g 4 c3 2 + 

(l + cl 2)2 

. (A-6) 

The coefficients of functions, which are used in Chapt. II to 

calculate densities, viscosities and (l + dlrry/dlnm) values for the 

electrolyte systems studied are given in Tables A-1, A-2 and A-3 in 

digital computer notation. In Table A-4 we tabulated the coefficients 

of each function for nitric acid as the-results of our correlation of 

thermodynamic and transport property data in Chapt. V. 
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TABLE A-1 Density function coefficients for aqueous electrolytic solutions 
at 25°C 

Solute al a2 a3 a4 

CaCl2 -2 o9343E-03 9o2262E-02. -7o0074E-03 -2 o 0286E -03 

CsCl -2 o9343E-03 1.3887E-Ol -l.8255E-02 -L9451E-04 

HCl -2 o9343E-03 lo8333E-02 -7o3222E-o4 -L3689E-04 

KBr -2 o 93 43E -03 So 7612E-02 -6ooo88E-03 -l.2023E-03 

KCl. -2 o 9343E -03 4o8293E-02 -2 o8926E-03 -5o6717E-04 

KI -2o9343E-03 l.2922E-Ol -lo5403E-02 -4o5300E-04 

LiCl -2o9343E-03 2o6891E-02 -3 ol238E-03 2.o5432E-04 

NH4Cl -2 o9343E-03 lo8036E-02 -l.9914E-03 5 o0595E-05 

NaCl -2 o9343E-03 4o2867E-02 -3 o3378E-03 -2.2160E-04 



TABLE A-2 Viscosity function coefficients for aqueous electrolytic solutrons at 25°C 

------
Solute bl b2 b3 b4 b5 

-
CaCJ~2 -1. 1620E -0 l -l.5493E~02 4.1776E-Ol -l.9943E-Ol 9.2589E-02 -· 

CsCl -l.l620E -0 l -4. 7026E- 02 6.3195E-02 -7. 6271E-02 2.7516E-02 

HCl -l.l620E-Ol 5.5179E-03 6,2265E-02 -9.5680E-03 2.6976E;.03 

KBr -l.l620E...:Ol l.9828E-03 -4.2307E-02. -3 .6369E-03 l.2553E-02 

KCl -l.l620E-Ol 6.6926E,.03 -2 .0336:E...:o2- 5.1054E-03 6.2871E-03 

KI -l.l620E -01 -3 .1544E -03 7-.8326E~02 -l.40llE-03 l.7ll7E-'02 I 
f-' 
0 
0 

LiCl -Ll620E-Ol -7 .2424E-03 l.9391E-Ol -5.8170E-02 l.6532E-02 I 

NH
4
Cl -l.l670E-Ol 2.2917E-02 -6.6649E-02 4.1177E-02 -5.5124E-03 

NaCl -l.l620E-Ol 8.2901E-03 7.4o4~E-02 -6.1218E-04 9.5181E-03 

f_ ''( 
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TABLE A-3 (1 + dln'Y/dlnm) function coefficients for aqueous electrolytic solutions at 25°C 

----
Solute g2 g3 g4 g5 g6 

CaC12 -2.4515E+o0 7-9379E-Ol -1. 5193E-01 . 2.6538E-02 -2 .6085E-03 

CsC1 -1. 2303E+o0 1r458lE-Ol l.1964E-Ol -2 . 1628E .;:.o2 2.4710:8-05 
., 

HC1 -1.0995E+o0 3 ·. 7l+89E-01 -4.2364E-02 -1. 0586E-03 -l.3064E-05 

KBr -l.ll53E+o0 8.6687E-02 -4.4777E-02 2.0851E-02 -l.l321E-03 

KC1 -l.l537E+OO l.0704E-Ol -9. 5361E-02 4.3579E-02 -2 .3600E-03 

KI -1. 0767E+o0 L6609E-01 -l.1519E-01 5.2317E-02 -3.8288E-03 

LiC1 -1. 03 42E+o0 2 .5368E-01 2.2279E-02 -l. 0540E-02 -l. 8l74E-06 I 
I-' 
0 

NH4Cl -l.ll34E+o0 2 .8013E-02 l.l234E-03 5.0969E-03 -7 .6323E-04 I-' 
I 

NaCl -1.1052E+o0 l.4989E-01 -5.0404E-02 2.1882E-02 -9. 5854E-04 
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A' 

a 

a 

a e 
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NOMENClATURE 

constants in Eq. ( 4-22) 

0 

ion size parameter (A) (Chapter III) 

height of restricted diffusion cell (em) (Chapter IV) 

activity coefficient of the electrolyte in binary solution 

al., -b., d., e. 
l l l coefficients of correlation functions given in 

f.' g. 
l l 

c 

c 
0 

c .. 
l 

CT 

D 

~ 
ij 

~ 

d 

e 

F 

* LW 
0 

h 

i 

* J -s 

K 

k 

the Appendix 

concentration of binary electrolyte (moles/cm3) 

concentration of solvent (moles/cm3) 

concentration of species i (moles/cm3) 

total solution concentration (moles/cm3) 

differential diffusion coefficient (cm
2
/sec) 

multicomponent diffusion coefficient (cm
2
/sec) (Eq. (2-4). 

2 ' 
thermodynamic' diffusion coefficient (em /sec) 

spacing betwEen the slits of an interferometer (em) 

electronic charge (Coulombs) 

Faraday's constant (Coulomb/equiv.) 

·activation free energy of transition (joule/mole) 

Planck's constant (erg-sec) 

current density (amp/cm
2

) 

molar flux of salt relative to the molar average velocity 

· (moles/cm~.,..sec) 

parameter -defined by Eq. (3 -19) 

specific reaction rate for diffusion (sec -l) 



k 
.D 

2 

m 

m 

n 

no 
l 

No 
-l 

N Avo 

p 

Po 
l 

q 

q' 

R 

Ro 
l 

T 

t 

to 
l 

v 
0 

v 

v 
-o 

* v 
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Boltzmann's constant (erg;oK) 

thickness of medium through which light passes to generate 

interference (em) 

molality 

order of interference fringe (Chapter IV) 

total number of particles in solution vlhich :interact with a 

single water molecule 

2 
flux of species i (moles/em -sec) 

Avogadro's Number 

property given by Eqo (A-4) 

particle fraction of species i (= 

constant defined in Eq o (3 -16) 

constant defined in Eq. (3-21) 

c 0 

l 

c + vc 
0 

uniyersal gas constant (joule/moJ,e °K) 

) 

rate of homogeneous generation of species i (moles/cm3 -sec) 

t t ( OK) empera ure 

time 

transference number of species i with respect to the solvent 

velocity 

partial molar volume of solvent (cm3 /mole) 

mass average fluid velocity (em/sec) 

mass average velocity of species i (em/sec) 

mass average velocity of solvent (em/sec) 

molar average fluid velocity (em/sec) 

~; i 
I 

~,,J I 

·. 
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X. 
l 

y 

z 

z. 
l 

€ 

€ 

K 

'A 

'A 

j..l.. 
l 

j..l. 

~ 

v 

v+'"-

p 
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c. 
mole fraction of species i (- l ) - c +c 

0 

position coordinate in the restricted diffusion cell (em) 

position coordinate in Eq. (3-3) 

valence of species i 

mean molal activity coefficient 

electrophoretic terms 

perturbation of the activation energy of water caused by 

a single particle of species i (joule/mole) 

dielectric constant (Chapter III) 

perturbation parameter (Chapter IV) 

specific conductance (mho/em) · 

wavelength of light (Chapter IV) 

jump distance of a diffusing molecule (em) ( Chaper III) 

electrochemical potential of species i (joule/mole) 

refractive index (Chapter IV) 

viscosity (centipoise) 

v + + v-

numbers of cations and anions produce9- by dissociation of one 

molecule of electrolyte 

density of solution (gm/cm3) 

Superscripts 

0 property at infinite dilution 

00 value at infinite time 

( i) identifies coefficients of terms in singular perturbation 

expansion series (Chapter IV) 

Subscripts 

0 property of solvent 

•' 
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s property of salt 

e property of electrolyte 

+,- properties of cations and anions 
~~ 

X defined in terms of mole fraction i 
"-! 

.P defined in terms of particle fraction 

f ;in the forward direction 

b in the backward direction 
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